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A principle is proposed for the observation of the stationary interference pattern of two phase-shifted
components of the 2p (or 2s) state of the hydrogen atom [Yu. L. Sokolov, Sov. Phys. JETP 36, 243 (1973)];
[Proc. 6-th Internat. Conf. on Atomic Phys., Riga, 1978, p. 207]. An atomic interferometer, a device
analogous in principle to a two-channel optical (such as Michelson’s) interferometer, is used to measure'the
frequency of the (2s,,,, F =0)-{2p,,,, F =0) transition in the hydrogen atom, which is found to equal
909.9014+0.0019 MHz. The corresponding Lamb shift is §(H, n = 2) = 1057.8594+0.0019 MHz.

PACS numbers: 35.10.Fk, 35.80. + s, 32.70.Jz

1. INTRODUCTION

Measurement of the Lamb shift in a hydrogen atom is
known to be one of the important checks on quantum
electrodynamics (QED). Even though 6 has been mea-
sured for more than a quarter of a century,!’ it must
be admitted, however, that the progress in improving
the accuracy has been quite modest. The scatter in the
experimental values of the Lamb shift measured by the
presently existing methods is patently too large to per-
mit a comparison, which is of fundamental interest,
with the theory. Furthermore, the scatter of the theo-
retical values of 0 is also quite appreciable, and their
accuracy does not exceed 0.01 MHz. Thus, if a dis-
crepancy is observed between 0,., and 8,,,,., it is not
clear whether this should be attributed, at any rate,
more readily to measurement and calculation errors
than to fader of QED.

Measurements of 6 by the atomic interferometer
method enabled us to decrease the error of the result
to 0.0019 MHz. The data obtained raise hopes of further
increase in the accuracy.

2. METHOD

In principle, & can be measured by a simple inter-
ferometer with a longitudinal field consisting of two
plane-parallel plates with openings for the passage of a
beam of metastable 2s,,, atoms.*? The interference
pattern observed in this case contains quite complete
information on the structure and properties of levels
with n=2. Extraction of this information, however,
for example the determination of & with accuracy to
1-2 ppm, entails many practically unsurmountable
difficulties.

At the same time, a two-electrode interferometer,
which can be relatively easily adjusted with respect to
a strictly collimated beam of hydrogen atoms and is
convenient in operation, permits a study of many speci-
fic features of atomic interference and an estimate of
their possible influence on the accuracy with which the
Lamb shift is measured.

If the field intensity in such an interferometer does
not exceed ~300 V/cm, then the influence of the 2p,,,
level on the interference pattern of the two phase-
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shifted components of the 2p,,, state can be taken into
account by introducing small corrections.? In this

case the theoretical interference curve obtained from
an examination of the two-level 2s,/,-2p,,, system (Fig.
1) is a superposition of three curves corresponding to
transitions 1, 2, and 3 (the energies of the transitions 3
and 3’ coincide). Thus, the intensity of the 2p com-
ponent of a beam passing through the interferometer
can be represented in the form

wzp=ciw:+czwz+CsWs. (1)

1t follows therefore that by aligning the theoretical
curve with the experimental one, i.e., by selecting,

say by least squares, the values of the coefficients

¢y, €5, and c, (given the Lamb shift, the hyperfine split-
ting frequency, and the time of flight in the interfero-
meter field), we can determine by the same token the
population of the sublevels of the hyperfine structure

of the 2s, , state with projections F, of the total angular
momentum equal to 1, 0, and -1 (for F=1) and F,=0
(for F=0).

The contributions w; of each of the three subsystems
are determined by the expression
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FIG. 1. Scheme of 254/, and 2p4 /, levels of the hydrogen
atom.
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where a =A,/A; B=v/24,; A,=27d; b is the Lamb shift;
A, =2mv,;v, is the fine-splitting frequency; x=2dE,/
ra,=E,/238.7; E, is the field strength in the interfero-
meter (in V/cm);y =1/7 is the decay constant of the 2p
state; T is the time of flight through the interferometer;
the parameters £; and 7, take into account the hyper-
fine splitting 4,: &, =4,/4,=107Y, 7,=4,/4A,=1072.

Equation (2), which determines the yield of the 2p,,
atoms for the transitions shown in Fig. 1, was calcu-
lated with accuracy not less than 1% (i.e., up to terms
1072 inclusive). Owing to the large phase of the cosine
(the phase is FA,T ~ 107 for E,~300 V/cm and flight
times T ~5X107° sec), the energy eigenvalues in the
electric field were determined up to terms 1073 inclu-
sive. Equation (2) was obtained assuming abrupt ter-
mination of the field at the boundaries.

As already stated, the resultant interference pattern
constitutes a superposition of individual curves corre-
sponding to the transitions 1, 2, and 3. The term con-
taining the hyperbolic cosine determines the central line
of the curve; periodic changes of the intensity of the
flux of the 2p atoms is described by the term with the
trigonometric cosine. '3

We registered in the experiment the total radiation
from the states 2p,|, and 2p,;,. For a comparison with
the experimental results it is therefore necessary to
add to the expression for 2p,,, the probability of the
yield of atoms in the state 2p,,,, which is described by
an equation similar to (2). The contribution of the 2p,,
also undergoes periodic changes, which, however, have
at E,~300 V/cm a frequency ~10 times higher and an
amplitude ~100 times lower, i.e., they constitute min-
ute rapid oscillations relative to the first cosine term.
As a result, in the calculation of the contribution of
Wy, ,, W averaged over the rapid oscillations whose
frequency is close to that of the fine splitting.

Determination of the coefficients c,, c,, and ¢, at
various instants of time, e.g., every 20 minutes, per-
mits monitoring the possible changes of the populations
of the sublevels of the hyperfine structure of the 2s,,,
state (the time necessary to obtain the interference
curve from which the coefficients are determined is ap-
proximately 4 min at T ~2X107 sec).

Starting from general considerations, one might as-
sume that the populations of the sublevels of the 2s,,,
state with projections F, equal to 1, 0, and -1 (for
F=1) and F,=0 (for F=0) would be equally probable,
i.e., ¢;=c,=0.25 and ¢;=0.50. An analysis of the
interference curves has shown, however, that the pop-
ulations of the levels with F,=1,0, and -1 change
significantly with time, i.e., for some reason the
beam becomes polarized. Cases were observed when
the population of the sublevel F=1, F,=0 (i.e., the
coefficient c,) was first determined (15-20 min after
turning on the setup) to be close to zero, while the pop-
ulation of the sublevels F=1, F,=+1, characterized
by the coefficient c;, was correspondingly increased.
Then, for 1-1.5 hr, the coefficients ¢, and ¢, changed
gradually and finally became stabilized and in most
cases the population of the sublevel F=1, F,=0 turned
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out to be less than the populations with F,=1 and F,
=-1. The population of the level F =0, F,=0 changed
insignificantly — the coefficient ¢, fluctuated in the
range 0.21-0.25. The described process had a random
character: the dependence of the coefficients on the
instant of observation was not reproducible in repeated
startups of the setup.

This effect may be caused by variable field fluctua-
tions produced by the proton component and acting on
the metastable 2s,,, atoms in that part of the beam
where both components (H* and H°) have a common tra-
jectory.

The polarization of the beam of 2s,,, atoms was in-
vestigated at different times of flight in the interfero-
meter field. Experiments of this type revealed an un-
expected phenomenon, namely that at fields of the order
of 500-700 V/cm and at long times of flight the central
line of the theoretical curve cannot be aligned with the
central line of the experimental curve.® One of the
possible causes of this discrepancy is that the error
of the approximate theoretical formula (2) is larger
when the interference is observed at a field strength
~600 V/cm and at T ~8X%X107° sec. It should be noted,
however, that the same formula leads to sufficiently
good agreement with the experimental curve for fields
of the order of 600 V/cm, but at shorter flight times.?3

The observed disparity between the theoretical and
experimental data will be studied in detail with a special
interferometer intended to operate with strong fields and
long T.

To determine the Lamb shift at an error of the order
of several ppm, the accuracy given by Eq. (2) is ob-
viously insufficient. A computer calculation can like-
wise ensure the required accuracy, mainly because of
the complicated behavior of the atom in the interfero-
meter and the uncertainty in the field characteristics
at the boundaries, i.e., near the entrance and exit
openings in the electrodes.

These difficulties can be eliminated by using an in-
terferometer consisting of two independent systems,
I and II, separated by a variable gap ! (Fig. 2). The
systems are parallel-plate capacitors with slits for the
passage of the beam.

An atom traveling with velocity v through such a dou-
ble interferometer is acted upon by nonadiabatic fields
in each capacitor, and thus leads to a mixing of the
states 2s and 2p. In the gap between the capacitors,
i.e., in the region where there is no field, 2s and 2p
are eigenstates, and their evolution can be determined

25y,
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FIG. 2. Scheme of “double” interferometer.
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accurately. It follows thus, that an exact expression
containing several parameters determined by the ac-
tion of the fields E, and E, in the capacitors can be
written for the probability w(l)g, g, of the emission of
2p atoms following the flight through the double inter-
ferometer, as a function of the length I (or of the time
of flight T=1/v). If the conditions in the capacitors
are maintained constant while the length I is varied,
these parameters are fixed and need not be calculated
(as shown below, the number of these parameters can
be decreased to one by suitable reduction of the w(})
curve).

It is important that when the function w(I) is deter-
mined in experiment the variable ! can be chosen to be
not the absolute value of the flight length, but its incre-

"ment reckoned from a certain arbitrary null point.

Let us illustrate the considered scheme using as an
example a three-level system, in which the states | 1)
=|2sy;, F=0|, |2)=(2p,),, F=1,F,=0| and |3)
= |2py),, F=1, F,=0| are mixed (to realize this state
in experiment it is necessary first to remove from the
atomic beam the components of the 2s,;, state with
F=1).

In its own coordinate system, the atom is acted upon
by two successive electric-field pulses separated by a
time interval T' =T(1 - v?%/c?)' 2. In this case the ex-
pression for the probability of emission of atoms in the
2p state takes the form

w=ID(T')E1, E,=IS2;‘(E3)E~(T')E||2+ISn(Ez)a,.(T')E.P,
a:(T’)E.=dq(E|), "Z(T’)z.=az(E‘)e-"“"'—v'r'/z, (3)
aﬂ(T,)E|=as (E‘)e-—fn-r'—'rf'/z.

Here q,(E,) are the amplitudes of the atomic states | k)
following the action of the pulse E, from the first capac-
itor on the initial state of the atom, and q,(T')g, are the
amplitudes by the instant of time when the second field
pulse begins to act. The dependence on T’ is deter-
mined by the atomic-transition frequencies w =27y and
w, =27y, with allowance for the spontaneous damping
(Fig. 3). The matrix S,,(E,) describes the amplitudes
of the probabilities of the transitions |k) —|%) under the
influence of the pulse E, from the second capacitor.

The reversal E,— -E, causes the signs of the ele-
ments S,, and S, to be reversed. Therefore if the sign
of the field in the second capacitor is reversed, other
conditions being equal, we obtain for the probability

T T =0

Af-0

L5y ———f——————

Vi F=0

L —

FIG. 3. 2p3/3, 251 p, and 2p,/, level scheme of the hydrogen
atom.
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w' =w(T")g,,-g, of the emission of 2p atoms expression
(3) with the substitutions® S,, ~ - S,, and S, — ~Sq-

Then
F(I') =w—w'=e™"""[4 cos (0T"+a)+B cos (o,I'+p)]. (4)

The real parameters A, B, a, and 8 are determined
by the influence of the fields in the first and second
capacitors on the atom. For fields E,, E,~300 V/cm,
the amplitudes turn out to be A ~1 and B <1072, The
second term in (4) yields therefore minute oscillations
with high frequency relative to the first cosine. The
amplitude A is a general scale factor; as a result, ex-
pression (4) contains in fact three independent para-
meters, namely B/A, a, and 8, and their number, as
already stated, can be reduced to a single one. To this
end the time of flight in the function F(T')e’™"/? is reck-
oned from a certain value £, in such a way that the new
variable ¢ can take on both positive and negative values.
A similar operation leads to a shift of the phases ¢ and
B(e.g., a—~a’'=a+wt)). Therefore, adding the values
of the function F(T)e’™/? for opposite values of ¢, we
obtain an expression that does not contain unknown
phases in the arguments of the cosines:

® (t) =cos wt+C cos o,f, t=|t|>0. (5)

We have left out here a common scale factor, so that
only one unknown parameter C remains. In this expres-
sion, ¢ is not the absolute time of flight but its change,
which is connected in obvious fashion with the change 61
of the transit distance: ¢=05I(1 - v2/c?)*2/y, Equation
(5) then takes the form

0 (51) = cos(—%— (1—0¥/c%) 1) +C cos (% (-v/c)"ol) . (5a)

In accordance with the described scheme, the follow-
ing procedure was used to determine the function w(l):

1) at given values of the field intensity in the systems
I and @I and at an arbitrary initial distance between them
(corresponding to I, =0), the detector of the interfero-
meter was used to determine the number of Lo quanta
from the decay of the 2p state after passage through the
systems I and II, i.e., the quantity L,,(T')g, 5, =I(})
is determined.

2) The direction of the field in the system II is re-
versed, other conditions remaining unchanged. The
measurement yields the quantity L,,(T")g, .5, =1I'(1,);

3) The difference I - I’ is determined.

4) The field E, is returned to its initial value. The
distance ! is then changed by an amount A/, and two
measurements are then again made at opposite direc-
tions of the field E,, i.e., the quantities I(,) and I'(l,)
are determined.

5) The procedure is repeated for the chosen discrete
series of values of the increment Al. The function
F(I)=I(l) - I'(1) obtained in this manner is described by
the theoretical formula (4).

6) The data obtained are used to plot the experimental
curve (5a). The frequency v, of interest to us, of the
transition 2s,,,(F =0, F,=0)—2p,,,(F=1,F,=0) is de-
termined by fitting the theoretical curve to the experi-
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mental points by least squares, i.e., by fitting the
values of w/v and C. Equation (4) can also be used to
determine w/v.

To determine Iz,(l),,h E,» the measurements were made
for 0 <l <2 cm at 41 points, i.e., at AI=0.05 cm. At
1=2 cm the intensity of the La-quantum flux decreases
by a factor ~20, thereby substantially lowering the ac-
curacy of w/v. As a result, the counting time was in-
creased in proportion to exp(yT/2) with increasing I.

In the reduction of the experimental data we deter-
mined the difference I -1, i.e., the difference between
the coordinates of the curves I,,(!)g, g, and I;,()g, -g,-
At points close to the intersection of these curves,

I-1I' turns out to be a small difference between two
large numbers, i.e., subject to a considerable error.
Since discarding these points, i.e., in essence de-
creasing the number of the measurements, influences
adversely the accuracy of the result, the following mea-
surement procedure was used. The quantities I and I
were determined each 10 times at each point, i.e., the
quantities I;(n) and Ij(n) were determined, with n=1,
2,...,10. The differences I;,(1)-I;(1,2,...,10),...,
1,(10) - Ii(1, 2, .. ., 10) were then calculated. The 100
values of I - I’ obtained in this manner for each i make
it possible to obtain the mean value {I-1I'), determine
its error, and exclude the stray points.

In our case, the errors of the differences 6(n);
=1I,(n) - I}(n) were found to be, generally speaking,
correlated. To estimate the influence of this circum-
stance on the error of the mean value (I; - I;) we per-
formed control measurements wherein we obtained 100
values each of I; and I; at the given point i. The mean
value determined from this and its error did not differ,
within the limits of the statistical scatter, from the
analogous values obtained by the method described
above.

The values of w/v and C in (5a) were fitted by a
least-squares program. In the case when the velocity
remained constant, reduction of the initial data ob-
tained with the aid of the procedure described above
yields the values of w/v and C with accuracy not lower

"than 5 ppm. If the velocity drifts, however, the inter-
ference curve is deformed and does not agree with re-
lation (4), so that its reduction becomes impossible.

It follows from (5a) that to determine the Lamb fre-
quency v it is necessary to measure by an independent
method the velocity of the 2s atoms. The stabilization
and measurement of the velocity are found to be the
most complicated part of the experiment and are the
main limitations of the method.

The velocity of the 2s atoms can in principle be de-
termined by passing them through a quenching field and
observing the resultant Lo emission at a small angle to
the beam trajectory. The Doppler shift of the Lo line
can then yield the atom velocity v.

This method was tested with the “Pamir» facility (a
vacuum spectrometer was used with a I-meter diffrac-
tion grating having 1200 lines/mm. The results have
shown, however, that this procedure does not make it

10 Sov. Phys. JETP 56(1), July 1982

possible to determine the velocity at the required ac-
curacy, mainly because of the small transmission of
the instrument. In addition, the measurement of this
method is increased by the contribution of the Lo emis-
sion produced as a result of cascade transitions of the
highly excited H atoms, whose velocity differs from the
velocity of the atoms in the 2s state.

We have also tested a method of determining the velo-
city by counting the number of interference peaks regis-
tered per unit time with the field intensity in the two-
electrode interferometer varied linearly.® This meth-
od is quite promising, since it can substantially de-
crease the measurement time. It calls for further im-
provement, however, since its existing variant is not
accurate enough.

In all the experiments, the velocity was measured by
observing the emission of the 2p atoms produced from
the 2s atoms under the action of a nonadiabatic field.

When the detector was moved along the beam trajec-
tory, the intensity of the Ly radiation, as a function of
the distance x measured from an arbitrary reference
point, varies like I =I exp(-x/l;), where I,=v7 (v and
T are the velocity and lifetime of the 2p atom). Thus,
the velocity v (more accurately, the quantity 1/1)) can
be determined from the slope of the straight line InJ
=const - x/l,. The corresponding measurement system
should include two detectors, one of which (the monitor)
is immobile and the other moves along the beam tra-
jectory).

If a collimator that separates an element of length
Ax on the beam is placed ahead of the moving detector,
the registered Lo -quantum flux is proportional to

x4+Ax

!
Los=7- | Lerda= A (1= ") L~/ =kL (6)

The coefficient 2 = (I,/Ax)(1 - e2* '0)is independent of x
and thus remains constant for all the trajectory sections
on which the measurements are made.

It may seem at first glance that the quantity I, ., can be
determined by the considered method by measuring the
intensity at two beam-trajectory points separated by a
distance x,, as is done when the absorption coefficient
is determined. This measurement scheme, however,
is applicable only when it is known beforehand that the
intensity of the registered emission decreases exponen-
tially with increasing x and, second, the experimental
parameters do not change with time. Consequently, the
“¢wo-point” method turns out in principle to be unsuit-
able for the measurement of the beam-atom velocity,
since it is assumed a priori that the function I,,(x) is
exponential, and this assumption can generally speaking
be made untenable by some deficiencies in the experi-
ment (e.g., if the velocity oscillates). Thus, the neces-
sary element in the analysis of the experimental data is
a check on the hypothesis that the investigated function
is linear. In addition, when the intensity is registered
at only two points of the trajectory, the error in the
measurement of the distance becomes systematic. If
the measurements are made at several points, how-
ever, errors of this kind becomes random, so that the
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results can be statistically reduced by least squares.

In accordance with the considered formulation of the
problem, the following procedure was developed. The
intensity of the Lo emission was measured at several
points of the beam trajectory, i.e., for a number of
discretevaluesx; (i =1, 2, .. .k), with » measurements at
each i-th point made at equal (or gradually increasing)
time intervals. An empirical relation (regression line)
Y =a - bx was next obtained for the set of values
¥, =1Inl;(1=1,2,...n), corresponding to the theoreti-
cal relation ¥ =« + Bx, where ¥ =InI, ¢ =Inl, and
B=-1/1,. Calculation of the regression-line parame-
ters, i.e., of the coefficients a and b, makes it possi-
ble to find [, and to calculate its random error.

The actual regression-analysis scheme depends on
whether the variances

1
s*(y)= T_—{ZI (yu—y:)*

of the reproducibility of the coordinates y; of the in-
vestigated function, with mean values

§‘=—— Yii.
i

are homogeneous.

If n; measurements of the intensity are made at the
i-th point of the trajectory at equal time intervals, the
obtained values (the numbers I, of the counted quanta)
will have a Poisson distribution. In this case the in-
tensity variance measured at the i-th point will equal
the mean value I;.

It must be noted, however, that in our case the dis-
tribution of the intensities I;, does not, strictly speak-
ing. obey the Poisson law. The feature that distin-
guishes the statistics of the emission of the 2p compo-
nent is that the number of statistical trials is limited,
since the number of H,, atoms in the beam element sit-
uated in the field of view of the detector is limited.
Thus, one of the conditions for the realization of the
Poisson distribution is not satisfied, namely, in each
interval {;, there can occur, with a definite probability,
an arbitrary number of events. Such a deviation from
the Poisson law, however, does not play any role what-
ever at high intensities of the Lo -quantum flux, when
this distribution goes over into a normal one whose
variance is likewise equal to the mean value. At the
same time, this difference can manifest itself in the
study of weak effects, e.g., in the investigation of the
behavior of a superposition of states at a large distance
from the point of its occurrence.?

Since the dependence of the intensity on x is deter-
mined by an exponential law, the general variances
0%(I,), which are equal to the mean values I;, will dif-
fer in magnitude. It follows therefore that the sampl-
ing variances s?(I;) are certainly inhomogeneous. The
variances s?( y;) are likewise inhomogeneous, as is
clearly observed when the intensity is measured on a
trajectory section longer than ~0.5 cm.

In the case of inhomogeneous variances s%( y‘), to
take into account the fact that the experimental data
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differ in accuracy, it is possible to introduce a weight-
ing function w; and minimize by least squares the
weighted sum 2,w,(¥, - ¥), and not X;n,(7, - Y). 1t
should be noted, however, that such a transformation
of the variances is an artificial mathematical device
that permits the performance of the regression analysis,
but makes “valueless” the measurements at large «x.
Therefore equalization of the variances is best carried
out in principle not by introducing a weighting function,
but by increasing the counting time with increasing x.

To determine [, we used the regression-analysis
variant described in Ref. 4.

In the experiment, the intensity of the flux of the La
quanta was measured on a trajectory section not longer
than 1 cm, - inasmuch as the effect/background ratio
becomes much worse for larger segments. The mea-
surements were performed in 26 points at Ax=0.02-
0.04 cm; 20 measurements were made at each point.
Comparison of different measurement schemes shows
that, if the counting rate is the same at all points, ac-
ceptable results are obtained if the length of the tra-
jectory segment is 0.5-0.7 cm and Ax=0.02 cm. In
this case the error Ab in the coefficient b= 3 can be re-
duced to ~5X107% and Ab/b=Av/v~2.10"%, A some-
what higher accuracy can be obtained at 0 <x<1 cm
and Ax=0.04 by increasing the counting rate in propor-
tion to exp(x/l,). The first of the measurement
schemes, however, is simpler and consumes less time.

The gas in which the proton charge exchange took
place was molecular hydrogen. It might seem that this
is not the best choice, since a proton can interact with
an H, molecule via several channels, as a result of
which 2s atoms with different velocities appear in the
beam. In view of the stringent collimation conditions,
however, only a fraction of the beam, with a diver-
gence not more than 107, entered the interferometer.
Such a selection by trajectories ensured high homogen-
eity of the neutral-atom velocities.

To determine the velocity from the experimentally
obtained decay length /,=vT we must know 7, i.e., the
lifetime of the 2p state.

Unfortunately, to our knowledge there are neither
theoretical nor experimental published data of required
accuracy on the decay constant of the 2p states of the
hydrogen atom, Our theoretical calculation yields the
following value of ¥ for the 2p,,, state:

2 s 2y, 9\ _ 2 met 1 s _—
“{—431:63!-}?“& (1+a ln?) = 3 ?ma (H‘a In 3 ) y (7)
where o =¢€?/ic is the fine-structure constant and R, is
the Rydberg constant with allowance for the finite mass
of the proton.

Substituting here the presently accepted values for
a and Ry (see, e.g., Ref. 5), we obtain

7=6.264936-10° sec!, v=1.596185-10"" sec.

In the calculation of the decay probability we used ex-
act solutions of the Dirac equation in the Coulomb field
of a point nucleus, and in the final expression we ex-
panded in powers of @ with allowance for the first re-
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lativistic corrections (~a?)—the spin-orbit interaction
and the photon retardation over the size of the atom.
In addition, proton-motion correction necessitated by
its finite mass was taken into account.

Further refinement of expression (7) calls for taking
into account primarily the radiative corrections
(~a®lna), as well as of the interaction with the mag-
netic moment of the proton (hyperfine structure), re-
coil in the radiation, the relativistic corrections of
next order, the finite size of the nucleus, and others.
None of these corrections were taken into account;
however, the error in the obtained value of y is esti-
mated to be of the order of one ppm, which is accepta-
ble for the determination of the Lamb shift with approx-
imately the same accuracy.

3. EXPERIMENT

The first attempt to determine 6 (with the aid of a
“gingle” interferometer) was made in 1971, and the
value 6 =1058. 30 +0.04 MHz (average of 12 measure-
ments) obtained differed substantially from the values
known at that time. This was attributed primarily to
the inaccuracy of the formula used to calculate 5 (Ref.
2). At the same time, the small error (equal to one
standard deviation) pointed to the desirability of im-
proving the method. The problem was to obtain highly
accurate initial experimental data to be able to find 6
with an error of the order of several ppm.

The greatest difficulties arose when attempts were
made to stabilize the velocity of the 2s atoms. After
trying various systems, the simplest setup was chosen,
containing two elements that influenced the proton velo-
city in such a way that the drifts caused by them were
of opposite sign. In this case, the change of the velo-
city became negligible 30-40 min after the setup was
turned on, and the velocity could be measured at least
approximately. A gradually diminishing increase of the
velocity followed and stopped after approximately 2.5
hr. The velocity could then be regarded as constant
within acceptable limits for 2-2.5 hr, unless the opera-
tion of the setup was interrupted for some random
cause. This was followed again by a slow drift towards
decreasing v. When the setup was turned on again, the
velocity changed somewhat.

A decisive influence on the attainable accuracy of &
is exerted also by the stability of the parameters of the
system used to count the Lo quanta, which includes a
detector and the pertinent electronics. Over several
years we tested a great variety of detectors. The best
results were obtained with sealed photomultipliers
whose windows were made of MgF, (the widely used LiF
windows turned out to be of little use because of the
gradual change of their transparency, due apparently to
the hygroscopicity of lithium fluoride).

Starting with 1975, several variants of the previously
described “double” interferometer were constructed.
Gradual improvement of this interferometer (as well as
of the remaining elements of the setup) enabled us to
start accurate measurements of the Lamb shift.

Figure 4 shows the diagram of the latest variant of
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FIG. 4. Diagram of the “Pamir” facility.

the “Pamir” facility, used to measure 5 and also for a
number of experiments on atomic interference.

Protons of energy ~20 keV from ion source 1 were
passed through a velocity analyzer consisting of mag-
net 2 and slit diaphragm 3 of width 0.02 cm. The dis-
persion of the magnet, measured in the plane of this
diaphragm, is 163 eV/cm; thus, the energy scatter of
the protons passing through the diaphragm does not ex-
ceed 3.25 eV, i.e., ~1.6X10™ of their energy.

The neutral hydrogen atoms were produced in charge-
exchange chamber 4. The mixed beam was passed
through a weak magnetic field 5, which deflected the
proton component by ~0.2° (the proton current was
measured with Faraday cylinder 6). The purpose of the
parallel-plate capacitor 7 was to “quench” the 2s atoms,
a procedure necessary to determine the background.
The atom velocity was measured with the aid of system
8 which constituted in essence a two-electrode inter-
ferometer with a longitudinal field®:® and with a fixed
distance between the electrodes (i.e., with a fixed time
of flight). The 2p atoms produced under the influence
of the nonadiabatic field were registered with immobile
detector 8a and with mobile detector 8b, which could
be moved in a range 0-1.5 cm. In the non-working
state, the electrodes of this system 8 were removed
from the beam trajectory.

To monitor the flux of the 2s atoms, part of the beam
was passed through sensor 9, which was a parallel-
plate capacitor in which the 2s-atoms were “quenched,”
and an Ly detector. To remove the component of the
2s,,, state with total angular momentum F =1, the beam
was passed through RF fields 10a and 10b with frequen-
cies 1147 and 1087 MHz. Thus, only one component of
the 2s state remained in the beam, with total angular
momentum F =0, and was monitored with the aid of
sensor 11, which was similar to sensor 9. The beam
passed next through interferometer 12 with detector 13.
The sensor 14 was equipped with a quenching field and
its purpose was to observe the interference of the 2s-
state components produced under the influence of the
nonadiabatic field, as well as to adjust the interfero-
meter. The total beam current was measured with an
end-window sensor 15.

In the described experiments, the length of the beam
of the neutral H atoms, measured from the charge-
exchange chamber 4 to the entrance slit of the inter-
ferometer 12, was 300 cm. This length was chosen to
give the states with n=3-7, which are quite densely
populated and are at the same time relatively long-
lived, enough time to radiate, since the cascade transi-
tions from them to the ground state 1s produce a back-
ground of Lo quanta.
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The conditions that must be satisfied by a beam of
hydrogen atoms in experiments with an atomic inter- .
ferometer are considered in Ref. 2. Naturally, these
conditions become more stringent when it is proposed
to measure the Lamb shift with accuracy of the order
of several ppm.

The main requirement imposed on the ion source was
the production of a thin (with cross section 3-4 mm)
weakly diverging proton beam that is stable in time.
The last variant of the source developed by us pro-
duces a two-component beam whose total current is
2.5-3 mA. This beam contains a relatively weak cen-
tral component with angle divergence of the order of
1072 at a current 70~-100 pA. The diverging part of the
beam was confined by a diaphragm, and the “jet” com-
ponent was directed without any focusing whatever to
the entrance slit 3 of the charge-exchange chamber.
The ion source and the analyzing magnet were fed from
highly stabilized current and voltage sources developed
by Grodzinskii and Chashchin.® In some cases, an
astigmatic lens placed between the magnet 2 and the
diaphragm 3 contracted the beam in the vertical direc-
tion, (i.e., in the plane of the slit diaphragm 3). The
use of such a lens, however, did not increase signifi-
cantly the beam intensity and at the same time served
as an additional source of instability of the flux and of
the velocity of the neutral atoms. It should be noted
in general that the improvement of the “Pamir» facility
followed the path of maximum simplification.

Of particular importance in precision measurements
is correct allowance for the Ly background registered
by the detectors of the setup. We introduce the follow-
ing notation: M, is the “natural” background due to the
detector and electronic-circuitry noise, to cosmic
radiation, etc.; M, is the background produced by
emission of highly excited atoms; M, is the background
due to collisions of neutral atoms with the residual gas;
M, is the background due to the interaction of the beam
atoms with the edges of the exit slit of the interfero-
meter; M, is the background due to the entry, into the
detector, of Lo quanta that leave the interelectrode
region through the slit.

The main contribution to the total background regis-
tered by the detectors is made by emission of excited H
atoms in cascade transitions into the 1s state (the M,
component). It was indicated above that the intensity of
this component can be decreased by increasing the dis-
tance from the observation point to the charge-exchange
chamber. We have calculated the contribution made to
the M, component by the (ns-2p) and (nd-2p) transitions
at 3 <n <25. It follows from the results that the main
component of the Lo background is due to the (4s-2p)
and (5s-2p) transitions with lifetimes 7,,.,,=3.88-107
sec and Tg,.,,=17.76-107" sec (the corresponding ranges
are l,,="T8 cm and l,,=155 cm). The flux of the quanta
produced in a beam segment of length Ax=1 cm (in the
region /=300 cm) reaches 5X107° of the neutral-atom
current.

Control experiments have shown that measurements
performed with the quenching field 7 turned on yield
identical results when the nonadiabatic field of the in-
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terferometer 12 is on or off. It follows therefore that
the nonadiabatic field does not exert a noticeable in-
fluence on the highly excited atoms.

An estimate of the flux of the La quanta produced as a
result of collisions between 1s atoms and particles of
the residual gas (in practice, hydrogen leaking in from
the charge-exchange chamber) shows that this back-
ground component is negligibly small (of the order of 5
quanta/sec at a pressure ~5X10"8 Torr). Equally small
is the contribution of the excited atoms (since the pop-
ulation of the states decreases like 1/1°%), as well as the
contribution of the 2s atoms, since their flux is about
2% of the flux of the 1s atoms, while the cross section
for the quenching of the 2s atoms in collisions is ap-
proximately 100 times smaller than the cross section of
the process H,; + H) —H,, +R. The background com-
ponents M, and M are eliminated when the apparatus
is adjusted.

The total background was determined in an experi-
ment in which no fields whatever were turned on. In
this case comparison of the readings of the end-window
sensor 15 and of the detectors 9 and 13 has made it
possible to conclude that the registered background is
proportional, within the limits of the attainable ac-
curacy, to the neutral-atom current.

From interference-observation experiments we
determined the quantity
NI_NA b

Ip= ,
P NNy (8)

where N, and N, are the readings of the detector 13 and
of the monitor 11 with the quenching field 7 turned off,
while N, and N,, are the measured values of the back-
ground, i.e., the readings of the same detector with
the quenching field turned on. In some experiments,

to shorten the measurement time, the data registered
were the readings of the end-window sensor 15, the
readings of the monitor 11, and the readings of the
detector 13 with the quenching field turned off, i.e., the
quantities N, and N, were determined. The correspond-
ing values of N,, and N,, were determined from the
readings of the previously calibrated end-window sensor
15.
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FIG. 5. Construction of the double interferometer.
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Figure 5 shows schematically the construction of the
described double interferometer.

Since the field over a length ! should be strictly equal
to zero, the input system I was constructed in the form
of a triple electrode whose outer plates 1 and 3 were
grounded and the inner plate 2 was under a potential.
As a result, the beam passing through such a system is
successively subjected to the action of the oppositely
directed nonadiabatic fields E, and E,, which are lo-
calized between the plate 2 and plates 1 and 3. The out-
put system II consists of two electrodes 4 and 5, the
first of which is grounded. The space between elec-
trodes 3 and 4 (i.e., over the length 1) is surrounded
by an additional removable shield connected to the elec-
trodes. The shield and all the remaining electrodes of
the interferometer were gold-coated. The interfero-
meter was placed in a vacuum chamber made of Armco
iron, to shield it against magnetic fields.

The requirement that the field be zero over length !
might seem to impose definite restrictions on the thick-
nesses of the electrodes 3 and 4 of systems I and I,
since the electric field can “sag” in the interelectrode
space near the slit for the passage of the beam.

The expression for the field intensity, in the case of
infinitely long electrodes, can be represented in the
parametric form®’

l 1+t t
x—%[rln - +2arctg—r-], 9)
EwE 1—¢2 £ £
- °(W) , E=U/Nl, r=d/l, —1<t<i.

Here ! is the distance between the electrodes, d is the
width of the slit in the electrode, and U is the applied
voltage.

Electrodes 3 and 4 were disks of 10 cm diameter. In
the middle of each electrode was a slit for the passage
of the beam. In most modifications, the slits measured
0.02X%0.4 cm. The electrode thickness (i.e., the
length of the slit along the beam trajectory) was taken
equal to 0.1 cm, inasmuch as the field attenuates over
this length to a value E/E,~0.0007. Such a sag does
not play any role whatever, the more so since the mea-
surements begin at a distance /# 0 at which the influence
of the field vanishes completely.

The electrodes of the output system II are connected
to a voltage source that permits reversal of the field
direction between the isolated electrode 5 and the
grounded electrode 4. A counting chamber (at the same
potential), whose internal space is within the field of
view of the detector 7, is fastened to electrode 5.

The input system I is mounted on guides 8 fastened to
a base 9, on which is also mounted the output system II.
The system I can be displaced relative to system II in a
range 0-2 cm by a precision mechanism. In front of
system I is located a slit collimator 10, mounted on
mutually perpendicular guides, so that the collimator
can be adjusted relative to the slits in the triple elec-
trode. This electrode (i.e., the system I) is likewise
mounted, integral with collimator 10, on crossed guides
to permit its adjustment relative to the system II. The
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interferometer assembled on the base 9 is adjusted rel-
ative to the atomic beam with the aid of micrometer
screw 11, which rotates the entire setup around an axis
12 perpendicular to the beam direction. In the course
of adjustment it is necessary to reach a position such
that the beam separated by the collimator 10 does not
strike the electrodes of the systems I and II at any value
of Il from 0 to 2 cm. This condition is verified with the
aid of detectors 13 and 14 (Fig. 3), whose readings
should remain constant both in the measurements of the
2p-atom flux and in the measurement of the Ly back-
ground of the beam.

As already stated, the difference interference curve
(obtained as a result of replacing E, by —E, and the
operation I — I') is described by formula (4). The pa-
rameters A and B in this formula are given by

A=F(I)F (1) =F (E,, T\ F (E,, T;), B=G(1)G(II)=G(E, T,)G(Ey,Ts),

where E,, E,, T,, and T, are the field intensities and
the flight times in the systems I and II.

Since the parameter B, whichdeterminesthe contribu-
tion of the 2p,,, level, is small compared with
A (B~0.01A), the yield of the 2p atoms after passage
of the beam through the interferometer is determined
in practice by the parameter A. Consequently, when
constructing the interferometer and choosing the opti-
mal conditions for its operation (i.e., to obtain an
F(T') curve with a maximum modulation depth), it is
necessary to find values of E,, E,, T,, and T, such
that A is a maximum. These values are chosen from
the family of the theoretical plots of A(E,)g, 7, 7, and
A(E,)g, 1, r,r For fields E, and E,~250-300 V/cm the
distances between the electrodes of systems I and II
are found to be 0.17-0.20 cm.

When determining the velocity, the relative error of a
single measurement of the flux of the La quanta at the
first point (i=1), located at a distance 0.03 cm from
the exit electrode 8 of the system (Fig. 4), was of the
order of 3X107. For an exponential variation of the
La intensity along the beam trajectory, this error cor-
responds to a length Ax=10 um. In order for the er-
ror in the determination of the number of pulses, due
to the inaccuracy Ax of the setting of the detector 8b
(Fig. 4) as well as of the detector 7 of the interfero-
meter (Fig. 5) not to exceed with certainty the statis-
tical error of the reading, the permissible values of Ax
and Al were assumed equal to 1 um. For calibration
and for certain control measurements (e.g., to deter-
mine the influence of the temperature), however, it
was necessary to measure the detector displacements
with even greater precision. We used therefore the
optical system employed in linear Abbe comparators,
which permits measurements to be made accurate to
~0.1-0.2 pm.

In the interferometer shown in Fig. 5, this system
consists of a scale 13 rigidly secured to electrode 1,
and a reading microscope 14 fastened to the cover of the
vacuum chamber. The microscope is provided with an
eyepiece micrometer with a double-spiral reading line.
The scale and the microscope were a product of Carl
Zeiss in Jena.
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The optical systems were calibrated at 20°C; where
necessary, corrections for the reading error were
introduced in accordance with the test certificates (the
absolute value of the corrections did not exceed 0. 8
im). If the measurements were performed at a tem-
perature other than 20°, the results were corrected for
the change in the length of the scale. In those cases
when the temperature did not remain constant during
the measurement time, the scale was shifted relative
to the microscope. For this purpose, provision was
made for temperature compensation both in the velo-
city meter and in the interferometer. It was impossi-
ble, however, to attain sufficient compensation, owing
to the change of the effective length of the scale and of
the guides upon displacement of the moving elements.
The temperature was not allowed to change by more
than 0. 8° during the measurement run. Under real
conditions, its fluctuations did not exceed 0.2°. It
should be noted that direct allowance for the tempera-
ture effects was necessary primarily in the control
measurements.

We can name the following sources of systematic er-
rors of w/v:

1) errors connected with the inaccuracy of the optical
systems;

2) errors connected with the inaccurate counting of
the Lo quanta;

3) error due to the influence of random electric and
magnetic fields in the space between electrodes 3 and
4

4) errors due to variation of the fields E, and E,;

5) errors due to deviation from parallelism of the el-
ectric RF field in the resonators 10a and 10b (Fig. 4)
and the atom-velocity direction;

6) errors due to inaccuracy of Eqs. (4) and (7).

7) Errors of unknown origin.

The experiments were organized in such a way that
the corrections were made only for the scale (when dis-
placements were measured) and for the dead time of the
La-quantum counting system. The remaining elements
of the facility were so arranged that the influence of all
other sources of the systematic errors was negligibly
small. This was the only correct way, inasmuch as in
such a complicated experiment it was impossible to ob-
serve, and all the more visualize, all the sources of
systematic errors and to estimate numerically their
influence on the accuracy of the result.

The method of eliminating the systematic errors con-
sisted of repeatedly modifying the setup and comparing
the resultant interference curves. This method, while
extremely laborious, has justified itself fully and made
it possible to investigate in detail the properties of each
element of the system.

According to estimates, the following random fields
can be tolerated in the space between electrodes 3 and
4 (i.e., over the length I): an electric field E,<10™
V/cm and a magnetic field H, <102 Oe. To reduce
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these fields to a minimum value that would have no ef-
fect on the shape of the interference curves (at a given
measurement accuracy), comparative experiments were
performed with electrodes 3 and 4 made of different
materials. Poor results were obtained with stainless
steel, for which it is known that potential reliefs are
easily formed on its surface. The results were indis-
tinguishable in the case of electrodes with galvanic
coatings of platinum, gold, and tin. We used therefore
gold-coated electrodes. The interferometers were
then disassembled and reworked, and the electrodes
were degreased, treated with an ethylene-diamine-
tetra-acetic acid solution, and washed with distilled
water.

To shield against magnetic fields, the interferometer
was placed in a vacuum chamber made of Armco iron.
Comparative experiments were performed with addi-
tional multilayer Permalloy shields placed both outside
and inside the chamber. It was found that one Armco-
iron chamber is sufficient to protect against magnetic
fields (the thicknesses of the cylindrical sidewall, the
bottom, and the cover were 0.8, 1.5, and 2.5 cm, re-
spectively).

The fields E, and E, were produced with the aid of
highly stabilized sources (“Takeda-Riken” model
TR6120 or domestic model V1-7). The voltage error
of these instruments is ~2X107% of the set value (in our
case, 50-55 V); their stability, however, is higher by
approximately one order of magnitude, i.e., ~2X107,
At this constancy fields E, and E, have no influence
whatever on the accuracy of the result.

An important part of the experiment was the deter-
mination of the resolution of the facility, regarded
either as an instrument for the measurement of the
Lamb shift, or as an instrument for the determination
of the velocity of the 2s atoms.? In the latter case, we
measured the difference between the velocities of the
H,, and H,, atoms produced in the charge-exchange
chamber. The obtained difference between the values
of [, corresponds to an energy difference of the order of
10 eV. This is evidence, first, of the sufficiently high
resolution of the method, and second, that the beam
contains one monokinetic group of 2s atoms.

In the last experiments, the resolution, both with re-
spect to velocity and with respect to the Lamb shift,
was determined by very slightly varying the velocity
of the protons passing through the diaphragm 3 (Fig. 4).
The sensitivity threshold of the described apparatus,
obtained by this method, is lower than the random er-
rors in the measurement of v.

4. RESULTS

During the last two years we have made more than
200 measurements of the function I,,(!) using three dif-
ferent interferometer modifications. It followed from
the results, however, that only in 42 cases could the
velocity of the 2s atoms be regarded as constant (it was
measured at the beginning and at the end of the run®).
These 42 cases are clearly grouped in a region for
which the difference between the first and second values
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FIG. 6. Histogram of the values of v.

of v does not exceed ~5 ppm. For the remaining ex-
periments this quantity was distributed in a much lar-
ger interval, depending on the drift dimensions.

The values of v obtained by reducing the data cor-
responding to the constant-velocity selection criterion
constitute a set of 42 values determined accurate to
within several ppm. The equalization of the accuracy
is due to the fact that all the elements of the considered
investigation were so constructed, that the initial ex-
perimental and theoretical data, from which v was cal-
culated, (i.e., w/v, v, and y) were determined with
practically the same relative error.

Figure 6 shows a histogram of the values of v. They

form a compact group with a mean value
=909,9014+0.0019 MHz
(the error is assumed to equal one standard deviation).
The corresponding value of the Lamb shift is
6=1057.8594+0.0019 MHz.

The value v=909.9003 +0.0022 MHz obtained by us
earlier” differs from the value given here by 0.0011
MHz. This is explained, first, by the increase of the
number of measurements (42 in place of 34) and, second,
by the fact that all the experimental data were reduced
anew, and this also altered somewhat the value of v.
However, the difference between the old and new
values does not exceed the error limit.

It should be noted that there is no absolute criterion
of the reliability of the result. An exceedingly impor-
tant part of the investigation is the determination and
allowance for the systematic errors, to the elimination
of which we pay particular attention. The fact that the
values of v obtained with the aid of interferometers of
three different designs turned out to be indistinguish-
able give grounds for hoping that the influence of errors
of this kind has been reduced to a minimum.

At the present time we know the following theoretical
and experimental values of 5:

8 heor=1057.912:0.011 [8], 8peor—1057.864£0.014 [9],
8 exp =1057.862+0.020 [10],  8exp =1057.845::0.009 [11].

We see that the scatter of the obtained quantities ex-
ceeds the range of random errors. It is apparently
impossible therefore to speak of the existence of some
discrepancy (or, conversely, agreement) between the
theoretical and experimental values. The only conclu-
sion that can be drawn in our opinion on the basis of the
presented data is that the accuracy of the measurement
of 6 must be increased.
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The general impression gained by us as a result of
many years work with atomic interferometers indicates
that further increase of the accuracy is perfectly feasi-
ble. One of the ways of improving the procedure is to
replace optical reading systems by precision converters
of linear displacement of moving elements into electric
signals expressed in a numerical code. A more radical
approach is an experimental variant in which the quan-
tity measured (or specified) is not the velocity v but its
increment Av. In addition, it is necessary to increase
substantially the statistics, i.e., increase the number
of determinations of v from which its mean value and
standard deviation are calculated.

It is also obvious that a more accurate calculation of
the lifetime of the 2p atom is necessary, inasmuch as
the quantity determined in experiment is in fact vr.

An analysis of the method considered shows that
physically it necessitates no corrections to the obtained
data. In fact, the observed effect, namely the time
evolution of a superposition of 2s and 2p states, takes
place in a space free of any fields, as a result there
are, in principle, no factors that distort the function
I,,(1). The possible experimental errors are purely
instrumental effects whose influence is eliminated by
suitable calibration and control experiments.

It must be noted that at the present time the theoreti-
cal value of & can apparently be refined.5:'%:!3 As a re-
sult, an increase in the accuracy of the measurement of
§ is extremely important, since a comparison with the
theory would lead to a number of fundamental conclu-
sions concerning, in particular, the size of the proton.

The authors are grateful to N. G. Kokina for develop-
ing the Ly detectors, I.L. Beigman for a discussion of
the calculation of the decay constant of the 2p state,
V.P. Spiridonov for a discussion of problems connected
with the statistical reduction of the experimental data,
D.N. Lin for taking part in the measurements, and
E.V. Grodzinskii and V.V. Chashchin for developing
and constructing the current and voltage stabilizers.

DThe classical investigation by Triebwasser, Dayhoff, and
Lamb! was performed in 1953.

2This is due to the simple fact that the electric field mixes
states of opposite parity. Therefore, if the atom entering
the capacitor is in a state with definite parity (e.g., in the
2s state), the probability of emerging in the 2s or 2p state
does not depend on the sign of the field. On the other hand,
if the initial wave function is a superposition of states of
opposite parity (2s and 2p), the emergence probabilities for
opposite field values differ by an amount proportional to the
product of the amplitudes of the atomic states 2s and 2p in
the initial wave function. A measurement method with fields
of two signs can be used, in particular, to determine a small
admixture of the 2p state in the initial state of the atom.

3)The “passage of peaks” in the field of view of the detector
is an analog of the effect known in optics: when one of the
mirrors of a Michelson interferometer is moved at a velo-
city v in the beam direction, the intensity of the interference
pattern becomes a function of the time: I =I(l +cos2xft),
where f =vv /c is the modulation frequency.

91t must be noted that in experiments of the type considered
there is no simple relation between the flux intensity of the
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L @ quanta entering the window of the detector and the cor-

responding reading of the counting system. However, the

group of problems connected with optimization of the L a~

quantum counting, the introduction of the necessary correc-

tions, etc., is far beyond the scope of the present article.
5)Equations (9) were obtained by V. M. Galitskii,

#)The second measurement of the velocity is, generally speak-
ing, not obligatory, since, as already mentioned, in the
course of its drift during the measurement run the curve
®(6!) becomes deformed and does not agree with the theore-
tical relation (5a). The reduction of such data is impossible
and the measurement run was discarded.
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