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New Precision Determination of the 7~ Mass from Pionic X Rays
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The wavelength of the pionic 4f-3d transition in *Mg has been measured with a curved-crystal
spectrometer. The new value of the pion-electron mass ratio is deduced to be m”_/ m, -

=273.12677(71). The consequence of this value for the rest mass of the muon neutrino is dis-

cussed.

PACS numbers: 14.40.Aq, 14.60.Gh, 36.10.Gv

The work described in this paper was carried out
with the aim of determining the pion-electron mass ra-
tio with the highest precision available. Such an accu-
racy is required for present efforts in the determina-
tion of the mass of the muon neutrino from measure-
ments of P+ in the decay of stopped pions! and for all
precision experiments with pionic x rays, as for exam-
ple the search for long-range van der Waals—type
forces between hadrons.?

The pion-electron mass ratio was determined from a
wavelength measurement of the pionic 4/-3d transi-
tion (25.9 keV) in *Mg. This transition was selected
for the following reasons: (1) The transition energy is
ideal for a crystal-spectrometer measurement. (2)
The theoretical corrections to the point-nucleus
Klein-Gordon energy of the transition, such as the
strong-interaction shift, the vacuum polarization, and
the screening of a known electron configuration, are
small and the uncertainties in the calculation are negli-
gible compared to the experimental errors. (3) The
number of K electrons present during the pionic tran-
sition can be determined experimentally from the
measured line shape of the pionic-x-ray peak by virtue
of the extreme energy resolution of the crystal spec-
trometer in the 20-keV region. (4) A calibration line
lying very close to the chosen pionic x ray (AE=0.3
keV) is available, namely the 25.6-keV v transition in
the decay of 11 Tb.

The measurement was performed with the Swiss In-
stitute for Nuclear Research crystal spectrometer espe-
cially designed for the pionic-x-ray work. The instru-
ment and the experimental details are described else-
where .33

In a first step the calibration line (25.6-keV y line,
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161Th) was related to a standard of the National Bureau
of Standards and its wavelength was determined with a
precision of 1.3 ppm. The result of this part of the ex-
periment is presented and discussed in a recent publi-
cation.*

Secondly, the line shape of the pionic 4f-3d transi-
tion in 2*Mg was measured with a 2.1-mm-thick (110)
quartz crystal in third order of diffraction (6p,g
=17°). The target consisted of metallic "Mg. The
response function of the spectrometer was measured
with the 25.6-keV Tb line.

In a third step the wavelength of the pionic 4/-3d
transition in 2*Mg was determined by measurement of
the Bragg reflections of the pionic line and the 25.6-
keV calibration line for both positive and negative an-
gles. A 1.7-mm-thick quartz crystal reflecting from
the (310) planes and the 2.1-mm-thick (110) crystal in
second order of diffraction were used. The target con-
sisted of pressed metallic Mg powder (purity
=99.7%).

The distribution of the K electrons during the ob-
served pionic transition was obtained from the data of
step 2 in the following way: For an ideal resolution
and zero natural width we would see three different x-
ray lines separated by ~— 0.5 eV which correspond to
the cases of having two, one, or zero K electrons
present. In reality, as a result of the limited resolution
of the instrument and the finite linewidth the pionic
line profile looks as shown in Fig. 1. The width of this
peak is (13 +3)% larger than the width of the spec-
trometer response function folded with the natural
linewidth of the transition, giving a clear evidence of
the underlying structure.

The analysis of the line shape of Fig. 1 allows two al-
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FIG. 1. Bragg reflection of the 4f-3d transition in pionic
2*Mg measured with a (110) quartz crystal in third order of
diffraction. R is the reading of the angle-measuring system
in optical units. The fitted function is shown by the solid
line; it is the sum of three individual peaks corresponding to
the cases of two, one, and zero K electrons present during
the pionic transition. The line shape of the peaks is obtained
by folding the response function of the spectrometer with
the natural linewidth of the transition (40% of the instru-
mental width).

ternative interpretations. The main peak can represent
the case of having either one or two K electrons
present during the pionic transition. In order to elim-
inate this ambiguity a separate measurement was per-
formed® on the relative intensities of the 4/-3d and
3d-2p transitions in pionic Mg. Whereas the intensity
of the first transition is dependent—through the
Auger process—on the same K-electron population,
the second transition is almost purely radiative. This
intensity measurement resulted in a value of
0.44 £0.30 K electron present during the transition.
This result clearly rules out the second of the above
two possibilities (corresponding to roughly 1.70 +0.15
K electrons) whereas it is still in agreement within 1
standard deviation with the first one (see below).
Knowing, thus, that the strongest component corre-
sponds to the one-K-electron case we fitted the mea-
sured reflection, as shown in Fig. 1, with the line
shapes of three different peaks, the distance between
them being fixed by the calculated values. A constant
background was assumed. From the fit we derive a
probability of (3 +3)% for having two K electrons,
(70 £6)% for one K electron, and (27 +8)% for an
empty K shell during the pionic transition.

Combining this result with the result of the
wavelength measurement (step 3) we find the
wavelength of the pionic 4/-34 transition with one K

TABLE 1. Experimental wavelength of the pionic 4/-3d
transition in Mg with one K electron present. The calibra-
tion wavelength used is A (16'Tb, 26 keV)=48.334488(64)
pm (Ref. 4). The different contributions to the errors are
given in Table II.

Amg/ Ao Amg (pm)
(110) crystal 0.9897323(19)
(310) crystal 0.9897333(16)
Weighted average 0.9897329(12) 47.83823(11)

electron to be
A§§§)=47.838 23(11)pm. 1)

Table I gives the details of the result. The different
sources of error and their estimates are listed in Table
II. Figure 2 shows the angular spectrum of the pionic
x ray measured with the (310) quartz crystal.

As a result of perfect agreement between the results
with the two different crystals (see Table I) we con-
clude that multiple diffraction effects were absent in
the present experiment. The possibility that a weak,
unnoticed y line lying under the x-ray peak falsified
the measurement was investigated as described in Ref.
5 and the work of Giovanetti and Sergeev.” An upper
limit for the deviation of the x-ray peaks due to the

TABLE II. Contributions to the wavelength uncertainty
(one-standard-deviation errors).

Source of Error
uncertainty (ppm)
Amg/ Ao
(110) (310)
crystal crystal
Statistics, Mg line 1.41 1.02
Statistics, calibration line 0.40 0.37
Source high effect 0.03 0.03
Nonlinearity of the 0.02 0.02
spectrometer
Background inclination, 1.30 0.90
Mg spectra
Inhomogeneous w-stopping 0.13 0.60
distribution in the target
Temperature fluctuations 0.10 0.30
Combined uncertainty 1.97 1.57
AMg
Error from above for the 1.24
mean value of Apg/Amp
Line-shape analysis of the 1.40
Mg reflection (Fig. 1)
Wavelength error of the 1.33
calibration line
Combined uncertainty 2.30

(quadratic sum)
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FIG. 2. Reflection pair of the 4/-3d transition in pionic
Mg measured with a (310) quartz crystal. The fitted func-
tion is indicated by dots. R is the reading of the angle-
measuring system in optical units.

possible presence of hidden vy lines was taken into ac-
count in the determination of the experimental error
(see Table II).

The measured wavelength (1) is related to visible-
light reference standards through the relation to a Na-
tional Bureau of Standards y-ray reference line.*% In
general, visible transitions are expressed in terms of
the Rydberg constant R. which is known to a high
precision [R,,=109737.31476(32) cm~!'1.° It is thus
physically significant to base the present measurement
on the Rydberg wavelength scale. In this framework
the point-nucleus Klein-Gordon wavelength A§~ of the
pionic 4 f-3d transition has to be expressed as follows:

i-f—y (1K) 1 M-
M7= Ao + AN = ———;

b m™

Ma iy
1+ M]L , (2)

TABLE IIl. Corrections to the point-nucleus transition
energy (Ey) of the 4f-3d transition in pionic 2*Mg.
ESK = Eg+ AE (ESK is the measured pionic 4/-3d transi-
tion energy with one K electron present).

Correction AE (eV)
Vacuum polarization a(Za) for a 50.070(2)
finite nuclear charge distribution

Vacuum polarization a?(Za) 0.365(1)
Vacuum polarization a(Za)3? —0.039(4)
Vertex correction 0.004

Strong interaction 0.040(4)
Relativistic recoil 0.053

Nuclear recoil —0.008(8)
Screening of one K electron —0.501(5)
Screening of L; electrons —0.030(30)
Total 49.954(32)

1446

where M is the mass of the nucleus and L' a known
function of n, I, and (Za) .23

All relevant correction terms (AX) which are neces-
sary for the evaluation of the point-nucleus wave-
length A§” from the measured wavelength A{LK) are
given in Table III. The (first-order vacuum-
polarization shift and the strong-interaction shift were
calculated by a numerical solution of the Klein-
Gordon equation with standard potentials (computer
code BIPA!?). The higher-order vacuum-polarization,
vertex, and relativistic-recoil effects were calculated in
first-order perturbation theory. The energy shift due
to the screening effect of different electron configura-
tions for the pionic 4 f-3d transition in magnesium was
calculated by Fricke and Rashid!' on the basis of a
self-consistent Dirac-Fock procedure,!? the accuracy
being better than 1%.!! From the measured popula-
tion of the electronic K shell we conclude that prob-
ably only one L; electron is left in the L shell during
the pionic 4/-3d transition (for details see Jeckelmann
et al'®). By conservatively taking 0.5 +0.5 of the
screening effect of the two L; electrons into account
we find the value given in Table III.

The sum of all the corrections listed in Table III in
wavelength units gives

AX=0.092384(59) pm. 3)
With the results of (1) and (3) and with use of Eq. (2)
we get, finally, for the pion-electron mass ratio

m”_/me_=273,12677(71). 4
With m,=0.5110034(14) MeV/c?* we obtain for the
pion mass

m__=139.56871(53) MeV/c2. Q)

As a result of the uncertainty of the constant hc, the
error of m, is increased by this procedure from the er-
ror of 2.6 ppm in the ratio m,/m, to 3.8 ppm.

In Table IV our mass value is compared with
the best previous measurements. The values of

TABLE IV. Comparison of the =~ mass with previous
publications.

Mass (MeV/c?) Error (ppm) Ref.
(a) 139.568 71(53) (36) 3.8/2.62 This work
(b) 139.567 50(90) 6.4 14
© 139.566 70(240) 17 15,16
(d) 139.568 60(200) 14 17
(e) 139.57040(110)® 7.9 1

2The error from the uncertainty of the wavelength-energy conver-
sion and the purely experimental error are both given. For compar-
ison with the crystal-spectrometer measurements (b) and (c) the ex-
perimental error should be used.

bAssuming an upper limit of 40 eV/c? for the muon-neutrino
mass.
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Marushenko et al.'® (c) and Carter et al.'’ (d) are in
excellent agreement with our work; the more accurate
mass of Lu et al.'* (b), measured with a curved-crystal
spectrometer, differs by 1.2 standard deviations.

With the new pion-mass value we reevaluate the
square of the mass of the muon neutrino using the re-
cently published muon momentum in the #* — u*v,
decay at rest! and assuming the #* and 7~ masses to
be equal. The result is

mju =(—0.097 £0.072) MeV?/c*. (6)

The error originates dominantly from the p, measure-
ment. The previous value is m,,zu =—0.163(80)

MeVZ/c*! For the upper limit of the muon-neutrino
mass we deduce from (6)

my, < 0.27 MeV/c? (90% confidence level). (7)

The authors of Ref. 1 interpret their result alterna-
tively as a #+ mass determination by assuming an
upper limit of 40 eV/c? for the muon-neutrino mass
(from cosmological arguments). This leads to the
result given in Table IV (e) which differs [as can be
seen directly in Eq. (6)] by 1.4 standard deviations
from our value.

In the present work we have measured the 7~ mass
with a precision improved by a factor of 2.5 as com-
pared to the best previous experiment. With this new
result the uncomfortably large negative value for the
square of the muon-neutrino mass is reduced. Any
further improvement of the v, mass limit requires an
improved p, measurement. The new precision in the
7~ mass is urgently needed for a current analysis of
the w-nucleus optical potential with recent crystal-
spectrometer data® and for a search of strong van der
Waals interactions.?

We would like to thank B. Fricke, K, Rashid, and
J. P. Desclaux for their kind help in the electron-
screening calculations and for valuable discussions.
This work was supported in part by the Swiss Institute
for Nuclear Research (SIN) and by the Swiss National

Science Foundation.

IR. Abela, M. Daum, G. H. Eaton, R. Frosch, B. Jost,
P.-R. Kettle, and E. Steiner, Phys. Lett. 146B, 431 (1984).

2P. F. A. Goudsmit, in Fundamental Interactions in Low-
Energy Systems, edited by P. Dalpiaz, G. Fiorentini, and
G. Torelli, Ettore Majorana International Science Series,
Vol. 23 (Plenum, New York, 1985), p. 371, and references
cited therein.

3W. Beer et al.., Nucl. Instrum. Methods Phys. Res., Sect.
A 238, 365 (1985).

4B. Jeckelmann, W. Beer, G. de Chambrier, O. Elsenhans,
K. L. Giovanetti, P. F. A. Goudsmit, H. J. Leisi, and
A. Riietschi, Nucl. Instrum. Methods Phys. Res., Sect. A
241, 191 (1985).

5G. de Chambrier et al., Nucl. Phys. A442, 637 (1985).

6S. Thomann, Diploma work, Eidgenossische Technische
Hochschule Zurich (ETHZ), 1985 (unpublished), and
ETHZ Institut fir Mittelenergiephysik Internal Report No.
LB-85-02 (unpublished); J. Hartmann, private communica-
tion.

7K. L. Giovanetti and A. G. Sergeev, ETHZ Institut fiir
Mittelenergiephysik Internal Report No. LB-85-01 (unpub-
lished).

8R. D. Deslattes, E. G. Kessler, W. C. Sauder, and A. He-
nins, Ann. Phys. (N.Y.) 129, 378 (1980).

9]. E. M. Goldsmith, E. W. Weber, and T. W. Hénsch,
Phys. Rev. Lett. 41, 1525 (1978).

10B. Jeckelmann, ETHZ Institute fiir Mittelenergiephysik
Report No. LB-85-03 (unpublished).

1B, Fricke and K. Rashid (Gesamthochschule Kassel),
private communication.

12, P. Desclaux, Comput. Phys. Commun. 9, 31 (1975);
B. Fricke, Nuovo Cimento Lett. 2, 859 (1969).

13B. Jeckelmann et al., to be published.

14D, C. Lu, D. Delker, G. Dugan, C. S. Wu, A. J. Caffrey,
Y. T. Cheng, and Y. K. Lee, Phys. Rev. Lett. 45 1066
(1980).

I5C. G. Wohl et al. (Particle Data Group), Rev. Mod.
Phys. 56, S1 (1984).

16V. N. Marushenko, A. F. Mezentsev, A. A. Petrunin,
S. G. Skornyakov, and A. I. Smirnov, Pis’ma Zh. Eksp.
Teor. Fiz. 23, 80 (1976) [JETP Lett. 23, 72 (1976)].

17A. L. Carter et al., Phys. Rev. Lett. 37, 1380 (1976).

1447



