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e Resear
h Center, University of Lei
ester, England(Re
eived June 29, 2000)A re
ent pre
ision measurement of m� is des
ribed. The goal of theexperiment is to bring the 
urrent mass un
ertainty �m�m� of 3 ppm downto 1 ppm.PACS numbers: 14.40.Aq 1. MotivationThe 
urrent value for the mass of the 
harged pion is m� = 139:57018�0:00035MeV/
5 [1℄. The motivation for a more pre
ise measurement of m�arises from several aspe
ts:� The error in the muon neutrino mass measurement via �+at rest ! �+��is dominated by �m� (3 ppm), sin
e m� is known with a pre
isionof 0.3 ppm [2℄. Theoreti
al 
onsiderations 
on
erning extensions ofthe Standard Model predi
t that m�� is either � 70 keV/
5 for un-stable neutrinos or � 65 keV/
5 for stable neutrinos 
ontributing tothe matter density of the universe. Our experiment 
ould improve thesensitivity of the m�� measurement from 170 keV/
5 into this massrange.� Presented at the Meson 2000, Sixth International Workshop on Produ
tion, Proper-ties and Intera
tion of Mesons, Cra
ow, Poland, May 19�23, 2000.(2219)



2220 D.F. Anagnostopoulos et al.� A re
ent highly sensitive sear
h for muonium�antimuonium 
onversion(M �M ) gives a limit of 10�3 for GM �M/GF [3℄. In 
ombination withthis, a new limit of �70 keV/
2 for the muon neutrino mass wouldex
lude a 
ertain type of theories extending the standard model.� A forth
oming experiment with pioni
 hydrogen [4℄ aims for an im-provement in a

ura
y from 0.5% to 0.2% for the hadroni
 shift of the1s state. The present 
ontribution to this error from �m� is 0.13%.With a pre
ision of 1 ppm for m�, this would redu
e to � 0.04%.2. Experimental methodThe experimental approa
h for a mass measurement of the unstable ��(�� = 2:6 � 10�8 se
) is to determine the energies of X-rays emitted byradiative transitions in pioni
 atoms. A 
rystal spe
trometer is essentiallythe only way to measure X-ray energies in the range of few keV with su�
ienta

ura
y.The basi
 pro
ess for the formation and atomi
 
as
ade for su
h anatom is as follows: Negatively 
harged pions that have been slowed downto a kineti
 energy of a few eV are 
aptured in the Coulomb �eld of atomsinto highly ex
ited atomi
 levels by the emission of ele
trons. The deple-tion of the ele
tron 
loud pro
eeds by Auger emission. In 
ase of re�llingfrom neighboring atoms, the ionization state is not well understood. At lowpressures, however, re�lling is suppressed and the exoti
 atom will be
omea hydrogen-like system in whi
h the energy levels 
an be 
al
ulated verypre
isely by bound-state QED.The most pre
ise m� measurement up to now [5℄ was done with asolid state target (measuring the �Mg(5g�4f) line) where the number ofK-ele
trons at the moment of X-ray emission was un
lear due to the afore-mentioned ele
tron re�lling. The �rst interpretation of the experiment as-sumed that 1 K-ele
tron was present during most emissions, but sin
e theresulting value for m� implied a negative muon neutrino mass, it was re-garded as unphysi
al. The se
ond interpretation [6℄ was based on 2 K-ele
trons at the moment of the measured transition and led to a result form� that is 
onsistent with the limits extra
ted from the measurement of themuon neutrino mass [2℄.To avoid this problem of ele
tron re�lling, we used a gas target insteadof a solid state target, measuring the 5g�4f transition in pioni
 nitrogen [7℄.The result of a feasibility study with the Cu K�1 �uores
en
e line as theenergy 
alibration [8℄ 
on�rmed the se
ond interpretation of the experimentdes
ribed above [6℄; the 
urrent value of m� is based on these two experi-ments [1℄.



Mass of the Charged Pion 22213. SetupThe experimental setup in the �E5 area at PSI is shown in �gure 1. The85MeV/
 pion beam (intensity 5 � 109 �s ) was inje
ted into the 
y
lotrontrap, where it was slowed down by degraders and 
ir
ulated into the gastarget by the weakly fo
ussing ~B-�eld of the 
y
lotron trap perpendi
ularto the beam.

Fig. 1. Setup of the experiment in the �E5 area at PSI.A 
rystal spe
trometer with Johann geometry was used to re�e
t X-rayswith a 
ertain wavelength (Bragg 
ondition n� = 2d sin�B) onto a CCD(Charge Coupled devi
e Dete
tor). The 
rystal is spheri
ally bent (R � 3m)to allow for partial verti
al fo
ussing. By measuring the horizontal positionon the dete
tor, the exa
t angle of re�e
tion (and thereby the energy) of theemitted X-rays 
an be 
al
ulated with high pre
ision.4. CalibrationThe Cu K�1 line used for 
alibration in the feasibility study sets a limiton the possible pre
ision of the measurement due to its rather 
ompli
atedline stru
ture. For this reason we 
alibrated with X-rays from another ex-oti
 atom, namely muoni
 oxygen. The energy of the �O(5g�4f) transition(4023.8 eV) is 
lose to that of the �N(5g�4f) transition (4055.4 eV) and thehigh a

ura
y of the muon mass (0.3 ppm) allows a pre
ise energy 
al
u-lation for this line. To redu
e the 
han
e of systemati
al errors both linesare measured simultaneously. To a
hieve this, the target 
ontainer was �lledwith a mixture of nitrogen and oxygen. The muons are available throughpion de
ay within the 
y
lotron trap.



2222 D.F. Anagnostopoulos et al.The 5g�4f line is the best 
hoi
e, sin
e the energy of higher level tran-sitions is so low that X-ray absorption would be a serious problem, whereaslower levels in pioni
 nitrogen are already in�uen
ed by hadroni
 e�e
ts.5. Ba
kground redu
tion by 
luster analysisAn array of 6 CCDs is used for the position measurement, the totaldete
tor area amounts to 48 mm width and 72 mm height. Ea
h individualCCD has 600� 600 pixels of (40�m)2. Due to the good energy and positionresolution of these dete
tors, a very e�
ient ba
kground redu
tion is possibleby keeping only isolated events in the 
orre
t energy range. Ba
kgroundevents will have mu
h higher energies than the 4 keV of proper events andwill therefore deposit 
harges over a 
luster of pixels.6. ResultsDuring several weeks of data-taking, approximately 9000 events in the�N line and 10000 events in the � O line were a

umulated, whi
h, barringsystemati
al errors, will be enough to rea
h the envisioned a

ura
y of 1ppmform�. Figure 2 shows sum spe
tra with � 40% of statisti
s. Apart from the
ir
ular transitions 5g�4f the parallel transitions 5f�4d are 
learly apparent,for the � O even with �ne stru
ture splitting.
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Fig. 2. Sum spe
tra of the �N and � O lines with � 40% of all measured events,displayed as a s
atterplot (x�y-position) to the left and x-position (after 
urvature
orre
tion) to the right.
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