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Nuclear Charge Radii

Charge radius fundamental 
parameter of a nucleus

Despite all our knowledge there 
are still surprises (proton radius)

Low-Z nuclei can be understood 
ab-initio
Nuclear models for high-Z nuclei
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Atomic Parity Violation in Radium

Electron-quark neutral weak interaction 
mixes states of opposite parity

Measure E1PNC admixture in E2 
transition and extract weak charge 
using precision atomic calculations

Needs knowledge of the radium charge 
radius with 0.2% accuracy

Potential of improving Cs result by 
factor 5
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Atomic parity nonconservation in Ra+
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We report on a theoretical analysis of the suitability of the 7s 2S1/2↔6d 2D3/2 transition in singly ionized
radium to measure parity nonconservation, in the light of an experiment planned at the KVI of the University
of Groningen. Relativistic coupled-cluster theory has been employed to perform an ab initio calculation of the
parity-nonconserving electric dipole amplitude of this transition, including single, double, and leading triple
excitations. We discuss the prospects for a sub-1% precision test of the electroweak theory of particle physics.
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In atomic systems, parity is broken due to the exchange of
the neutral vector boson Z0, which mediates the weak inter-
action between the atomic electrons and the quarks in the
nucleus. This atomic parity nonconservation !APNC" gives
rise to small parity-nonconserving electric dipole transition
amplitudes !E1PNC". The APNC effect gets strongly en-
hanced in heavy atoms and can be measured by the interfer-
ence of E1PNC with a suppressed electromagnetic transition
amplitude !M1,E2" #1,2$. The accurate measurement of the
6s 2S1/2↔7s 2S1/2 transition in atomic 133Cs by Wieman and
co-workers #3,4$ constitutes a precision test of the elec-
troweak sector of the standard model !SM" of particle phys-
ics #5$. By combining the measurement with a many-body
atomic structure calculation, the weak nuclear charge could
be determined #6$.

The importance of APNC to particle physics is a strong
incentive to further pursue these challenging experiments.
With the experimental and theoretical accuracies at impres-
sive 0.35% #3,4$ and 0.5% #6$ levels, respectively, the 133Cs
result agrees with the SM prediction within one standard
deviation. Nevertheless, it is desirable to consider other can-
didates for APNC studies; see, e.g., Ref. #7$. New experi-
ments have been proposed for Cs #8$ and Fr #9$ atoms. Of
special interest is the proposal by Fortson to measure APNC
in one single laser-cooled and trapped ion #2$. Such single-
ion experiments offer important benefits, such as long coher-
ence times and precise control of various systematic effects.
Promising ions from the experimental and atomic-theory
point of view are heavy alkali-metal-like ions, in particular
Ba+ and Ra+ #10$. Proof-of-principle experiments have been
carried out with 138Ba+ by Fortson and co-workers #10–12$.

At the TRI!P facility #13,14$ at the accelerator institute
KVI in Groningen, an APNC experiment on Ra+ is in
progress #15$. An important advantage of Ra+ is that all rel-
evant transitions are in the optical regime !see Fig. 1" and

thus are accessible by commercially available solid-state la-
ser technology. The goal is to measure the E1PNC amplitude
of the 7s 2S1/2↔6d 2D3/2 transition. We address here the
question of what the prospects are to push the corresponding
atomic theory below 1%, such that the experiment can serve
as a high-precision test of the SM. We analyze various rel-
evant properties of Ra+ and assess the remaining uncertain-
ties.

The parity-nonconserving !PNC" nuclear-spin-
independent !NSI" interaction is due to the electron-quark
neutral weak interaction, the Hamiltonian of which is given
by

HPNC
NSI =

GF

2%2
QW"5ϱnuc!r" , !1"

where GF is the Fermi constant, ϱnuc the nuclear density, and
"5 the standard Dirac matrix; QW is the nuclear weak charge,
which is equal to !2Z+N"c1u+ !2N+Z"c1d in terms of the
coupling constants of the electron to the up and down
quarks; Z and N are the numbers of protons and neutrons.
The Hamiltonian in Eq. !1" mixes atomic states of opposite
parity but with the same angular momentum. Its strength is
weak enough to consider it as a first-order perturbation. We
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FIG. 1. !Color online" Relevant energy levels in Ra+.
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sin2✓W theory and new physics
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Abstract: After briefly discussing the importance of the precise measurement of the weak mixing angle, we discuss

the implication of the dark Z on the low-Q2 parity tests. The dark Z is a very light (roughly, MeV - GeV scale)

gauge boson, which couples to the electromagnetic current as well as the weak neutral current.
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1 Introduction

In this article⇤, we emphasize the importance of the
low-Q2 parity test for the new physics searches. We il-
lustrate our point with a specific example called the dark
parity violation [1–4], which means the parity violation
induced by a dark gauge boson. This presentation shares
some parts with Ref. [5], although updates and comple-
mentary descriptions are provided.

Let us briefly look back the history of the sin2 ✓W
physics. It is well documented in the review [6], and we
will go over only some part very briefly. In 1961, Shel-
don Glashow introduced the SU(2)L⇥U(1)L symmetry,
which has a mixing between two neutral gauge bosons
[7]. In 1967, Steven Weinberg added the Higgs mech-
anism with a Higgs doublet and a vacuum expectation
value, establishing the mass relation mW = mZ cos✓W
with the weak mixing angle ✓W [8]. He also predicted
the weak neutral current mediated by the Z boson. In
1973, the neutral current was discovered in the neutrino
scattering experiments at the CERN Gargamelle detec-
tor [9]. Whether the SU(2)L ⇥U(1)Y is a correct the-
ory to describe this neutral current was not clear then
though. One of the features of the SU(2)L⇥U(1)Y was
the mixing term in the weak neutral current interaction,
proportional to sin2 ✓W , and the parity test measuring
this sin2 ✓W can possibly test the Standard Model (SM).

In 1978, SLAC E122 experiment using the polarized
electron beam and the deuteron target measured the par-
ity violation asymmetry, which gave sin2 ✓W ⇡ 0.22(2),
agreeing to the SM [10]. It is noticeable that this estab-
lishment of the SU(2)L⇥U(1)Y by the SLAC parity test
in 1978 occurred much earlier than the direct discovery
of the W/Z boson resonances at the CERN SPS exper-
iments in 1983 [11, 12]. In 1979, after only one year of
the SLAC parity test, Glashow, Salam, and Weinberg
received the Nobel prize in physics.

The lessons we can learn from this history include (i)
the parity test (by the precise measurement of sin2 ✓W )
can be a critical way to search for a new gauge interac-
tion, and (ii) its finding may precede the direct discovery
of a gauge boson by the bump search.

Figure 1 taken from Ref. [4] shows the running of
the sin2 ✓W in the SM and the current experimental con-
straints. While the current data are more or less consis-
tent with the SM prediction with the given error bars,
more precise measurements in the future experiments
(red bars) may reveal potential new physics e↵ects that
were elusive for the current constraints.
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Fig. 1. The running of the sin2 ✓W with the mo-
mentum transfer Q in the SM and the current ex-
perimental constraints taken from Ref. [4]. The
red bars show the anticipated sensitivities in the
future parity tests.

2 Dark Photon vs. Dark Z

The dark gauge boson (we use Z 0 for its notation)
is a hypothetical particle with a very small mass and a
small coupling to the SM particles. While the heavy Z 0

(typically TeV scale) has been a traditional target of dis-
covery (see Ref. [13] for a review), the light Z 0 (typically

1)E-mail: hlee@ibs.re.kr
⇤This article and the presentation at PhiPsi 15 meeting (USTC, Hefei, China, September 23-26, 2015) are mainly based on the works

and discussions with H. Davoudiasl and W. Marciano at Brookhaven National Lab, USA.
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Charge Radii from Laser Spectroscopy

Wealth of information on nuclear properties from laser spectroscopy
Need electron scattering or muonic atom spectroscopy for absolute radii

4

1034 H.-Ju Kluge, W. Nortershauser / Spectrochimica Acta Part B 58 (2003) 1031–1045¨ ¨ ¨

Fig. 1. Chart of nuclei showing the isotopes for which optical spectroscopy was performed on-line in long isotopic chains or on
nuclei far from stability. Black squares indicate stable nuclei, light-gray are those nuclei known to exist as bound systems. Above
uranium, the experiments were performed off-line with the exception of Am.240f,242f,244f

3. Trends in laser spectroscopy of short-lived
nuclei

Laser spectroscopy of radionuclides has now
been performed over quite a substantial range of
the chart of nuclei, as shown in Fig. 1. Still, the
most interesting regions close to the proton and
neutron drip lines have only been reached in few
cases. In addition, information is scarce for nuclei
lighter than potassium and for nuclei above ura-
nium, which is the heaviest target used at ISOL
facilities so far. With the exception of titanium,
nothing is known from laser spectroscopy on short-
lived nuclei in the region of refractory elements
around iron (Zs26) because of the lack of effi-
cient production schemes at ISOL facilities. Simi-
larly, there are gaps in the region of refractory
elements around molybdenum (Zs42) and tung-
sten (Zs74).

3.1. Towards light nuclei

In the bottom part of the chart of nuclei, the
moments and charge radii of halo nuclei are of
considerable current interest. However, laser spec-
troscopy of light nuclei is handicapped by the
generally low production yields. Furthermore, the
hyperfine splitting is small and the volume effect
of the isotope shift, from which the changes in
charge radii are to be extracted, is only a small
fraction of the total isotope shift. An additional
problem is that the specific mass shift can be
reliably calculated only for two- or three-electron
systems w45–47x. Li and the two-neutron halo8,9

nucleus Li w7,48,49x are the lightest short-lived11

nuclei for which the spin and the magnetic
moment, as well as the spectroscopic quadrupole
moment, were determined by laser spectroscopy.
Here, the nuclei were polarized by collinear spec-

Kluge and Nörtershäuer, Spectrochim. Acta B 58, 1031 (2003)

1039H.-Ju Kluge, W. Nortershauser / Spectrochimica Acta Part B 58 (2003) 1031–1045¨ ¨ ¨

Fig. 2. Changes in nuclear charge radii as a function of neutron
number in the osmium–lead region.

measurement is the determination of the hyperfine
splitting in the 1s state of hydrogen-like Bi and209

Pb by laser spectroscopy in the storage ring207

ESR at GSI w44,69x. Still, there is an unexplained
discrepancy of approximately 0.5% between exper-
iment and theory, the latter involving essentially
quantum electrodynamic as well as nuclear calcu-
lations. Nevertheless, this experiment demonstrates
that an accuracy in the calculation of hyperfine
fields of better than 1% can be reached. Hence,
nuclear moments and changes in charge radii can
also be determined with comparable precision
using highly charged ions.
Such measurements on longer-lived isotopes will

become possible with the HITRAP facility planned
at GSI w38x. Here, highly charged (radioactive)
ions will be injected into the storage ring ESR,
electron-cooled, decelerated in a linac and injected
into a Penning trap. After cooling of the ions to 4
K, the hyperfine splitting of the 1s S ground2

1y2
state can be determined by laser spectroscopy. In
addition, nuclear polarization can be achieved by
optical pumping between the two hyperfine levels
of the ground state for nuclear decay studies.
Still another scenario is considered for the future

GSI facility. Here, the heavy-ion synchrotron SIS-
200 will accelerate uranium beams up to some 10
GeV of energy. At an ion beam energy of 21.3
GeVynucleon, the Lorentz factor is a high as gs
23.9. Therefore, photons from a commercial laser
in the optical range in anti-collinear geometry will
have enough energy to excite the 2s –2p1y2 1y2
transition in lithium-like uranium ions with an
excitation energy of 280.6 eV. Again, nuclear
moments and charge radii become accessible in
such few-electron systems, which can be reliably
calculated. Furthermore, laser cooling of relativis-
tic beams can be achieved.

4. Conclusion

Over the past 25 years, laser spectroscopy has
yielded a wealth of information on properties of
nuclear ground and isomeric states. As an illustra-
tive example, Fig. 2 shows an up-to-date compi-
lation of the charge radii in the region of mercury,
where the first optical measurements on long
isotopic chains performed by Henry Stroke and

Ernst Otten were begun more than 30 years ago
w70,71x. For nuclei with non-zero spin, the mag-
netic dipole moments and for those with I)1y2
the electric quadrupole moments are known. The
latter allow deduction of a prolate or oblate defor-
mation, whereas changes in the square of the
nuclear deformation can be deduced from changes
in charge radii. Hence, these data fix the energy-
deformation curve in this transitional region
between the neutron shell closure at Ns126 and
the middle of the neutron shell near Ns100, and
yield information on the single-particle properties
of the valence nucleon. Nearly all techniques used
in atomic spectroscopy of short-lived isotopes
contributed to these data. The shell closure effect
at Ns126, the increase in deformation with
decreasing neutron number, sudden shape changes
near Ns104 at mid-shell, shape coexistence and
shape staggering can be clearly observed in this

Isotopes probed by laser spectroscopy
black: stable isotopes
dark gray: unstable isotopes



Andreas Knecht Workshop on Muonic Atom Spectroscopy, 21. 10. 2016

Muonic Atom Spectroscopy

Muonic energy levels highly 
sensitive to nuclear charge 
distribution due to large 
overlap

Using QED calculations and 
model for nuclear charge 
distribution allows to extract 
charge radius
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Kessler et al., PRC 11, 1719 (1975)

Large effect:

E1s (Z=82) ~ 19 MeV (point nucleus)
                → 10.6 MeV (finite size)

1720 D. KESSLER et al.
tion of the orbital muon from a higher excited
state to the 1& state. The nucleus then decays to
the ground state with or without neutron emission.
In a subsequent experiment we were able to detect
such neutrons emitted during deexcitation of the
muonic atom. ' Processes of this type are relative-
ly frequent, they occur in about 5-10% of all muon
stops in the target and imply a rather tight cou-
pling between the orbital muon and the nucleus.
We therefore planned to look at the lines, espe-
cially the K lines, with the best possible resolu-
tion in order to detect any possible structure due
to this kind of interaction.
2. Investigation of the isotoPe shifts in

In I, only the isotopes 206, 207,
and 208 were investigated. The main result was
the observation that, in going from the lighter to
the heavier isotopes, the isotope shifts are only
about half as large as one would predict from an
assumed A' ' variation of the nuclear radius. In
other words, adding one or two neutrons to ' 'Pb
produces an increase in the nuclear radius, but
not as much as one would expect if the density re-
mained the same. In fact, our measurements
show that the density increases slightly as one
approaches the double magic nucleus ' 'Pb, in
agreement with optical and electronic x-ray re-
sults. "'" In the present experiment we set out
to repeat these measurements with higher preci-
sion and, moreover, to extend them to the iso-
tope '~Pb which has never been measured before.
We were fortunate to obtain comparatively large
quantities of separated isotopes on loan' and the
measurements for all four lead isotopes were
performed concurrently.
The study of isotope shifts is not the only reason

for using separated isotopes. As will be shown,
there are problems of interpretation due to in-
adequacies of the model used to describe the data.
The amount of information available from one
isotope is usually insufficient by itself to discrim-
inate between different models, but a comparison
of different isotopes can often provide a clue to
the correct interpretation.
3. Precise measurement of the Zs levels in all

fourisotoPes. As is well known, the lines which
appear strongly in the muonic x-ray spectrum are
the «, I &, etc. , lines. These lines are strong
due to peculiarities in the cascade process which
preferentially popu1. ates the circular orbits. They
are shifted from their point-nucleus energies due
to finite-size effects and have been used, there-
fore, to study nuclear sizes and shapes ever since
Fitch and Rainwater performed their pioneer ex-
periment. " The information provided by these
lines is sufficient to determine one nuclear param-
eter (namely, the rms radius) in light nuclei and

an additional parameter (the skin thickness) in
medium and heavy nuclei. Seven years ago, we
observed for the first time transitions involving
the 2& state. " Since that time we have tried on
every occasion to observe these transitions and
to make use of the additional information they
provide. The problem here is that these lines
are very weak, since the population of the 2&

state is only of the order of a few percent in light
elements and goes down to about 1' in lead. The
observation of transitions to and from the 2& level,
therefore, requires both high statistics and good
resolution.
The importance of the 2s level is illustrated in

Fig. 1." This figure shows how the muon in its
various orbits penetrates the nucleus. The dashed
line is the charge distribution in lead and one
notices how the 1s wave penetrates the nucleus,
while the 2P waves penetrate much less and 3d
hardly at all. The 2s wave, on the other hand,
has the largest overlap with the nucleus, next to
the ground state. (Note that 2s is drawn to the
same scale as 1s, whereas the 2P curves are
scaled up by a factor 10.) It should be pointed
out, nevertheless, that the sensitivity of muonic
atom measurements to nuclear size effects is
determined by the overlap integrand (f'+g') p(r)r',
where f and g are the two components of the radial
solutions to the Dirac equation. In lead this inte-
grand rises from zero at the center of the nucleus
to a maximum which is at about 4.2 fm for 2&,
5.3 fm for 1s, and 5.8 fm for the 2P waves.
An interesting property of 2& is that it happens

to have a zero at the fringe of the lead nucleus so
that, discounting the remote possibility of a nu-
clear halo reaching out to twice the rms radius,
one sees that 2+ is sensitive exclusively to the

I.6 ( )
—MUON DISTR IBUTION

!.4

l.2

I.O

0.8

0.6

0.4
0.2

0 2 4 6 8 IO l2 l4 l6 18 20 22 24 26 28 &0
R =6.687 r (fm)

FIG. 1. Muon and nuclear charge distributions in
lead (Z =82). The muon is represented by the square
of the wave function [gl, where Ilail r dr= 1. The nu-
clear charge distribution is of the Fermi type, calcu-
lated using the parameters shown in the figure.

Lead Z=82
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B. Detectors

The muonic x rays and y rays from the target and the
calibration sources were detected by Ge detectors. In the
first run, covering the energy range up to 1600 keV, in-
cluding the 2s-2p and 3p-2s muonic transitions in Pb
[Fig. 2(a)], a 66 cm high-purity, intrinsic n-type Ge

1,2, 3,4: scintillators
FIG. 1. Target area including the Compton suppression spec-

trometer (CSS).

detector was used as part of a Compton suppression spec-
trometer (CSS). At a counting rate of 5000/s under in-
beam conditions, the resolution (FWHM) of this detector
was 2.0 keV at 1332 keV, and its line shape was almost
Gaussian. The CSS consisted of the above Ge detector
surrounded in an asymmetrical way by a NaI(T1) annulus
of diameter 22 cm and length 29 cm. These dimensions
had been chosen in order to yield a 90% absorption of
Compton-scattered y rays up to 3 MeV. ' Under in-
beam conditions, and in the energy region of interest
(900—1500 keV), an average background suppression fac-
tor of 4 was achieved. Figure 2(b) shows the weakly pop-
ulated 2s-2p, &2 transition as measured with and without
the CSS. The weak 2s-2p and 3p-2s transitions are on top
of a large Compton background from higher-lying transi-
tions between strongly populated circular orbits (2p-ls,
3d-2p). Without Compton suppression it would not have
been possible to obtain the required energy precision for
these transitions which are crucial in the following search
for nuclear parameters.
In the second run, covering the energy range up to

3500 keV, including the muonic 3d-2p transitions, we em-
ployed a 50 cm coaxial Ge(Li) detector with a resolution
(FWHM) of 2.5 keV at 1332 keV under in-beam condi-
tions at a counting rate of 7000/s.
The third run covered the energy range up to 6500

keV, including the muonic 2p-1s transitions. The 66 cm
intrinsic Ge detector was used without its anti-Compton
shield. Its resolution was 5.0 keV at 6129 keV ('60" line)
under in-beam conditions at counting rates of 6000/s.

C. Setup and shielding

In general, the experimental setup was similar to ear-
lier runs. Special care was taken in the run with the
CSS in order to reduce the background due to beam and
secondary radiation sources. Since high background
loads in the NaI(T1) annulus reduce the number of ac-
cepted photopeak events in the central detector by ac-
cidental coincidences, the CSS was shielded by a
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FIG. 2. Muonic x-ray spectra; (a) Low energy region taken with the CSS. (b) Close up of the 2s-2pl/2 region taken with and
without the CSS.

Muonic Atom Spectroscopy
Impressive precision in the extracted 
charge radius can be achieved

For 208Pb: <r2>1/2 = 5.5031(11) fm 
                 2x10-4 relative precision
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μE1 channel at PSI
5x106 μ-/s at 125 MeV/c

Bergem et al., PRC 37, 2821 (1988)
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contaminants underneath the calibration y- and muonic
x-ray peaks. In such a way, a set of clean, isolated cali-
bration lines could be selected. The MYFIT (Ref. 26)
fitting routine using a Gaussian function convoluted with
a Lorentzian and exponential tails was then applied to
this set of lines in order to determine the experimental
line shape. Firstly, average tail parameters were deduced
from the fits. Using these mean parameters, the Gaussian
line widths (FWHM) and their dependence on energy
were obtained. Nonresolved doublets could easily be
detected by comparing their widths to the expected single
peak widths.
Finally, all the calibration, delayed and muonic lines

were fitted using the above set of parameters with the
Lorentzian line widths being fixed at the values of the cal-
culated natural line widths.
Isotopic impurities of the lead target (see Table III)

were taken into account by including in the fits the lines
of Pb and Pb with appropriate relative intensities.
The positions of these lines with respect to the Pb line
were calculated from published isotope shifts of earlier
work.

B. Nonlinearity, calibration, and systematic errors

The nonlinearity corrections of the detecting system
were determined from Co, "Ag, ' Ir, and Bi
sources. These calibrations were made on-line in the
second run (3d-2p). In the first (2s-2p) and third (2p-ls)
runs, the corresponding calibration spectra were taken
off-line. Different amplifier gain settings were used in the
third run, due to lack of calibration sources in the range

from 3500 to 6000 keV. All spectra showed essentially
the same nonlinearity behavior. A smooth curve was
fitted to the nonlinearity data of each run, and the ob-
tained corrections were applied to the prompt and de-
layed spectra.
The absolute eoergy calibration of the muonic lines

was obtained using the positions of the ' N and Co lines
(see Table IV) in the delayed spectra. This procedure
guarantees experimental conditions as close as possible to
those encountered in the prompt spectra. Nevertheless, a
shift between the two spectra might still occur due to the
different widths of the timing windows, inducing different
instantaneous detector loads. We therefore compared the
positions of the most intense y lines in both spectra and
consequently corrected the positions of the x-ray lines to
be calibrated. In the 2s-2p spectrum, this correction
amounted to 6(1) eV, in the 3d-2p spectrum to —1(3) eV,
and in the 2p-Is spectrum to 50(40) eV.

C. Transition energies

Table V shows the transition energies which are ob-
tained by adding the recoil energy of the nucleus to the
measured muonic x-ray energies. The quoted errors are
total errors including statistical, calibration, and sys-
tematic uncertainties.
The most precise previous measurements of the E, L,

and M transition energies in muonic lead are the ones of
Kessler et al. and Hoehn and Shera, whose results are
also listed in Table V. Our errors are typically 4—6 times
smaller than those of the older measurement of Kessler
and comparable to those of Hoehn and Shera for the cir-

TABLE V. Experimental muonic transition energies (keV) in ' 'Pb (recoil corrected).

Transition

2p3/2- s
2p i/2-1$ &/2

Kessler
(Ref. 9)

5 962.770(420)
5 777.910(400)

Hoehn
(Ref. 27) This experiment

5 962.854(90)
5 778.058( 100)

3d3/2-2p i/2
3d 5 /2 -2p 3/2
3d 3/2 "2p3/2

2 642.110(60)
2 500.330(60)
2 457.200(200)

2642.292(23)
2500.580(28)

2 642.332(30)
2 500.590( 30)
2 457.569(70)

3p3/2 2$&/2
3p 1 /2-2$ ) /2

1 507.480(260) 1 507.754(50)
1 460.558(32)

2s I/2-2p i /2
2s, /2-2p 3/2

1 215.430(260)
1 030.440( 170)

1 215.330(30)
1 030.543(27)

5fsn 3dsn-
5f7/2 3ds/2-
5fs/2 3dsn- 1404.740( 80)

1 366.520( 80)
1 404.659(20)
1 366.347( 19)
1 361.748(250)

4fs/2 3d3/2
4f7/2 3ds/2
4fsn 3ds/2

971.850(60)
937.980(60)

971.971(16)
938.113(13)

971.974( 17)
938.096( 18)
928.883( 14)

4d3/2 3p 1/2
4d5/2 3p3/2
4d3/2 3p3/z

920.959(28 )
891.383(22)
873.761(63 )



Andreas Knecht Workshop on Muonic Atom Spectroscopy, 21. 10. 2016

Muonic Atom Spectroscopy

2p - 1s energy is highly sensitive to charge radius
What is the limiting factor?

7

 Energy [keV]1/2 - 1s
3/2

2p
5400 5500 5600 5700 5800 5900 6000

R
ad

iu
s 

[fm
]

5.34
5.36
5.38
5.4

5.42
5.44
5.46
5.48
5.5

5.52
5.54

74W

78Pt 79Au

80Hg 81Tl
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83Bi

Relative sensitivity ~ 2x10-4/keV
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Muonic Atom Spectroscopy

Nuclear polarization is the 
dominating factor that in 
the end determines the 
accuracy of the extracted 
charge radius

Typically assumed 
uncertainty: 10 - 30%

8

37 NUCLEAR POLARIZATION AND CHARGE MOMENTS OF Pb. . . 2823

TABLE II. Theoretical nuclear polarization corrections in 'Pb.

Energy
(MeV)

B(EA,) f
(eh )

1s
& /2 2s 1 /2 2p 1 /2

(eV) (eV) (eV)
2p 3/2
(eV)

3p I/2
(eV)

3p3/2
(eV)

3d 3/2
(eV)

3d 5/2
(eV)

2.615
4.085
4.324
4.842
5.240
5.293
5.512
5.946
6.193
6.262
6.312
6.363
6.721
7.064
7.083
7.332
Total

3
2+
4+
1

3
1

1

1
2+
1

1

1

1

1

1

1

low-lying

0.612
0.318
0.155
0.001 56
0.130
0.002 04
0.003 80
0.00007
0.050 5
0.000 24
0.00022
0.000 14
0.000 75
0.001 56
0.000 75
0.002 04
states

135
198
14
7
27
9
16
0
29
1

1

1

3
6
3
8

458

12
20
1

1

2
2
3
0
3
0
0
0
1

1

1

1

48

90
182
8
—9
16
—27
—90

3
22
3
3
2
6
9
4
10
233

84
180
7
—8
15
—19
—53
—30
21
5
4
2
7
11
5
11
242

26
76
2
0
5
0
—1

0
7
0
0
0
0
—1
—1
—2
111

26
84
2
0
5
—1
—1

0
7
0
0
0
—1
—1
—1
—2
117

111
6
1

1

2
1

1

0
0
0
0
0
0
0
0
0

123

—63
4
1

1

2
1

1

0
0
0
0
0
0
0
0
0

—53
13.5
22.8
13.7
10.6
21.9
18.6
33.1

0.047 872
0.043 658
0.537 672
0.761 038
0.566 709
0.497 596
0.429 112

0+
0+
1
2+
2+
3
3)3

Total high-lying states

906
546
1454
375
207
77
53
176
3794

315
147
221
37
21
7
5
15
768

64
43
786
237
108
40
25
80

1383

38
26
738
222
99
36
23
71

1253

24
15
255
67
29
11
7
21
429

15
10
258
68
29
11
7
21
419

1

0
66
33
8
3
2
4

1-17

0
0
54
30
7
2
1

4
98

Total 4252 816 1616 1495 540 536 240 45

Values from Ref. 7. Positive NP values mean that the respective binding energies are increased.

of nuclear excited states, both discrete (low-lying) and
continuous (high-lying) ones, requires the use of specific
nuclear models. '
The contributions of the high-lying continuous nuclear

states are evaluated by normalizing the transition charge
densities with energy-weighted sum rules and by concen-
trating the reduced transition probabilities B(EA,)1 in
single giant resonances whose energies are derived from
an empirical expression. ' The contributions from low-
lying discrete nuclear states are calculated using the ex-
perimental transition probabilities B (EA, ) t. '
The computer codes MUON and MUON2 (Ref. 18) were

used to calculate the NP contributions for the muonic ls,
2s, 2p, /2, 2p3/2, p, n, 3p3/2, 3d3/2, and 3ds/2 states in
Pb. Table II summarizes the results of these calcula-

tions.

III. EXPERIMENT
A. Beam and target

The experiment has been performed during three runs
at the superconducting pE1 channel of the SIN accelera-
tor at Villigen, Switzerland. The primary proton beam
had intensities between 110 and 120p A. The magnetical-
ly selected momentum of muons from backward decaying
pions was 125 MeV/c. After passing through a beryllium
degrader, the muons were stopped in targets of PbO or
Pb(NO3)2. Table III gives the target masses, dimen-

sions, and isotopic compositions. Typical stopping rates
in the 1.74 g/cm thick target, as measured by a 1234
coincidence in a scintillation counter telescope (Fig. 1),
were 10 p /s, corresponding to 20% of the incoming
muons.

TABLE III. Target masses and isotopic compositions.

Compound

Pbo
Pb(NO3)2
Total

Mass
(g)

15
20
35

Surface
(cm )

4x5
4x5
4x5

Thick-
ness

(g/cm )

0.75
1.
1.75

Amount
of Pb
(g)

13.9
12.5
26.4

Isotopic abundance (%)
208 207 206 204

98.69/1.03/0. 28/0. 05
99.47/0. 39/0. 14/0.007
99.14/0. 66/0. 20/0. 03

Bergem et al., PRC 37, 2821 (1988)
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Our first steps

Preliminary beam time in Nov. 2015
Just finished 2 weeks of beam time on Monday
Measured with 500 mg of 185Re, 187Re and 1000 mg of 208Pb for calibration

9
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Our first steps

Rhenium is the last stable element without absolute charge radius
Complicated spectrum due to hyperfine structure and low-energy nuclear 
excitations

10

Aldo Antognini PSI2016          17.10.2016
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• H-like atoms 
• MeV transition energies 
• MeV finite-size effects

Complications 
• nuclear polarisability 
• nuclear excitation in final state

Measure 
• Cascade X-rays 
• with Ge detectors (0.1 keV acc.)

Extract 
• charge radii via Barrets moments 
• quadrupole moments
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What About Radioactive Atoms?

Most of the stable isotopes have been 
measured with muonic atom 
spectroscopy

In a few special cases also radioactive 
isotopes, e.g. americium

11

Volume 161B, number 12,3 PHYSICS LETTERS 24 October 1985 

odd-odd isomer and the 241Am ground state 
provides qualitatioe evidence for a large nuclear 
deformation of the fission isomer. A quantitative 
interpretation of these data, however, requires 
detailed knowledge of charge-distribution parame- 
ters for the ground states of 241Am and 243Am since 
the relative optical isotope shift between heavy 
nuclei is dependent [5] upon the difference in their 
optical m o m e n t s  A<r°pt).  The optical moment can 
be expressed as a weighted sum over even 
moments of the nuclear charge distribution: 

1 
= C F 2i <r°Pt) ~11 E i <  )- 

T h e  Seltzer coefficients G(Z),  which depend on 
the electronic structure of the element, are 
tabulated in ref. [6]. The mean square nuclear 
charge radius <rE), represented by the first 
coefficient, C 1, is the main contributor to the 
isotope-shift effect; in americium the higher terms 
contribute about a 5% correction. 

Multigram samples of high-isotopic-purity 
transuranic nuclides have become available as a 
result of the heavy element program of the US 
Department of Energy. Thus it is now feasible to 
determine the nuclear charge distributions of 
heavy elements by muonic X-ray hyperfine spec- 
troscopy. We describe here the results of such an 
experiment on 241Am and 243Am, the highest Z, 
shortest lived isotopes yet studied by muonic 
X-ray hyperfine spectroscopy. 

The experiments were performed at the stopped 
muon channel of the Los Alamos Meson Physics 
Facility (LAMPF) with equipment and procedures 
described in detail elsewhere [7]. The I gram 241Am 
and 243Am targets (isotopic purity > 99%) were 
prepared at Oak Ridge National Laboratory. Each 
target consisted of a 1 in diameter disc of 
compressed oxide doubly encapsulated in 
aluminum. These targets, together with a :08 Pb 
target that provided energy calibration lines [8], 
were simultaneously exposed to the stopping 
muon beam. A :4Na source placed near the Ge(Li) 
spectrometer provided additional calibration lines 
for the L and M muonic X-rays of americium, and 
other off-line sources provided a linearity calibra- 
tion for the data-acquisition system. Portions of 
the muonic K X-ray spectra for 241Am and 243Am 

"t 50- 

Z41Am 

© 75 

50 

243Am 

0 , ~ [ , , , i , , , i , , , i , , I t  

6200 6400 6600 
E n e r g y  (keY) 

Fig. 1. Portions of the muonic K X-ray spectra for 241Am and 
243Am. The vertical lines indicate the energies and relative 
intensities of the hyperfine components calculated from the 
fitted nuclear charge distribution parameters. 

are shown in fig. 1. The intense natural radioactiv- 
ity of the americium targets, and their modest 
weight (dictated by safety considerations) resulted 
in data that are inferior in statistical accuracy and 
signal-to-noise ratio compared to data from 
nonradioactive targets. 

The nuclear charge density was represented in 
our analysis by a Fermi distribution as modified 
by Bracket al. [9] to include nuclear deformation. 
We assume that the same functional form, namely, 

p = (Z/4~'R3) [1 

(r-Ro(l+bo+fl2Y2o+fl4Y4o))] -1 
+ exp a 

describes all the isotopes of interest here, including 
the fission isomer. For each nucleus this para- 
meterization involves an equivalent spherical 
half-density nuclear radius R 0, quadrupole and 

76 

Johnson et al., Phys. Lett. 161B, 75 (1985)

The paper describes the americium target 
as “modest weight of 1 gram”
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Radioactive Isotopes in Experimental Hall

Interesting radioactive isotopes that can be used as targets and without 
measured absolute charge radius
Maximum activity based on current regulations and without major 
modifications to experimental area infrastructure (100 x approval limit)

12

Isotope Half-life Max. Activity Max. Mass Density

226Ra 1600 y 200 kBq 5 µg ~ 1 µg/cm2

248Cm 350’000 y 5 kBq 32 µg ~ 7 µg/cm2

209Po 102 y 200 kBq 0.3 µg ~ 0.1 µg/cm2
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Methods for low-mass targets

Low-energy negative muon beam to stop directly in low-mass target 
 
→ Beam developed for Lamb shift experiment

Standard negative muon beam stopped in D2/H2 mixture and exploiting 
transfer reactions to stop in low-mass target 
 
→ Method pioneered by Strasser, Nagamine et al., based on the wealth 
of information that was gathered measuring muon catalyzed fusion

13
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October 16, 2015 15 / 30 Beatrice Franke

Introduction Theory Apparatus Systematic: QI Results Outlook

Muon beam line at the HIPA facility
at the Paul Scherrer InstituteLamb Shift Beam Line

Negative pions at 100 MeV/c captured in cyclotron trap
Decay muons slowed down in passages through thin foil and extracted by 
applied HV

14

Cyclotron trap

MEK extraction channel

PSC 5T-magnet

πE5 area
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Lamb Shift Gas Target

Gas target located inside 
5T-magnet

O(1 mbar) of H2, D2, 3He, 
4He

Densities of ~ 2 μg/cm2, 
~80% stopping efficiency

Ideal beam to stop in low 
mass radioactive targets

15

Muons
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Setup for Proposed Measurements

Radioactive targets 
and germanium 
detector in fringe field 
of 5T-magnet

Target and detector at 
~ 1 T

16

18 Muon beam, target and electronics
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Figure 3.1: Lay–out of the muon beam, with cyclotron trap CT, muon extraction channel MEC
and 5 Tesla solenoid.

muons [44] cannot be used for negative muons since they are forming exotic atoms.
The beam line producing the ultra–low energy negative muons consists of the cyclotron

trap (CT) [45–47] for the production of low energy muons, the muon extraction channel
(MEC) for their transport and selection, and a 1 m long 5 T solenoid with two transmission
detectors for the muon trigger (see Fig. 3.1). The solenoid also encloses the hydrogen gas
target with its detectors. The features of these three components of the beam line, which
provide a ultra–low energy muon beam with small transverse size and low background are
explained in the following sections. A photo of the PSI ⇡E5 area with the muon beam
line is shown in Fig. 3.2.

3.1.1 Cyclotron trap

The cyclotron trap developed by L. Simons is a magnetic trap produced by two super-
conducting ring coils at a distance of about 40 cm giving a magnetic field of 2 T in the
median plane and 4 T at the coil centers (see Fig. 3.3). Negative pions (108 s�1) with a
momentum of 102 MeV/c with a momentum spread of �p/p = ±6% (FWHM) from the
⇡E5 channel are tangentially injected in the median plane of the trap where they hit a
moderator. The position (radial: r ⇠ 10 cm) and thickness (5.4 g/cm2) of the moderator
are chosen such that the pions have a precession trajectory when they exit the moderator
which minimizes the chance of a second hit on the moderator. After moderation the pions
have a momentum of 40�60 MeV/c, i.e., near the “magic momentum” of 40 MeV/c which
is optimal for the generation of muons at low energy. This feature maximizes the number
of axially extracted muons.

About 30% of the moderated pions decay in flight into muons before returning back to
the moderator or hitting the wall of the target vessel. Only a few percent of these muons
have suitable momenta and angles accepted by the magnetic quasi–potential–well (radial
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which minimizes the chance of a second hit on the moderator. After moderation the pions
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the moderator or hitting the wall of the target vessel. Only a few percent of these muons
have suitable momenta and angles accepted by the magnetic quasi–potential–well (radial

Radium target

Detector unit

High-voltage

Figure 2: Schematic of the proposed experimental set-up. Low energy negative muons from
the cyclotron trap (CT) are extracted through a curved solenoid (MEC) and pass
an entrance detector located inside a 5 T solenoid. The low mass target of around
1 µg/cm2 and the germanium detector are located in the fringe field of the solenoid
and allow to perform muonic atom spectroscopy in order to determine the charge
radius of the target material.
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Figure 3.5: Schematic view of the apparatus mounted inside the 5 T axial solenoid. The picture is
not to scale. The muons enter from the left and cross two stacks of ultra–thin carbon foils, S1 and
S2, which act together with PM1 and PM2 as two muon detectors. The E⃗× B⃗ filter (shown in side
view) separates µ� from e�. The gas target is filled with 0.6 hPa hydrogen gas and it is separated
by the vacuum of the muon beam line by a 30 nm thick Formvar foil (F). The laser cavity mirrors
(shown in top view) are placed sideways of the muon stop volume. The 6 µm laser light enters
the vacuum vessel and the gas target and reaches the multipass mirror cavity (M1, M2) through a
hole in M1. The detector D3 detects muons which did not stop in the hydrogen gas. Two LAAPD
arrays are mounted above and below the muon stop volume (not shown in the picture).

negatively charged muons (see Fig. 3.6). Five of these rings are used as a support for
ultra–thin conducting carbon foils with 4 µg/cm2 thickness, the so called “stack of C-
foils”. These five rings are kept at typical high voltage of �12.5, �10.7, �8.9, �7.1
and �5.3 kV, respectively. The resulting axial electric field between foils accelerates the
charged particles. This acceleration partially compensates for the muon energy loss in the
foils, decreasing therefore the probability that a muon is absorbed in the (following) foils.

Moreover when muons cross the C-foils, secondary electrons are emitted and are accel-
erated by the stack electric field towards a downstream plastic scintillator connected with
an external photo multiplier tube (PM1) via a long Lucite light–guide (Fig. 3.5). Between
stack and scintillator an E ⇥ B filter induces a velocity dependent transverse drift. The
drift velocity
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leads to a drift of
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where l = 29 cm is the axial length of the electric field, and v� the axial speed of the
charged particle. The electric field is produced by a 29 cm long plate capacitor held at
�3 and +6 kV at a distance of 2 cm. Muons of about 8 keV energy exiting S1 are shifted
vertically by x

D

� 8 mm, and therefore pass the scintillator. On the contrary the much
faster electrons released in the stack foils are not noticeably shifted by the electric field
(x

D

� 0.6 mm) and therefore hit the scintillator producing a S1 signal. Note that the E⇥B

filter is acting as a mass filter for particles with the same momentum. The S1 foil stack

Figure 3: Schematic of the entrance detector located in the 5 T solenoid. S1 and S2 denote the
two stacks of ultra-thin carbon foils. For more details see text.
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Target Chamber

Target chamber separated by thin SiN window
High voltage applied to window and target to adapt muon energy
Large germanium detectors close to radioactive target
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5T magnet Ge detectors

SiN window
Radioactive target
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Figure 3.1: Lay–out of the muon beam, with cyclotron trap CT, muon extraction channel MEC
and 5 Tesla solenoid.

muons [44] cannot be used for negative muons since they are forming exotic atoms.
The beam line producing the ultra–low energy negative muons consists of the cyclotron

trap (CT) [45–47] for the production of low energy muons, the muon extraction channel
(MEC) for their transport and selection, and a 1 m long 5 T solenoid with two transmission
detectors for the muon trigger (see Fig. 3.1). The solenoid also encloses the hydrogen gas
target with its detectors. The features of these three components of the beam line, which
provide a ultra–low energy muon beam with small transverse size and low background are
explained in the following sections. A photo of the PSI ⇡E5 area with the muon beam
line is shown in Fig. 3.2.

3.1.1 Cyclotron trap

The cyclotron trap developed by L. Simons is a magnetic trap produced by two super-
conducting ring coils at a distance of about 40 cm giving a magnetic field of 2 T in the
median plane and 4 T at the coil centers (see Fig. 3.3). Negative pions (108 s�1) with a
momentum of 102 MeV/c with a momentum spread of �p/p = ±6% (FWHM) from the
⇡E5 channel are tangentially injected in the median plane of the trap where they hit a
moderator. The position (radial: r ⇠ 10 cm) and thickness (5.4 g/cm2) of the moderator
are chosen such that the pions have a precession trajectory when they exit the moderator
which minimizes the chance of a second hit on the moderator. After moderation the pions
have a momentum of 40�60 MeV/c, i.e., near the “magic momentum” of 40 MeV/c which
is optimal for the generation of muons at low energy. This feature maximizes the number
of axially extracted muons.

About 30% of the moderated pions decay in flight into muons before returning back to
the moderator or hitting the wall of the target vessel. Only a few percent of these muons
have suitable momenta and angles accepted by the magnetic quasi–potential–well (radial
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Radium target

Detector unit

High-voltage

Figure 2: Schematic of the proposed experimental set-up. Low energy negative muons from
the cyclotron trap (CT) are extracted through a curved solenoid (MEC) and pass
an entrance detector located inside a 5 T solenoid. The low mass target of around
1 µg/cm2 and the germanium detector are located in the fringe field of the solenoid
and allow to perform muonic atom spectroscopy in order to determine the charge
radius of the target material.
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negatively charged muons (see Fig. 3.6). Five of these rings are used as a support for
ultra–thin conducting carbon foils with 4 µg/cm2 thickness, the so called “stack of C-
foils”. These five rings are kept at typical high voltage of �12.5, �10.7, �8.9, �7.1
and �5.3 kV, respectively. The resulting axial electric field between foils accelerates the
charged particles. This acceleration partially compensates for the muon energy loss in the
foils, decreasing therefore the probability that a muon is absorbed in the (following) foils.

Moreover when muons cross the C-foils, secondary electrons are emitted and are accel-
erated by the stack electric field towards a downstream plastic scintillator connected with
an external photo multiplier tube (PM1) via a long Lucite light–guide (Fig. 3.5). Between
stack and scintillator an E ⇥ B filter induces a velocity dependent transverse drift. The
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where l = 29 cm is the axial length of the electric field, and v� the axial speed of the
charged particle. The electric field is produced by a 29 cm long plate capacitor held at
�3 and +6 kV at a distance of 2 cm. Muons of about 8 keV energy exiting S1 are shifted
vertically by x

D

� 8 mm, and therefore pass the scintillator. On the contrary the much
faster electrons released in the stack foils are not noticeably shifted by the electric field
(x

D

� 0.6 mm) and therefore hit the scintillator producing a S1 signal. Note that the E⇥B

filter is acting as a mass filter for particles with the same momentum. The S1 foil stack

Figure 3: Schematic of the entrance detector located in the 5 T solenoid. S1 and S2 denote the
two stacks of ultra-thin carbon foils. For more details see text.

8

Valve



Andreas Knecht Workshop on Muonic Atom Spectroscopy, 21. 10. 2016

Transfer reactions in H2/D2 gas
Suggested to us by P. Kammel

Based on the experience by Strasser 
et al. and Kraiman et al.

Low-mass target coated on thin foil 
suspended in gas

Material budget not enough to coat 
many foils (5 μg Ra = 5 nm on 2 cm2) 
→ Need cryogenic high-pressure 
target to have high-enough stopping 
power: 35 K, 8 bar 
→ zrms ~ 5 mm 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Diffusion of Muonic Deuterium in D2 Gas

J. B. Kraiman, ' W. H. Breunlich, M. Cargnelli, G. Chen, ' P. P. Guss, ' F. J. Hartmann,
P. Kammel, J. Marton, C. Petitjean, J. J. Reidy, R. T. Siegel, ' W. F. Vulcan, ' R. E.

Welsh, ' H. Woolverton, A. Zehnder, and J. Zmeskal
'iCollege of William and Mary, Williamsburg, Virginia 23l85
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Diff'usion of muonic deuterium (ttd) atoms in D2 at 300 K was studied at pressures of 0.1-10bars by
measuring the distributions of time intervals between entry of negative muons into the gas and detection
of photons emitted upon the arrival of pd atoms at foils spaced along the muon beam axis. The results
indicate an approximately Maxwellian velocity distribution with a mean energy of 1.8 0.1 eV for the
pd atoms, and pd scattering cross sections in agreement with theory.

PACS numbers: 36.10.Dr

Knowledge of the behavior of muonic hydrogen atoms
(Itp, pd, and Itt) in matter is important to studies of the
weak interactions of muons and the muon-catalyzed
fusion of light nuclei. Experimental efforts to establish
this behavior were carried out for many years at
CERN, ' along with some related work by others. We
have modified the CERN technique and extended it to
D2 pressures lower by 2 orders of magnitude and with re-
duced statistical uncertainties. Our results differ sub-
stantially from earlier work. '
The experimental method involved stopping muons in

purified D2 gas filling the regular interstices between
multiple parallel planar foils arrayed normal to the in-
cident muon beam (Fig. 1). Scintillation counters
detected incident muons, some of which stopped in the
gas and formed pd muonic atoms in highly excited
states, which then rapidly (=ns) (Ref. 3) deexcited to
the 1S state. The subsequent motion was determined by
the initial velocity distribution of the pd atoms and by
the elastic and inelastic scattering of the pd atoms by D2
molecules. In the case of those pd's which survived to
reach a foil surface, the muons transferred to excited
atomic states, bound to nuclei of the foil surface materi-
al. During the following processes of atomic deexcitation
and nuclear absorption a characteristic "transfer photon
spectrum" was emitted. This spectrum included muonic
x rays, electronic x rays, and nuclear deexcitation y rays.
The time distributions of such delayed signals relative to
the incident muon signals were then accumulated and
analyzed.
Our modifications of the CERN experiments' includ-

ed use of (i) a low- (34 MeV/c) momentum beam in the
pE4 area at the Paul Scherrer Institute meson factory to
optimize stopping of the p in the D2 gas, (ii) an array
of four intrinsic Ge photon detectors providing high-
energy resolution to improve photon-line identification
and signal-to-noise ratio, and (iii) foils of thin (9 pm)

4CM

S,

t1UON SEA/1

SC INT ILLATORS

THIN WINDOW

Al TARGET
VESSEL

GE DETECTORS
A, B,C

GE DETECTOR
GNX

FOIL STACK
FIG. 1. Experimental setup for the diff'usion experiment.

Plastic scintillators SI,S2,S3 are beam telescope counters.
Scintillators Vl, V2 veto charged particles. The foils are 10 cm
in diameter.

low-vapor-pressure plastic (Kynar, C2H2F2) film coated
on both sides with 100~ 10 A of Au to minimize back-
ground from muon stops in the surface layer material.
The fifty foils used were each 10 cm in diameter, and
were mounted with + 5% uniformity in spacing. Deu-
terium pressures of 188, 375, 750, or 1520 mbar were
used with 0.23-cm foil spacing, and 188, 375, and 750
mbar with 0.46-cm spacing. The D2 was at 300 K and
was continuously circulated through a Pd purifier during
the data runs.
The electronic logic system was a variant of one previ-

1942 1989 The American Physical Society

Kraiman et al., PRL 63, 1942 (1989)
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Transfer reactions in H2/D2 gas

Minimum in scattering cross-section for μD in H2 (Ramsauer-Townsend effect) for μD 
energies after transfer → μD travel far!
Muon transfer from μD to high-Z material upon hitting target
Geometry of simulation: Two foils of 1 cm2 separated by 3 cm, muons stopped 
uniformly in between foils
Simulations by A. Adamczak
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Our first steps

Constructed gas cell cooled by 4 K 
pulse-tube refrigerator (typically 
used for different experiment)
Small gas cell with copper back 
wall coated with ~50 nm of gold

20
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Our first steps

Unfortunately did not observe any transfer x-rays due to several problems

Cooled down and warmed up cryostat 4 times within one week to do 
changes:

First cell had lead sputtered onto mylar, suspected that penetration was too 
deep
Realized that gas lines were too cold and got frequently blocked by freezing 
out hydrogen/deuterium
Two cold leaks on our gas cell

Might have the possibility to do a room temperature test still this year

21
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226Ra

Large decay chain with many daughter 
isotopes

Strongest gamma emitter 214Bi with Eγ 
up to 2.5 MeV

From 200 kBq 226Ra  
→ 500 kHz γs with Eγ > 100 keV

Retention of 222Rn in target?

22
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Spectra with strong source

Took muonic spectra in the presence of 
500 kHz gammas 
→ 6 kHz on large germanium detector
Loose 10% of muonic x-rays due to 
pileup
Low-energy tails on peaks
Trivial correction, but √2 increased 
resolution
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Spectra with strong source

Looking at absolute baseline correction based on amplitude and time of 
last event 
→ no hit on resolution!
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Tested new DAQ module

Struck SIS3316 digitizer: 16 channel, 14 bit, 250 MHz 
Firmware for online pulse processing
Worked very nicely! All detectors (scintillators, germanium) recorded with same module
Able to record all events in all detectors with muons and 500 kHz gammas present (no traces)

25

http://www.struck.de/sis3316.html
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Conclusions & Outlook

Interest in charge radii from atomic parity violation experiment and 
nuclear physics

Radium as a first measurement and possibility to develop the method for 
several low-mass targets

Germanium spectroscopy of muonic x-rays well under control

Focus lies now on measuring with low-mass targets
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muX Collaboration
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248Cm & 209Po

Radioactivity from curium and 
polonium much easier to handle

Only relatively small amount of 
gammas

29

248Cm

244Pu, 8x107 yα: 92%

SF: 8%

209Po

205Pb, 2x107 yα: 99.5%

ε: 0.5%
209Bi, stable
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Timing

30



Andreas Knecht Workshop on Muonic Atom Spectroscopy, 21. 10. 2016

Radioactive Target

Radioactive targets produced by 
electroplating on glassy carbon 
substrate
Standard practice in radiochemistry
Rugard Dressler and Robert Eichler 
from radiochemistry group joined the 
collaboration

226Ra available from University of Bern
248Cm available from PSI/nTOF
209Po will probably need to be bought 
(other options under investigation)
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Time Resolution of Large HPGe

Digital pulse processing on recorded 
preamplifier waveforms

Similar energy resolution as analog 
system

Excellent timing resolution of ~ 6 ns 
achieved

Timing precision of muon entrance 
detector currently unknown - depends 
on muon time-of-flight
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efficiencies: 75.9% and 104%. Energies EgX150 keV were
selected in all these cases, both for the digitizer and for the
conventional module. The fast digitizer and the conven-
tional electronics give the same FWHM(5.8 ns for 75.9%
detector and 6.2 ns for the 104% detector). Moreover the
full width at 10th maximum (FWTM) is almost the same
for the digitizer and for the conventional electronics. The
difference is in the tail, defined here as all the counts
outside one FWTM. The CF spectrum has a large tail that
extends to 400 ns for the detector with the smaller volume
and to 700 ns for the larger detector This tail represents
37% and 55% of the full spectrum, respectively. The fast
digitizer preserves the detection efficiency of the CF
function and the tail is significantly reduced to about
21% of the number of counts. The SRTR spectrum has no
tail because all events with zero-crossing times later than
leading edge times are rejected. This rejection is the reason
for the lower detection efficiency and is more severe for
lower gamma-ray energies.

The amplitude spectrum obtained both with the digitizer
and with the conventional acquisition is shown in Fig. 7 for
energies around the 1.33MeV peak of 60Co. FWHM ¼
2:1 keV at 1.33MeV for both the digital and the conven-
tional system in the case of the 104% relative efficiency
detector. This resolution was obtained with the following
values for the trapezoid algorithm (Section 4.2): N1 ¼
N2 ¼ 3:3ms and D ¼ 1:4 ms. The value of D was chosen to
be larger than the maximum observed rise time and to
avoid any shape fluctuations in the pulse at the end of the
rise. Different values of N1 and N2 were tried between 0.5
and 5ms. With the increase of the averaging intervals
N1 and N2 the energy resolution improves and saturates
around 3ms. A minimum of about 1ms was needed to still
have a reasonable resolution (better than 2.5 keV). From
these tests it was concluded that a minimum of 2:5ms
spacing between two consecutive pulses (pile-ups) is needed
in the present trapezoid algorithm to have an amplitude
resolution better than 2.5 keV at 1.33MeV. Pulses sepa-
rated by less than 1:4 ms (the value of parameter D) are
not distinguished by the present algorithm and are treated
as a single pulse. This is a large improvement in dead
time in comparison with the conventional acquisition
where 426ms are used as shaping time. For the online
data acquisition, the N1 and N2 were determined
dynamically to adapt to the time interval between two
consecutive pulses. If N1 or N2 are smaller than 1ms then a
flag is set for that event. For the counting rate of the
present experimental setup the number of these pulses is
negligible.
For investigating the effect of the digitizer’s number of

bits on the amplitude resolution of the detector, three
different full scale ranges of the digitizer were used: 250,
500mV and 1V for the same gain of the detector’s
preamplifier. A slight deterioration of the resolution was
observed when the full scale range was increased, but still
2.3 keV amplitude resolution was obtained for the 1V full
scale range. It can be concluded that a digitizer with 12 bits
amplitude range is sufficient for used with HPGe detectors
at g-ray energies below 10MeV.
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Charge Radii for Unmeasured Isotopes

Where no absolute charge radii are 
known, interpolations based on 
simple formula is used  
 
 
 
 
→ can maybe be trusted at the % 
level
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Angeli and Marinova, Aom. Data Nucl. Data 99, 69 (2013)
I. Angeli, K.P. Marinova / Atomic Data and Nuclear Data Tables 99 (2013) 69–95 73

Fig. 3. Isotopic behaviour of rms charge radii for medium mass and heavy elements: from 36Kr to 96Cm. For clear presentation, these elements are grouped in three panels
with identical R and N scales in such a way that the major neutron shell closures at N = 50, 82 and 126 are well pronounced.

theoretical calculations [32]. Nörtershäuser et al. [32] used this
value as absolute reference for the radii in the Li isotopic chain
and their results, themost correct existing data for Li, are displayed
without any changes in Table 1.

Let us note that for Re, Po, Rn, Fr, Ra and Cm there are no
experimental R data. Reference radii R0 are calculated by the
formula

R0 =
 

r + r1
A2/3
0

+ r2
A4/3
0

!

⇥ A1/3
0 (8)

with parameters: r0 = 0.9071(13) fm, r1 = 1.105(25) fm, r2 =
�0.548(34) fm, which are the results of a least-squares fit
to radii along the line of stability (see Table 2 in Ref. [13]).
These parameters are correlated. Therefore for safety’s sake, for
the uncertainty �R0 the value 2 ⇥ (�R0,unc) was used, where
�R0,unc is the value calculated by the assumption of uncorrelated
parameters.

It is worth considering the problems connectedwith the proton
radius the experimental value of which strongly changed during
the years (see Fig. 1 and references therein [33–38]). In 2010, a

measurement of muonic hydrogen atom Lamb shift [38] resulted
in an rms charge radius value rp,µ = 0.84184(67) fm, which differs
significantly from the earlier values obtained by electronic
measurements (see e.g. 2nd paragraph in Section 2.1. of Ref. [13]
and Section 5 in Ref. [7]). This strong deviation between electronic
andmuonic resultsmay question the correctness of some quantum
electrodynamic (QED) calculations or even the validity of the
Standard Model of particle physics [39], and produced an active
interest in the literature [40–44]. As this problem is not yet
settled, it seems advisable to remain on the safe side, and to
restrict ourselves to data derived from electronic measurements.
See also [45].

4. Global behaviour of rms nuclear charge radii

Transforming �hr2i into absolute rms radii values, one receives
a global overlook on the charge radii trend in an extended region
of nuclei from He to Cm. The accuracy of the combined data is high
compared to that of the directlymeasured radii values for the same
element.
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Figure 3.1: Lay–out of the muon beam, with cyclotron trap CT, muon extraction channel MEC
and 5 Tesla solenoid.

muons [44] cannot be used for negative muons since they are forming exotic atoms.
The beam line producing the ultra–low energy negative muons consists of the cyclotron

trap (CT) [45–47] for the production of low energy muons, the muon extraction channel
(MEC) for their transport and selection, and a 1 m long 5 T solenoid with two transmission
detectors for the muon trigger (see Fig. 3.1). The solenoid also encloses the hydrogen gas
target with its detectors. The features of these three components of the beam line, which
provide a ultra–low energy muon beam with small transverse size and low background are
explained in the following sections. A photo of the PSI ⇡E5 area with the muon beam
line is shown in Fig. 3.2.

3.1.1 Cyclotron trap

The cyclotron trap developed by L. Simons is a magnetic trap produced by two super-
conducting ring coils at a distance of about 40 cm giving a magnetic field of 2 T in the
median plane and 4 T at the coil centers (see Fig. 3.3). Negative pions (108 s�1) with a
momentum of 102 MeV/c with a momentum spread of �p/p = ±6% (FWHM) from the
⇡E5 channel are tangentially injected in the median plane of the trap where they hit a
moderator. The position (radial: r ⇠ 10 cm) and thickness (5.4 g/cm2) of the moderator
are chosen such that the pions have a precession trajectory when they exit the moderator
which minimizes the chance of a second hit on the moderator. After moderation the pions
have a momentum of 40�60 MeV/c, i.e., near the “magic momentum” of 40 MeV/c which
is optimal for the generation of muons at low energy. This feature maximizes the number
of axially extracted muons.

About 30% of the moderated pions decay in flight into muons before returning back to
the moderator or hitting the wall of the target vessel. Only a few percent of these muons
have suitable momenta and angles accepted by the magnetic quasi–potential–well (radial
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Figure 2: Schematic of the proposed experimental set-up. Low energy negative muons from
the cyclotron trap (CT) are extracted through a curved solenoid (MEC) and pass
an entrance detector located inside a 5 T solenoid. The low mass target of around
1 µg/cm2 and the germanium detector are located in the fringe field of the solenoid
and allow to perform muonic atom spectroscopy in order to determine the charge
radius of the target material.
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Figure 3.5: Schematic view of the apparatus mounted inside the 5 T axial solenoid. The picture is
not to scale. The muons enter from the left and cross two stacks of ultra–thin carbon foils, S1 and
S2, which act together with PM1 and PM2 as two muon detectors. The E⃗× B⃗ filter (shown in side
view) separates µ� from e�. The gas target is filled with 0.6 hPa hydrogen gas and it is separated
by the vacuum of the muon beam line by a 30 nm thick Formvar foil (F). The laser cavity mirrors
(shown in top view) are placed sideways of the muon stop volume. The 6 µm laser light enters
the vacuum vessel and the gas target and reaches the multipass mirror cavity (M1, M2) through a
hole in M1. The detector D3 detects muons which did not stop in the hydrogen gas. Two LAAPD
arrays are mounted above and below the muon stop volume (not shown in the picture).

negatively charged muons (see Fig. 3.6). Five of these rings are used as a support for
ultra–thin conducting carbon foils with 4 µg/cm2 thickness, the so called “stack of C-
foils”. These five rings are kept at typical high voltage of �12.5, �10.7, �8.9, �7.1
and �5.3 kV, respectively. The resulting axial electric field between foils accelerates the
charged particles. This acceleration partially compensates for the muon energy loss in the
foils, decreasing therefore the probability that a muon is absorbed in the (following) foils.

Moreover when muons cross the C-foils, secondary electrons are emitted and are accel-
erated by the stack electric field towards a downstream plastic scintillator connected with
an external photo multiplier tube (PM1) via a long Lucite light–guide (Fig. 3.5). Between
stack and scintillator an E ⇥ B filter induces a velocity dependent transverse drift. The
drift velocity

v
D

=
E

B
(3.7)

leads to a drift of

x
D

=
E

B

l

v�
(3.8)

where l = 29 cm is the axial length of the electric field, and v� the axial speed of the
charged particle. The electric field is produced by a 29 cm long plate capacitor held at
�3 and +6 kV at a distance of 2 cm. Muons of about 8 keV energy exiting S1 are shifted
vertically by x

D

� 8 mm, and therefore pass the scintillator. On the contrary the much
faster electrons released in the stack foils are not noticeably shifted by the electric field
(x

D

� 0.6 mm) and therefore hit the scintillator producing a S1 signal. Note that the E⇥B

filter is acting as a mass filter for particles with the same momentum. The S1 foil stack

Figure 3: Schematic of the entrance detector located in the 5 T solenoid. S1 and S2 denote the
two stacks of ultra-thin carbon foils. For more details see text.
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Backgrounds

Accidental gammas from radioactive target
Neutrons from muon capture  
 
→ good timing resolution will help to reduce both

Plastic scintillator as veto against charged 
particles

Dominant factor: Compton background from 
incomplete charge deposition  
→ large germanium detector, Compton 
suppressor most probably not necessary
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principle su�cient to determine the X-ray energies with the required accuracy. The defining
criterium for the number of counts is thus whether a peak can be detected with su�cient
significance, which in turn depends on the achieved background levels. The spectrum shown in
Fig. 5 features a few hundred counts in the peaks at the highest energies and a few thousand
events at the lower energies. Even in the presence of the neutron backgrounds described below
and the inherent background from incomplete charge collection of the X-ray interactions this
will be su�cient to determine the transition energies with the required precision.

For the calibration and in-situ characterization of the detector we plan to use several standard
gamma-ray sources. Additionally, we can use the muonic lead X-rays precisely measured in
[22], which will provide calibration lines very close to the energies of interest. For this reason
we will manufacture the target in such a way that part of the muons will impinge on a lead
surface. We will perform detailed simulations to assess the fraction of muonic lead X-rays that
can be tolerated. In the case of radium there is also the strong self-activity of radium that
provides additional gamma lines, especially those from the decays of the daughter nuclei 214Pb,
214Bi and 214Po. With this multitude of lines a good energy calibration and characterization
of the non-linearity of the energy response of the germanium detector and the line shapes can
be achieved.

Due to the specific setup of the beam line with the curved solenoid and large concrete shield-
ing blocks in front of the cyclotron trap as shown in Fig. 1, external backgrounds should be
well under control and not as abundant as at standard beam lines. Nevertheless we will foresee
dedicated shielding around the detector system consisting of lead and neutron absorbing mate-
rials such as borated para�n, cadmium or lithium fluoride. A 5 mm thick plastic scintillator,
which will reduce the X-ray flux only by a very small amount, will be placed in front of the
germanium detector in order to veto against electrons from muon decay that enter into the
germanium detector.

The initial Monte Carlo simulations show that it will not be necessary to employ a Compton
suppression system for measurements above 1.6 MeV (as e.g employed by the measurements
described in [22]), due to the fact that we will employ a 60% e�ciency germanium detector
and concentrate on relatively intense lines. If initial measurements and tests will show that a
Compton suppression system is necessary, we could use several BGO crystals from a former
experiment that ran at PSI [36].

Due to the small lifetime of around 80 ns of the muon orbiting a high-Z nucleus, most of
them will not decay through the channel

µ� ! e� + ⌫
ē

+ ⌫
µ

(4)

but are captured by the nucleus and undergo the following semi-leptonic reaction

µ� + p ! n + ⌫
µ

. (5)

The neutrons emitted in this process will be one of the main sources of background in these
measurements. Typical multiplicities of the emitted neutrons for high-Z nuclei are between
one and two. The neutrons have an exponentially falling energy spectrum with a characteristic
energy constant of around 10 MeV [37]. Additionally, characteristic gammas are emitted after
the capture process depending on the excitation level of the nucleus. With an expected time
resolution of the germanium detector of around 10 ns [38], we will be able to distinguish to a
large extent between prompt X-rays from the muon cascade and delayed neutron and gamma
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