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‣原子核電荷密度分布 と荷電半径 の相関 

 

‣二重魔法数核 ,  は同程度の半径
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‣ミュオニックCa原子のX線分光 

‣ 3d-2pの~150 keVのミュオン特性X線
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‣超伝導を利用したマイクロカロリメータ 
‣高いエネルギー分解能

X-ray
吸収体

TES

熱浴

SQUID

on neutron counting or conventional total power calorimetry
provide absolute isotopic masses (kg) in a sample. In facilities
with large mass throughput such as fuel reprocessing centers,
1% errors produce substantial uncertainties in the total mass
budget of material handled at the facility. Destructive analysis
(DA) techniques based on mass spectrometry can determine
isotopic fractions to much better levels than NDA but DA
techniques are more challenging, require extensive sample
handling, consume the sample under study, and generate
radioactive waste. A key challenge for superconducting
detectors is to reduce NDA errors below 1% and towards the
levels possible with DA. In addition, more precise knowledge
of isotopic fractions can help constrain the age, origin, and
intended purpose of material. For example, the ratio of Pu
isotopes in a sample depend on the type of reactor where the
sample was manufactured and on whether the reactor was
operated for electricity or weapons production.

A series of measurements at Los Alamos National
Laboratory conducted using the NIST-constructed spectro-
meter described above have contributed to a significantly
better understanding of the NDA challenge. There are several
aspects to this complicated problem. The first is the need for
high statistics. For 1% relative errors, individual x-ray and
gamma-ray lines of interest must contain at least 104 counts.
This statistical threshold was crossed in Jethava et al [158]
and has since become routine. As shown in figure 18, useful
Pu spectra will contain 107–108 or more counts distributed
among many bright spectral lines as well as an unavoidable
continuum due to, at a minimum, Compton scattering in the
source and in the detectors. For a 256 sensor array counting at
10 cps per sensor, a 108 count spectrum requires close to 11
hours of integration time. Whether integration times of this
length are acceptable depends on the measurement scenario,

but in comparison HPGe sensors can count at up to 40 kcps
without significant energy resolution degradation [159].
Hence, faster superconducting spectrometers remain desirable
for the measurement of intense sources and more efficient
superconducting spectrometers remain desirable for photon-
starved cases.

A second component of NDA is turning knowledge of
peak areas into knowledge of isotopic fractions. This con-
version depends on parameters of nature such as branching
ratios, half-lives, line energies, and mass attenuation coeffi-
cients, as well as details of the experiment such as the
effective efficiency curve from self-absorption in the source
and absorption by the detector. A triumph of gamma-ray
NDA is the development of software tools for HPGe to
extract the effective efficiency curve from a spectrum under
analysis without other, outside information [160]. The effec-
tive efficiency curve allows isotopic activity ratios to be
deduced from spectral peaks at different energies. Then,
activity ratios can be converted to mass ratios using tabulated
half-life and branching fraction data. A modernized version of
this software has been developed for superconducting sensors
[161] and applied in a series of measurements on different
actinide mixtures. The measurements have shown that the
statistical errors in microcalorimeter measurements of isotopic
ratios are reduced compared to HPGe results for comparable
numbers of counts. For some isotopic ratios, the reduction in
statistical error is a factor of 3–5 although lower factors are
more common [161, 162].

Final determination of isotopic ratios in complex Pu
mixtures and comparison to results obtained using DA tech-
niques must also include systematic errors. Uncertainties in

Figure 17. Measurement of the 235U 185.715 keV gamma-ray line
and the interfering 226Ra 186.211 keV line. Results are shown from a
HPGe detector (red) and a TES array (filled black). The two gamma-
ray peaks are easily separated by the latter. The isotope 235U is used
in nuclear weapons while 226Ra is found in commercial products
including cat litter and roofing tiles. Confusion between the two
isotopes is undesirable. Reprinted with permission from [154].

Figure 18. At top, TES x-ray and gamma-ray spectrum from a
mixture of Pu isotopes and other actinides. The spectrum spans the
energy range 40–220 keV and contains both bright spectral lines and
a broad continuum. Quantitive determination of isotopic ratios from
such spectra is a cornerstone of non-destructive nuclear materials
analysis. At bottom, zoomed view of the 96–105 keV region. Results
from a HPGe sensor are shown in red and those from a TES array in
blue. The TES array easily resolves the closely spaced, isotope-
specific peaks. Reprinted with permission from [40]. Copyright
2012, AIP Publishing LLC.
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• TES検出器の使用 

• と の評価 

• , 
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• Ge検出器の使用 
• ~10eVの精度 
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核電荷密度分布

‣ミュオンの波動関数は核電荷密度分布の情報を強く反映 

‣ミュオン特性X線による核構造の研究
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原子核電荷密度分布の評価に向けた 
ミュオニックカルシウム原子のX線分光測定

Cryostat

TEScalib. 
source

 
target
CaF2

 beamμ−

 
X-ray
μCa

calib. 
γ-ray

Energy (keV)
40 60 80 100 120 140 160 180 200

210

310

410

510

energy/1000. {(channum!=14 && channum!=29 && channum!=41 && channum!=53 && channum!=54 && channum!= 58 && channum!=62 && channum!=72 && channum!=76 && channum!=80 && channum!=85 && channum!=87 && channum!=98 && channum!=101 && channum!=105)&&(good && beam==0)}

C
ou

nt
s/

16
0 

eV

beam timing

beam off

‣ 3d-2pの2つの のミュオン特性X線ピークを確認 
‣ビームタイミングでゲート：赤線 

‣３つの較正ピーク：
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‣我々は , の核電荷密度分布の評価を目指す。 

‣ TESによる のX線分光測定 

‣ 3d-2pの2つの のX線ピークを確認 

‣より高分解能の実現のため、熱クロストーク補正など 
さらなる解析が必要
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‣ビームタイミングでのエネルギーシフト 
‣分解能が悪化、シフトを補正する必要あり
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Ca同位体の荷電半径

計画中の測定
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ミュオニック原子のX線分光
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