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Study of the Mass of the Electron Neutrino in Japan
Preface

This report describes a study of the mass of the electron neutrino using electron
capture in '63Ho in Japan for the period from 1981 to 1994.

This monograph has two purposes, one is to supplement the papers on the mass
of the electron neutrino already published by us and another is to make a record on
some details of our experiments for future.

Electron capture in a nucleus takes place in a rather small space inside an atom,
where atomic physics, nuclear physics and particle physics work closely together.

Therefore, this study needed an intimate collaboration of atomic physicists,
nuclear physicists and particle physicists. In addition, it was necessary for this study
to use various fine techniques, including metallurgy, production of 163Ho activity,
micro-analysis by wet chemistry, isotope-dilution mass spectrometry, undulator
radiation source technology, the soft X-ray monochromator technology, a counting
technique for very intense soft X-rays and so on.

As a result, our collaboration consisted of many researchers from various fields
as follows; M. Ando, H. Arai, M. Fujioka, N. Hashimoto, H. Ikeda, Y. Inagaki, K.
Ishii, K. Itoh, G. Izawa, O. Kawakami, S. Kishimoto, H. Kitamura, H. Maezawa, M.
Maruyama, A. Masuda, K. Masumoto, A. Mikuni, T. Mizogawa, T. Mukoyama, F.
Ochiai, T. Ohta, T. Omori, G. Rajasekaran, K. Sera, K. Shima, T. Shinozuka, P. M.
Stefan, 1. Sugai, H. Taketani, M. Yagi, and S. Yasumi.

Without such an excellent collaboration, this study would not have been
completed.

We would like to express our sincere gratitude to Professor T. Sasaki for
supporting this study and recommending the undulator beam line of 2.5 GeV Photon
Factory Storage Ring as a light source to be used in the experiment.

We also would like to thank Dr. A. Yagishita and Dr. Y. Kitajima who are
responsible for the BL-2 beamline.

Finally we are grateful to Ms. M. Noji for her patient typewriting of

manuscripts written by hand.

February 1996

Shinjiro Yasumi and Hideki Maezawa
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Chapter 1
History
S. Yasumi
Teikyo University/KEK

In 1980, Lubimov et al. 1) of Moskow firstly reported a lower limit for the
electron antineutrino mass of 14 eV from a study of the shape of the tritium beta
spectrum at the end point.

Also in the same year, Reines and others 2) reported indications of neutrino
instability, that is, the neutrino oscillation. They measured cross sections for the

charged - and neutral - current branches of the interactions of fission neutrinos with

- n+n+e (ccd),
Ve * d<

n+p+ v, (ncd).

deuterons:

Based on the departure of the measured ratio (ccd/ncd) from the expected value at 2 -
3 standard deviation level, they reached the above conclusion. If the neutrino
oscillation does exist, it means that neutrinos have some finite masses.

Furthermore, it was discussed that the missing-mass problems in cosmology
could be solved if neutrinos had masses of the order of some tens of electronvolt
3).4),

In 1981, A. De Rujula 5) of CERN proposed a new way to measure the
electron neutrino mass by using the internal bremsstrahlung in electron capture
(abbreviated as IBEC). The endpoint shape of an IBEC photon spectrum is governed
by the three-body kinematics and is sensitive to the neutrino mass in precisely the
same way as in the beta decay process discussed by Fermi. Generally the intensity of
IBEC is very low. However, De Rujula pointed out that when the Q-value of a
nucleus lies close to the binding energy of one of S-states of an atom, the intensity of
IBEC is resonantly enhanced and becomes intense enough to measure for obtaining
the mass of the electron neutrino. He recommended to experimenters 193Pt and
163Ho as possible candidates of electron capturing nuclei for measuring the electron
neutrino mass.

Under such a situation, three groups which intended to measure the electron
neutrino mass, started; CERN-Aarhus group in Europe, Princeton-Livermore group
of United States, and our Japanese group.



European group ) estimated the partial M-capture half-life of 163Ho from
electron capture rates and the number of active atoms in a 163Ho source. Using the
matrix element which they deduced from the measured reduced transition probability
of 161Ho and pairing model calculations, they evaluated the Q-value of 193Ho. They
also performed a direct determination of the Q-value using nuclear reaction
experiments, obtaining 2.3 + 1.0 keV, which is consistent with the above Q-value.
From these results they deduced a half-life of (7 = 2) x 103 yr and an upper limit for
the electron neutrino mass of 1.3 keV.

Next, European group 7)» 14) proved the validity of IBEC theory developed by
De Rijula 5) by using 193py, They also reported an upper limit for the electron
neutrino mass of 500 eV (90% C.L.) from the above 193pt experiment.

The American group, at an early stage, intended to measure the mass of the
electron neutrino using relative capture ratio from different electron orbits in 163Ho
8). They measured M X-ray from 163Ho with a Si (Li)-detector ©) and also measured
a half-life of 4570 + 50 yr (95% C.L.) for 163Ho using isotope-dilution mass
spectrometry 9). From this value of the half-life, they inferred a Q-value of
approximately 2.65 keV using known atomic physics parameters and an estimate of
the nuclear matrix element based on the systematics of electron-capturing log ft
values of other Ho isotopes. Thus it turned out that the Q-value of 163Ho is not so
low, then they abandoned their initial approach and began pursuing the measurement
of the internal bremsstrahlung in electron capture for 163Ho 10),

They measured an IBEC photon spectrum from 163Ho in the 5p-3s
characteristic X-ray region with a Si (Li)-detector in air. From this measurement,
they claimed that an upper limit for the electron neutrino mass of 225 eV was
obtained.10), 11)

By K. Riisager 12) however, this upper limit seems to be unreliable for the
following reasons: 1) this upper limit is too much dependent on the Q-value of
Hartmann and Naumann (~ 2.6 keV) which was deduced from the measured ratio of
N-capture to M-capture in the decay of 163Ho 13), In addition this Q-value is
probably too low; 2) that the sign of the interference term is opposite to that
predicted by the theory also seems not to be persuasive.

In 1985 Riisager et al. 14) found that there is the presence of an interference
minimum near the end-point in an IBEC spectrum from 163Ho, which reduces the
expected intensity and also complicates the shape of a spectrum, hence making the
IBEC approach to obtain the electron neutrino mass less attractive.

In May 1981, our Japanese group started, aiming at the electron neutrino mass
measurement using the IBEC approach proposed by A. De Rijula 5),

In the seminar on the electron neutrino mass held on July 22nd 1981 at the
Cyclotron and Radioisotope Center in Tohoku University, the Tohoku University


http:obtained.1O

group decided to join the my.-Collaboration in KEK and to be in charge of the
production of 163Ho activity (CYRIC) and the preparation of 163Ho sources
(Chemistry Department and Laboratory of Nuclear Science).
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Chapter 2.

Preparation of a Dysprosium Metal Target and its Bonding

to a Cooling Block for the Production of 163Ho

K. Ishii, M. Fujioka, K.Sera and T. Shinozuka

Cyclotron and Radioisotpe center, Tohoku University

K. Katsube

Department of Physics, Tohoku University

Recently two new methods have been proposed by Rdjula et.al. [1] and by Hallin
et.al. [2] for the determination of the mass of the electron neutrino from the electron-
capture decay of the long-lived isotope 193Ho. The decay of this isotope was first
studied by Hopke et.al. [3]; they prepared a 163Ho source by neutron activation via
162Er(n,y)163Er(E.C.)163Ho. Since the natural abundance of 162Er is extremely small,
the source is inevitably accompanied by another long-lived isotope 166Ho via
164Er(n,y)165Er(E.C.)165Ho(n,y)!%¢Ho. We produced 163Ho by the 194Dy(p, 2n) 163Ho
reaction which is free from 16Ho. In order to obtain 163Ho as much as possible it
was necessary to irradiate a Dy target by a proton beam of 20 MeV x 100 pA inside
the vacuum chamber. For this purpose we developed a method of high-temperature
bonding of a Dy metal target onto a cooling block of Cu together with a technique of
dis-bonding after irradiaton.

From the thermal design of target cooling [4], temperature as high as 600°C was
expected at the Dy-Cu interface due to high thermal flux of ~ 4 kW/cm? by the beam
heating that the ordinary low-temperature soldering cannot withstand. Therefore we
used as a brazing filler metal BAg-8 which has the temperature of solidus and
liquidus of 779°C [5]. Since the rare-earth metals are easily oxidized and alloyed at
high temperature, it was necessary to use an induction furnace under argon
atmosphere and to perform bonding or dis-bonding as swiftly as possible; Dy begins
to alloy with Cu at 750°C to form DyCu to DyCug. To our knowledge such a high-
temperature bonding of a rare-earth metal has not been reported [6].



The starting material was 164Dy,0; from ORNL, which was fluorinated into
164DyF,. The method of fluorination is as follows. About 1.2 times of theoretical
quantity of HNOj3 dissolves 164Dy,05 and about 1.2 times of theoretical quantity of
HF is added , and the precipitate is decantated with H,O until pH becomes about 3.5.
Washing with water the final sample of 164DyF; is obtained after drying in vacuum.
164DyF, was then reduced to metal by a Ca reduction method [7]. The metal pellet
thus obtained was pressed and rolled into a plate of 30 mm x 10mm x 0.1 mm., The
power supply of the furnace has a capacity of 5 kW and a frequency of 400 kHz. The
furnace is a quartz tube of 50 mm in inner diameter wound by a water-cooled Cu coil
of 10 turns X 4 mm in outer diameter; the flow rate of argon is ~ 1¢/min at 1 atm.
Fig. 1 illustrates the arrangement of bonding. By a quartz pole is supported the Cu
block (30 x 32 x 40 high), onto which are placed a foil of BAg-8 (11 x 29 x 0.05
thick), the Dy target plate and a quartz plate (30 x 30 x 3 thick). The center of the
quartz plate was pressed by a quartz stick in order to obtain a tight contact of Dy,
BAg-8 and Cu. Since these metals have different values of specific resistivity, the
speed of temperature rise is different for the different metal elements if the Cu block
assembly is placed at the center of the induction coil, leading to a failure of bonding.
Therefore, the Cu block assembly should be positioned in such that the Dy-BAg-Cu
region be 10-15 mm above the upper border of the induction coil. In this way only
the Cu block is directly heated by induction, and BAg-8 and Dy are heated by
conduction from the Cu block. About 3 min after switching on the power supply in
its full power of 5 kW the BAg-8 begins to melt, and it is essential to switch off the
power instantly; otherwise the Dy metal is strongly alloyed with BAg-8 and the
surface of the Cu block, and dis-bonding becomes very difficult. After several trials
we found an optimum thickness of 0.05 mm of BAg-8; a too small thickness gives an
incomplete bonding on the one hand, and a too large thickness a strong alloying.
Also the use of any flux material is not recommended because of oxidation of Dy.
We also note that the coupling between the grid and the plate circuits of the power
supply should be matched with the effective input impedance of the load consisting of
the induction coil and the Cu block, in order to effectively supply power into the Cu
block. Fig. 2 shows a Dy target bonded to the Cu block and Fig. 3 shows
microscopic pictures of the Dy-BAg-Cu bonding structure. Whereas in (a) of Fig. 3
any region of alloying between Dy and BAg-8 is not discernible, a layer of alloy
region is clearly seen in (b) of Fig. 3 for which the power supply of the furnace was
switched off 10 s after the moment of the melting of BAg-8. However, we consider
that a minimum amount of alloying should be necessary for a firm bonding of Dy to

the Cu block. The 164Dy target prepared in this way was found to withstand a proton
irradiation of 20 MeV x 100uA x 24 h without any visible damage.



After irradiation we dis-bonded the target from the Cu block using the same
induction furnace under the same condition as for the bonding. We scraped off the
target using a quartz stick at the one end of which a small rectangular plate of
tungsten was firmly fastened. We would like to stress again that it is important to do
the job as fast as possible at the instant of melting of BAg-8. It is rather easy to catch
the instant of melting by eyes.

The present method of bonding and dis-bonding should be applicable to other
target metals which are easily oxidized or alloyed for an efficient cooling of the target
in a high-current irradiation by charged particles.

We are grateful to Mr. H. Noro of Japan Yttrium Co. Ltd. for a metallurgical
guidance of rare earths, to Dr. M. Kasaya of Department of Physics for his
cooperation in the initial phase of the present development, and to Dr. T. Omori of
Department of Chemistry for the preparation of 164DyF;  Thanks are due to Prof. T.

Ishimatsu, director of this center, and Prof. S. Yasumi of National Laboratory for

High Energy Physics for encouragement.
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Fig. 1. Arrangement for the bonding of a Dy metal plate onto a Cu cooling block. |



Dy target (30x10x0.1%)

Fig. 2. Dy target as bonded onto the Cu block. In this case natural Dy was used.
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Fig. 3 Microscope picture of the bonding layer of Dy-BAg-Cu. (a) The power supply
of the induction furnace was switched off at the moment of the melting of BAg-8.

(b)) The power supply was switched off 10 s after the melting of BAg-8. It is noted
that in (b) the surface was etched by HCI in order to make clear the region of the alloy
layer. The different appearance of the Cu layer in (a) and (b) is due to different
angles of illumination and is spurious.




Chapter 3

Production of a Long-Lived Isotope ]63Ho by a Simple Method of

Internal Irradiation

M. Fujioka, K. Ishii, T. Shinozuka and K. Sera
Cyclotron and Radioisotope Center, Tohoku Universtity, Sendat 980 Japan

1. Introduction

. 6
The electron-capture decay of long-lived L 3Ho (Tl = SXlO3 y) has been

/2
proposed as a new method for determining the mass of electron neutrino.l)

For producing this isotope we developed a simple method of internal irradia-
tion by modifying the cooling block of the main diagnostic probe of our cyclo-

tron on the basis of a thermal design calculation of cooling.

2. Modification of the main probe

The relevant part of the modified main probe is shown in fig. 1. The
results of modification are; i) the cooling water channel has a form of sheet
parallel to the surface of the cooling block of Cu where the target is mounted,
ii) the block can be disconnected from the stem so that the target can be
mounted and dismounted conveniently, and iii) an interlock will rapidly exaust
water in the cooling line in the event of vacuum failure of the cyclotron.
From test irradiations the beam grazing angle 6 was chosen to be 8.5°. The
most important parameter D, the depth of the water channel below the surface,

was determined to be 8 mm as described below.

Copper cooling block o < oY Coohn?ggo:gzrnmz)
164 P Cooling(ggognflzmmz)
y target !g; .
- O
!
Water
Brazing metal Proton beam Beom
(BAg-8) L 0 00

Fig. 1. Modified main probe for internal irgadiatio?é“ The targeg
assembly is for the production of ! ‘Ho by Dy (p,2n) *®3Ho.



3. Thermal design calculation

Through the wall of cooling channel the heat generated by the beam is
transferred to water by a mechanism of subcool nucleate boiling, but if the
thermal flux density on the wall q_ ., becomes larger than a critical burnout
flux density 950 the nucleate boiling goes over irreversively into a mem-
branous boiling with a resultant catastrophe of burnout. Therefore D should
be i?ch that a1l be smaller than 9o The relevant empirical formula for

g0 and heat transfer ' by subcool nucleate boiling are

1/2 . _
s’ = b T 7 l
g, 0.719 v ATsat with AT ¢ Toat o (1)
-p/61 1/4
= - = 2
BTyt ® Fogig — Toup = 7-90 B Lya11 (2)

where V is the velocity (cm/s), Tsat the saturation temperature (°C), To the

main-stream temperature, and P the absolute pressure (atm) of the cooling

water; gq's are in w/cmz, Twall is the wall temperature, and TO can be identi-

fied with the average temperature of cooling‘'water as long as the temperature
rise is small.
On the other hand the maximum temperature on the surface of cooling block

max

iy and the maximum flux density on the wall qzax can be estimated from a
surf all

solution of thermal conduction in a finite cylinder;

B.
max max 0 B .2 2B 1'A°1,m D.
= —=[ ) e —— 2 ~'7 tanh(=
surf Twall X [(A) D Zl 2 Jz(‘ : an (Ajl,m)]’ (3)
"= )1 00 1,m
B.
max B 2 2B I G,
Teai1 * G lgh +7 I 2 D Iy (4)
m=1 ]l’ Jo(jl )cosh(le’m)

where the conduction layer (thermal conductivity A) is approximated by an

equivalent cylinder (disk) of radius A and thickness D, the beam heating by

a flux density of qO over a circle of radius B on the surface, Jn(x) is the
Bessel function of order n, and jl " the m-th positive root of Jl(x) = 0.
4
From these equations one obtains D, provided a safety factor Fsafe > 1
. max
defined by Fsafe = qBO/qwall is assumed.

3. Choice of D and production of 163Ho

4 163 ,
For a safe production of 163Ho by the 16 Dy (p,2n) Ho reaction, we chose

; 2 2
D [hereafter denoted as D(Cu)] assuming a beam spot area of "B~ = 0.5 ecm’,



2
hence qo = 4 kW/cm, under the condition of ﬂAz = 3.0%x3.2 cm, a water flow

of 11.6 2/min over a cross section of 2.25x0.2 cm2, P = 4 atm and T_ = 30°C

o .
The thermal conduction through the l64Dy layer and a bonding layer (BAg—8)4)
on top of the Cu block was calculated using an approximation of homogeneous

heat generation in these layers. Thus the necessary quantities were calcu-

lated as a function of D(Cu), and from this we selected D(Cu) to be 0.8 cm;
see table 1.

Table 1. Design parameters of cooling for internal proton

irradiation of a l64Dy metal targeta)

Quantity Design value Quantity Design value
Ep 20 MeV v 430 cm/s
Ip 100 pA P 4 atm

8.5° T l44°cC
sat 2
A 1.75 cm 4y 4,0 kW/cm
B 0.40 max “
cm qwall 1.7 kW/cm

D (D 0.010
(Dy) cm F.fe 2.2

D (BAg—-8) 0.005 cm T(vac./Dy) 652°C

D (Cu) 0.80 cm T (Dy/BAg-8) 581°C
TO 30°C

a) Effective thickness of Dy as a target is De (Dy) =
D(Dy)/sin®. Thermal conductivities used are A (Dy) =
0.11, A(BAg-8) = 0.58 and X(Cu) = 3.57 in W/cm°C.

2
We successfully irradiated a l64D.y metal target of 96 mg/cm~ (D = 0.011

cm; cf. table 1) using a 100 pA proton beam for 42 h at Ry, .4

where Ep = 20 MeV, with an estimated production quantity of 163go of 24 ug .

" 63 5
From MX-ray measurement in the electron-capture decay of 4 Ho we deduced )

= 64.5 cm,

. 2
an upper limit of the mass of electron neutrino as mvec 5 1.25 keV.
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Chapter 4

Chemical Separation of 163Ho and its Source Preparation

-Takashi OMORI, Gunzo IZAWA
Department of Chemistry, Tohoku University
Masuo YAGI, Kazuyoshi MASUMOTO
Nuclear Science Laboratory, Tohoku University
Manabu FUJIOKA. Keizo ISHII, and Koichiro SERA
Cyclotron and Radioisotope Center, Tohoku University

1. Introduction

Preparation of sources of carrier—free 18310 was tried to determine the mass of electron
neutrino. However, this method was considered to overcome many difficultics which differ
extensively from usual source preparation as follows:
1) In addition to difficulties in mutual separations of lanthanoids resulting from their chemical
similarities, carrier—free 93Ho must be scparated from a large excess of target 164Dy.
2) Since no 7 -rays are emitted from 163Ho, chemical behavior of '®*Ho must be traced by
measuring Dy M X-rays, of which energy is 2.3 keV. This means that detection of %3Ho in
solutior}s is actually impossible.
3) Preliminary separation of macroamount of Ag and Cu which are main component of the
brazing metal BAg-8 and are necessarily accompanied with the target 164Dy is required.
Furthermore, it should be taken into consideration that very strong radioactivities are also
induced in the brazing metal.
4) A large number of radioactivities derived from ultramicro amount(less than ppb) of element
in the target must be identified and eliminated.
5) In the final source, no X- and 7 —rays other than M X-rays of Dy should be detected. If
the detection limit of radioisotope is considered to be 1 pCi(3.7 Bq), expected radioactivities
of 1 mCi must be eliminated less than 1/10°. It should, of course, be a point source and is
preferable to minimize the contamination of non-radioisotopes other than Dy.

From the view point of these considerations, the following procedure has been
established.
1) Final separation of 1®3Ho from the parent 164Dy is desirable by means of a cation exchange

method. However, preliminary separation of the component of brazing material is




recommended to maintaining safe-working condition and should be a simple and convenient
method. A candidate for the preliminary separation of the brazing material was the
coprecipitation of 1630 with 164Dy as hydroxide in an ammonium solution, so that the
brazing material such as Ag, Cu and 657n which would be produced by (p, xn) reactions
remain the solution as ammine complexes.

2) The '%3Ho coprecipitated in Dy(OH); was dissolved in a diluted hydrochloric acid and the
solution was placed onto a cation exchange column. By using hydrochloric acid in this
procedure, silver coprecipitated in Dy(OH)5 can completely be removed from the solution,
forming silver chloride precipitation.

3) An electrodeposition method is considered to be adequate for the preparation of 163Ho

source to obtain a thin and point source.

2. Preliminary study for separation condition using a cation exchanger

Among various separation methods of lanthanoids, the cation exchange method
demonstrates the highest separation efficiency in the wider range from carrier—free
concentration to macroamount element[1, 2]. General procedures can be described as follows:
First, lanthanoids arc adsorbed on a cation exchange column and then they are eluted"by an
appropriate organic weak acid as an eluent. In the present study, AGS0W-X8 (100——200
mesh)__.was employed as a cation exchanger, because it has a uniform size and the highest
purity among available exchangers. The resin column (1 cm¢ x 100 cm) was equipped with
a water jacket to circulate water at a constant temperature. A constant volume of the eluate
was collected with a fraction collector and the flow rate of the eluate was kept constant with
a regulating pump. The radioactivity of each fraction was measured with a single channel
7 —ray spectrometer with a well type Nal(Tl) scintillator or by a multichannel pulse. height
analyzer with a Ge(Li) or a LEPS.

Ethylenediaminetetraacetic acid (EDTA)[3, 4], citric acid [3, 5] and 2-hydroxy-
methylpropionic acid (& -hydroxyisobutylic acid, AHIB) [6-8] have been employed as an
eluent in the cation exchange separation of lanthanoids. Though AHIB was said to be
effective in the separation of heavy rare carths, there still be a problem that yttrium is eluted
between holmium and dysprosium[8].

It is necessary to determine accurately the elution positions of erbium, holmium and
dysprosium under the present experimental condition. Thus, the radioactive tracers required

for this purpose were produced by the reactions of 162Eu( 7, )% Eu (Tyz=32h), 168Er( 7,



p)!’Ho (3.1 h), and 198 Dy(7, n)!*’Dy (8.1 h) using a LINAC of Nuclear Science
Laboratory, Tohoku University. These tracers were separated using EDTA or citric acid as
the eluent, but satisfactory elution curve could not be obtained. One of the reasons for failure
in the separation was ascribed to low specific activities. These required long time separation
with a low flow rate, but their short half-lives could not allow the separation procedure.
Dysprosium metal of natural abundance, therefore, was irradiated with protons using a
cyclotron of the Cyclotron and Radioisotope Center, Tohoku University, and AHIB was
chosen as an cluent. The irradiated dysprosium metal was dissolved in nitric acid and then
dysprosium was precipitated with ammonium hydroxide to leave silver and copper in the

solution. The elution curve for the lanthanoid fraction was seen in Fig. 1.
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Fig. 1. Elution curve for natural Dy target.

The elements such as zirconium and hafnium having large formation constants with
AHIB were cluted first, and then lanthanoids were eluted in the reverse order of the atomic
number. Thulium was followed by 169Er  of which activities was measured with a GM
counter. The elution curve of dysprosium did not exhibit a Gaussian distribution, because of
a very large concentration of its carrier, but the eluted position of dysprosium was separated
enough away from that of erbium. Thus, the fundamental separation procedure had been

established by considering that 163110 would appear in a position far away from both erbium



and dysprosium. In order to use 188Tm as a tracer in the practical separation, the thulium

fractions were collected and concentrated.

3. Preparation of 193Ho source
3.1. Separation of lanthanoids by hydroxide co-precipitation.

Figure 2 summarizes the chemical separation procedures for 164Dy used as a target.

TARGET
HNO3

HNO3
HCI

LB L8y
Sicr 52,
56(20?06")39.
181w NH OH

0. 1N HCI
[AG50W-X8 (NH,,"FORM)]|

Ag.Cu

56046
1%?(56?2 0.48M AHIB

©

Lhm. U748,
[’BVS‘Cr 6760.

74,75, .75
" 9AsPSe. (é
8883, 111 et
120,122.124g,, ——HO
1671681, g__&
205206 ;
1590)(. Be e,

1607y 52.54Mp,

88y 565To8zn,

3%, 14664,
147.48.149¢

143144

Fig. 2. Procedure for the chemical separation of
183Ho.

The target was dissolved in concentrated nitric acid, but the black residue remained slightly.
In the residue 488c, 48\/, 51Cr, 52Mn, 54Mn, 56Co, and %Zn were detected by the 7 -ray
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Spectrometry.  As Fig. 3 shows, a large peak of tantalum seemed to be due to the

contamination of target from a tantalum crucible used in the calcium reduction of dysprosium
fluoride.
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Fig. 3. X-ray spectrum of the residue of 164Dy target.

On addition of ammonium hydroxide to the solution of the target, the solution became
violet, showing the formation of tetra(ammine)copper(Il) complex. After the dysprosium
hydroxide was dissolved in hydrochloric acid, ammonium hydroxide was added again to the
solution to remove completely silver and copper. The white dysprosium hydroxide remained
after filtration. The precipitate of dysprosium hydroxide was dissolved in 0.1 M hydrochloric
acid.

Though 36Co and °Zn were detected in the silver and copper fraction, no 7 —ray peaks
of lanthanoids were found, as shown in Fig. 4. Accordingly, the lanthanoids were considered
to be coprecipitated effectively with dysprosium hydroxide. On the other hand, various
nuclides were identified in the 7 —ray spectrum of the hydrochloric acid solution, as shown
in Fig. 5. However, the peaks of 205,206B could not be identified at that stage, because a fair
number of those peaks overlapped with those of 160Th and those were not found in the

preliminary experiment.



8s-02

96-02

9G6-02

AG-106M

2000

1000

ENERGY/KEV

ALIAILOVOIQVY

Fig. 4. 7 —Ray spectrum of the silver and copper fraction.

90Z-18 07 L1

9%1-N3 GEG! M

ZG-NW 7€71

87-JS 71El

9G-00 8ETl
77-0S 654

G3-NZ Sl

ZG-NW SE6

9500 L78 v MR L

90¢-18 €08
971-N3 69—
S0Z-18 £0L —
9v1-N3 v€3 ——=

g71-N3 18§
1S

gvi-N3 £17
1S-4J 0CE

6€1-3D 991
L7-N3 12
191-91

2000

1000

ENERGY/KEV

ALIAILOVOIAYY

Fig. 5. 7 —Ray spectrum of the lanthanoid fraction.



3. 2. Separation of 193Ho by means of the cation exchange method
A cation exchange column (AGSOW-X8, 100~200 mesh, NH,~form, 10 mm ¢ x 800
mm) was pre-treated with a 0.1 M hydrochloric acid solution and the lanthanoids were placed

on the top of the column. The elution condition was fundamentally similar to the preliminary

cxperiment and the flow rate was controlled at 4.6 ml/h. However, pH of the eluent was

adjusted to 3.15 to accelerate the elution of 13Ho. The effluent was collected by every 1.5
ml using a fraction collector. The elution curve was constructed by measuring the

radioactivities at intervals of several fractions.
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Fig. 6. The elution curve for %Dy target.
Column: AG50W-X8 (10 mm ¢ x 800 mm, 100-200 mesh, NH,—form)
Flow rate: 4.62 ml/h (25°C); Eluent: a-hydroxyisobutylic acid)

The elution curve is shown in Fig. 6. In addition to a lot of nuclides which had been
detected in the stage shown in Fig. S, new nuclides were also identified in the course of the
cation exchange process. The first peak in Fig. 6 consisted of HmaTAlgs 48y Slor gy,
74’75As, 74Sc, 88’8()Zr, and 120’122’124Sb, the second and third peaks consisted of 44‘“’47’4880,
51Cr, and 295:206g; 1111 (istributed in the range from the fraction No. 85 to 115, with a
maximum at the fraction No. 9. The peak of 20%209B; was recognized at the fraction No.75



and the most of 299200Bj was eluted by the fraction No. 105. However, trace amount of
205,206B; tailed until the fraction of 163H0 appeared.  Chromium demonstrated curious
behavior that two peaks exhibited. In the preliminary experiment, S1Cr remained at the top
of the column. Different behavior of >!Cr would be explained by considering a possibility
that in the present system, chromium was oxidized to hexavalent state, when the target was
dissolved in aqua regia instead of nitric acid. Since chromate is an anion, it should be eluted
at first. However, while passing through the column, a strong oxidizing agent, Cr(VI), might
be reduced to Cr(Ill) with an interaction with resin or HIBA. Actually, it was confirmed that
some chromium(IIl) remained at the top of the column.

Total 7 —activities decreased gradually to a level of natural background. Consequently,
in the fractions from No. 300 to 500, no detectable radioactivities were found with the Nal(Tl)
detector. The elution procedure that started on December 21 continued to December 28. At
that time the separation was intermitted for a short while and then resumed on January 11.

The fact that the full-width at half-maximum for the peak of thulium shown in Fig. 6
was smaller than that shown in Fig. 1 means that in the former case the separation was carried
out under the optimum condition.  On the other hand, it brought difficulty for precise
determination of the clution volume of 1%3Ho. Consequently, 300 ml effluent collected from
No. 300 to 499 were concentrated. The 7 —ray spectrum of the 163Ho was shown in Fig. 7.
In this fraction, S1cr and 20920085 were detected. The amounts for these nuclides were
roughly estimated to be 0.08 «Ci for °*Cr, 0.003 £ Ci for 2B, and 0.0007  Ci for 2%°Bi.
In addition, the contamination of 88y was also observed. As far as the elution curve was
examined, 88Y could be separated from '®3Ho. Actually, no 7 -rays from %8Y could be
detected in each fraction. The amount of 38Y was estimated to be about 107 « Ci. 88Y was
considered to be produced by the decay of the parent 887, Since 8Zr forms a very stable
complex with AHIB, it could be cluted first. However, there is a possibility that 88y
produced during elution was distributed throughout the column. This is the reason why a
small amount of 38Y was eluted earlier than its normal position of elution.

Because time limitation, decontamination of Slor and 205:206Bi was then tried.
Furthermore, 88y would be available as an indicator for determination of electrodeposition

efficiency, though the amount of 38Y was too small to use as a tracer.



o BI-206
| — 7 T T B|_2OSlT1 T T LR}
TE-121
>—
= o =
> 1
= > >
(&}
< @ f00)
O < = ©
2 P
o >
Y™
i 1 1 1
0 1000 2000

ENERGY/ KEV

Fig. 7. 7 —Ray spectrum of 193Ho.

3. 3. Purification of *®3Ho

A volume used for electrodeposition of $*Ho was 150 #1. Accordingly, the
concentration of 300 m! *®3Ho fraction was done together with the decontamination of >!Cr
and 29529B;  These procedures were summarized in Fig. 8.

At first the concentration of *%3Ho fraction together with the separation of °1Cr was tried
by means of a cation exchange method by considering that Cr(III)-~AHIB complex much more
stable than that of lanthanoid. However, by this method complete separation of 31Cr from
1830 was impossible, though *121™123Te were removed.

After AHIB of 19*Ho fraction was decomposed by hydrochloric acid and fumed nitric
acid, potassium chromate was added as a carrier for the iron(IIl) hydroxide coprecipitation
mecthod. The chromate was reduced by hydrogen peroxide and then chromium(IIl) was
oxidized again to chromate using aqueous bromine in the basic media. To the solution 2 mg
iron(IlI) was added and iron(Ill) hydroxide was precipitated on addition of potassium
hydroxide solution. In this procedure, *®3Ho coprecipitated in iron(IlI) hydroxide, while

chromate remained in the solution. The precipitate of iron(IIl) hydroxide was dissolved in 1

M hydrochloric acid and the solution was passed through an anion exchange column(Dowex




1-X8, 100-200 mesh, Cl-form, 7 mm¢ x
60 mm). Under this condition, bismuth could
be adsorbed on the column[9], while 163H0
and iron should passed through the column.
In order to remove the macro amount of
iron(IIl), the ecffluent was evaporated to
dryness and then 6 M hydrochloric acid was
added. Tron(II) in 6 M hydrochloric acid
could be adsorbed on the anion exchange
column (Dowex 1-X8, 100-200 mesh, Cl-
form, 7 mm¢ x 60 mm). The sample for
electroplating was prepared by evaporation
to dryness of the effluent containing 163Hp.
These procedures were done with caution so
that all the glass wares were employed and
these once used were disposed. However, in
the final sample >'Cr (7 x 107> £ Ci), 139Ce
and small amounts of unidentified nuclides

were detected by the 7 -ray spectrometry.

warm at60C tor 12 h,
then at 80°Cfor2h

4N HCI
Sler Evapn. to drymess
1217, | HCI, fuming HNOj
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This contamination was considered to be Fig. 8. Purification procedure of 1631,
brought from dust of the laboratory. Thus,
it was necessary to start over again from the separation of S1Cr in another laboratory.

A similar separation procedure as described above was repeated, but iron(IIl) hydroxide
was dissolved in 12 M hydrochloric acid to remove unidentified nuclides on the anion
exchange column. After the effluent was evaporated to dryness and organic compounds
containing in the residue was decomposed by hydrochloric acid and fumed nitric acid, the
sample for electroplating was prepared. Thus, the finally purified sample was completely free
from Cr, 20529B; and unidentified nuclides, though *°Ce (8.6 x 107 1 Ci) and 8y (9.5

x 107 1 Ci) were still contained in it.

3. 4. Electrodeposition of *%3Ho

A cell used for clectrodeposition of 163115 is shown in Fig. 9. To the sample for

electrodeposition 200 1 of previously treated 0.1 M ammonium lactate (pH 4.0) was added.
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The 1%3Ho-lactate solution (150 u1) was electrodeposited in
the cell at 12 V, 10 mA for 90 min[10,11]. Finally, four

Ni foil—,

o d
asad-d

163
Ho sources were prepared. No. 1 source was electro—

deposited using 50 £ 1 out of the *®Ho solution. The electro—

deposition yield was estimated by measuring the 7 —activity 19Ho-lactate soln.
of %Y. The residual 150 1 was used for the preparation of

No. 2 source. Since 38Y could not be detected in the source, ®

it was concluded that the electrodeposition was failed. Using ‘“®

a newly prepared solution obtained by the decomposition of s LO@
lactic acid in the residual solution, No. 3 source was prepared

in a similar way. Furthermore, No. 4 source was prepared

from all the remaining solutions. Fig. 9. The cell for electro-

The recovery yields of 88Y are summarized as follows: deposition.

The loss in the purification

procedure of 163Ho 243 %
No. 1 source 98 %
No. 2 source X %
No. 3 source 30.9 %
No. 4 source 8.0 %

The remainder in the solution 21.4 %

Total 935 +x %

It has been accepted that chemical behavior of 8Y is the same as that of lanthanoids
including 163Ho. X-Ray measurement and PIXE of the 183K source, however, demonstrated
different behavior of *%3Ho from 88Y in the electrodeposition process(12]. Since the X-ray
intensity of No. 2 source was comparable to that of No. 1 source and the X-ray intensity ratio
of No. 1 to No.3 was about 1:7, the amount of 63Ho in the remaining solution was considered
to be less than the estimation. This means that *®3Ho could be electrodeposited more
effectively than 8y. An example of the 7 -ray spectrum of No. 1 source is shown in Fig.
10.
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Fig. 10. 7 —ray spectrum of 163Ho source (No. 1).
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Chapter 5

Study in the period from 1981 to 1983

S. Yasumi
F. Ochiai*

Teikyo University/KEK

*Tezukayama University

At the beginning of our my,-study there were only contradictory data on the Q-
value and the half-life of 163Ho. Therefore we intended to estimate these two
quantities using the intensity of M X-rays from 163Ho atoms and the total number of
163Ho atoms in a source.

Tohoku university group prepared several 163Ho sources. Among them, source
No. 3 was the most intense and was used throughout the experiment.

At first we estimated the total number of 163Ho atoms in the source No. 3 using
the PIXE method in the following way. Another 163Ho source (No. 4) whose
intensity of M X-rays was already measured, and a reference holmium foil whose
dimension is the same as that of a 163Ho source (all 163Ho sources are 3 mm in
diameter) and whose weight is known, were irradiated with 38 MeV protons under
the same beam conditions. By comparing the Ho K X-ray intensities of irradiated
two samples, namely 163Ho source No. 4 and a reference Ho foil, and using the ratio
of M X-ray intensities of the two 163Ho sources (No. 3 and No. 4), the total weight of
163Ho atoms in the source No. 3 was estimated to be (2.37 = 0.70)ug. Thus we
concluded that the total number of 163Ho atoms in the source No. 3 is (0.88 + 0.26) x
1016 1).*

Next, a photon spectrum from the source No. 3 was measured with a Si(Li)-
detector (EG&G ORTEC) having a Be window 0.3 mil thick. The photon spectrum
from 163Ho has five peaks in the case of the measurement with a Si(Li) detector.

* Another PIXE measurement 2) of the total number of 163Ho atoms in the
source No. 3 was performed. 163Ho source No. 11 having a Pd backing and a
reference Ho foil were irradiated with 3 MeV protons under the same beam
conditions. By comparing the holmium L¢ X-ray intensities from these two samples,
the total number of 163Ho atoms in the source No. 11 was estimated. Next, by
comparing M X-ray intensities from sources No. 11 and No. 3, the total number of
163Ho atoms in the source No. 3 was determined. This result was consistent with the

previous valuel) within experimental uncertainties.
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Fig. 1 Level scheme of the M shell and higher shells of Dy atom and X-rays
due to the electron transition between these subshells. (1)~®) stand
for names of peaks in a spectrum from a 163Ho source measured with a

Si(Li) detector, where peak D corresponds to the highest peak.



The relation between these five peaks and the level scheme of Dy atom is shown in
Fig. 1. For each peak we evaluated the detection efficiency of the Si(Li)-detector and
the self-absorption of the source itself for emitted X-rays.After correcting for the
detection efficiency and the self-absorption together with the solid angle of the Si(Li)
detector, intensities of M X-rays emitted from the source No. 3 were deduced for
each peak. Using the total number of 163Ho atoms in the source, we can get the M X-
ray intensity per second per atom per 4 7t steradians for each peak.

Summing up these intensities, we get the total intensity of M X-rays from the
163Ho source No. 3 of (4.7 + 1.5 ) x 1015 photons per second per atom per
4 it steradians.

If we assume that the average M-fluorescence yield for the dysprosium atom is
0.98 %3), the partial M-capture half-life of 163Ho was obtained to be

TyM =45 + 1.5x10 yr. D

Following the CERN group 4 we adopted the log ft value of 5.12 for the
nuclear matrix element relevant to the transition 163Ho (E.C.) 163Dy
From the value of Tl /2M and the log ft value a relation between the Q-value

and the electron neutrino mass (mye) was obtained. In this deduction, the electronic
wave functions at the position of a nucleus calculated by Mann and Waber>) and the
exchange and overlap correction factors tabulated by Bambynek et al2) were used.

Using this relation we get Q = 2.45 + 0.08 keV for mye=(Q eV. If we use an
upper limit for the Q-value of 3.3 keV directly measured by the CERN groupé)’ we
get an upper limit for the mass of the electron neutrino of 1.25 keV1).

If we adopt 2.45 keV for the Q-value of 163Ho, the half-life of 163Ho is
estimated to be (6 + 2) x 103 yr. 1)

At the Neutrino '82 Conference held at Balatonfiired, Hungary, June 1982, a
talk on mye was given by S. Y. In this talk the Q-value of (2.3 £ 0.15) keV and the

half-life of (9+; ) x 102 YT were reported. However, in deriving these values, the
spin-isospin polarization effect on the nuclear matrix element was overlooked in the
analysis.

Based on these values, the figure of merit®)-9) of the internal bremsstrahlung at
electron capture in 163Ho for measuring the electron neutrino mass was estimated to
be 1.8 x 10-11 for O-capture. Comparing this value with the value of ~10-8 for the
case of the electron anti neutrino mass measurement using the tritium 3-spectrum, the

IBEC approach** to measure the electron neutrino mass seems rather difficult.

ok For the IBEC approach, we constructed a crystal X-ray spectrometer
combined with two-dimensional multiwire proportional chamber as the position

detector!0).



Therefore we began to seek other means to determine the electron neutrino
mass.

In a talk presented by S. Y. at the International Europhysics Conference on
High Energy Physics, Brighton, UK, July 20-27, 1983 2),11), the following
description of a different new approach was given:

"We are going to do an experiment which hopefully can reduce the atomic
physics uncertainties of the dysprosium atom using a monochromatic photon beam
from 2.5 GeV Electron Storage Ring in our "Photon Factory" (Synchrotron Radiation
Facility in KEK).

The experimental setup is schematically shown in Fig. 1 of Chapter 6. Photon
beams from the storage ring are monochromated through a double crystal
monochromator and impinge upon a Dy target. Incident photon beams are monitored
with some photon detector. We will use beams with three different energies, Ea, Eb
and E¢ where Eg > Epmi > Ep > Em2 >Ec¢ and Eyp and Epyp stand for the binding
energies of the M| and M2 subshells, respectively. The energy widths of these
photon beams are a few eV and sharp enough to remain distinct from the M| and M
levels. M X-rays emitted by dysprosium atoms excited by the incident photon beams,
are measured with a Si(Li) detector.

If one subtracts Ep spectrum from Ey spectrum, appropriately scaling by
the incident energy and properly normalizing, one can obtain an M spectrum
which corresponds to the M X-ray spectrum in the case where there are
vacancies in M1 subshell only. A similar subtraction of E¢ spectrum from Ep
spectrum yields the corresponding spectrum for the M7 subshell.

Using these two spectra (M} and M), A)q; and App can be separately reduced
from the 163Ho atom spectrum, where Apq; and Ay are the decay constants due to
M capture and M capture, respectively. These results can then be used to determine
Mye."

It is very interesting to compare the above sentence with Equations (15) and
(16) in Chap. 13.
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Chapter 6
Study in the period from 1984 to 1986
S. Yasumi and Y. Inagaki*

Teikyo University/KEK
*Tokyo Kasei University

On December 10th of 1982, a Letter of Intent 1) in which we proposed an
experiment aiming at the electron neutrino mass measurement using synchrotron
- radiation X-rays from the KEK - PF storage ring, was presented to the Photon
Factory, KEK.

In May of 1983, a seminar on "Studies on the M-shell of the dysprosium atom
using monochromatic X-rays for a measurement of mye" (hereafter, this title is
abbreviated as my.-PF experiment) was given by S.Y. in the Photon Factory. In this
seminar there were a lot of encouraging discussions and the undulator beam line (BL-
2) of a 2.5 GeV electron storage ring at KEK * PF was recommended as photon
beams to be used.

In December of 1983, a proposal on the mye-PF experiment was presented to
the Photon Factory and in the next January this proposal was approved by PF - PAC
of KEK [Proposal No. 83-111].

At the 9th Workshop on mye we again discussed a method to determine my,
and finally reached to the following one: 2),3),4)

If Sp163Ho stands for a photon spectrum from 163Ho, where the number of
photons per atom per second is plotted as a function of the energy of photons, we

then have

1 d
Sp'PHo (N = A Sy (£)+ Noyo - Sapo (£
p ( ) A, d[[ Ml Ml( ) M2 M2( )]

B dgi[”Ml Sy (£)+ may Sy (4)]

drmy,

dﬂMl » 'SMZ('{,)’

= Sy £)+
L5, ()

therefore we get the following equation



S0 (£) = Aygy - Syt (£)+ Angz - Sy (), (1)

where
Sua(#) (7=1,2) : M X-ray spectrum from a Dy atom in the case
where there is one vacancy in the Mi subshell
(i =1,2) only,
k : energy of emitted photons
Nui(#) (/=1,2) :  number of vacancies produced in the Mi subshell in the

decay 163Ho (E.C.) 163Dy,

N
" : e M%Vo )

No ; total number of 163Ho atoms in a 163Ho source,
AMm; (1=1,2) : partial Mi-capture decay constant.

Equation (1) tells us that when we reconstruct Sp163 Ho(k) spectrum using spectra
SMmi(k) and Syr2(k), the coefficients of Syp1(k) and Spyp2(k) correspond to Any and
AM2, respectively.

Next, the Sp(k) and Spp(k) spectra of dysprosium atom can be obtained using
the following "photon subtraction method" from fluorescence spectrum
measurements in the photoionization of dysprosium atoms with monochromatic
photons, whose energies have an appropriate relation with the binding energies of M;
subshells as follows.

If Sg(k) denotes an M X-ray fluorescence spectrum from Dy atoms excited by
monochromatic photons having an energy E, Sg(k) is represented by the following
equation:

5
SE(k) =N-m- ZG/'(E) g SM/’(k)’ (2)
=1
(i=1~35)

where

N $ total number of incident photons having an energy E,

m : number of dysprosium atoms in a target per cm?2,

oi(p) : photoionization cross section of the Mi subshell for an

incident photons of an energy E,
Smik) (i=1-5): M X-ray spectrum from a Dy atom in the case where there

is one vacancy in the Mi (i = 1- 5) subshell only.

== 34 =



Smi (k) in equations (1) and (2) comprises the Auger and Coster-Kronig transition
probabilities and the X-ray transition probabilities.

For E, we take five energies; Ea, Eb, E¢, Eq and E,, where E,
Em1>Ep>Em2>Ec>EnM3>Eq>Ema >Eo>Eps, and Egi (i =1 - 5) stands for
the binding energy of the Mi (i = 1- 5) subshell of the dysprosium atom. If the
energy widths of these photon beams are a few eV and sharp enough to remain

distinct from each subshell level, then equation (2) becomes

Sga(k) =

Nm{c 1(Ea) SM1(Kk)+62(Ea) SM2(K)+ 63(Ea) Sm3 (k) + 64 (Ea)- Sma(k) + 05(Ea)» S5 (k) ),
Sep(k) =

Nm{ 02(Eb)-SM2(k)+03(Ep)-Sm3(k)+04(Ep)-Sma(k)+05(Ep)-Sms(k) }
SEc(k) =

Nm{ 03(Ec) SMm3(k)+04(Ec)-Sma(k)+o5(Ec) Sms(k) },
Sgd(k) =

Nm{ 04(Eq)-Sma(k)+05(Eq)-Sms(k)},
Sge(k) =

Nm{ 05(Ee)-Sms(k)} .

3)
where N is assumed to be normalized for all cases.

If N, m and 6j(E) are known , one can obtain the Sy (i = 1- 5) in turn by using
the above five equations (3). Spectra Sy1(k) and Sy2(k) thus obtained, can be used
to reconstruct the Spl63Ho(k) spectrum for determining Apj and Anp.

If we assume some value for the nuclear matrix element (or log ft value) of the
decay 163Ho (E.C) 163Dy, the mass of the electron neutrino, mye, and the Q-value
can be deduced, using Ap1 and Arpp as two constraints for the formula of the electron
capture decay rate.

The mye-PF experiment [No. 83-111] was performed in the period from
February of 1984 to May of 1985 using a setup shown in Fig. 1. M X-rays emitted
by dysprosium atoms excited with incident monochromatic photon beams were
measured with two Si(Li) detectors, one of which is set in the direction of the
polarization of the photon beams (horizontal) and another is set at an angle of 90" to
the direction of the polarization of the photon beams (vertical), as shown in Fig. 1.
The former was used for fluorescence spectrum measurements and the latter was
used for overall monitoring. At first we used a double reflection crystal
monochromator made of beryl, and later a double reflection monochromator made of

InSb was successfully used for obtaining monochromatic photons of higher energies.
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Fig. 1 Experimental setup of the fluorescence spectrum measurement of the
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system having a linear feed through are seen.



Generally speaking, however, experiment No. 83-111 was only a preliminary
experiment for measuring mye. Since the direction of photon beams after passing
through the monochromator was not fixed when rotating its Bragg angle in order to
change the energy of photons, the alignment of the setup required for each photon
energy took us a rather long time. Also the quality of photon beams was not so good.
Photoioniztion cross sections Gi(E) were not very well known. Furthermore, the total
number of incident photons during the measurement could not be measured very
accurately (At that time we used a photodiode for the photon intensity monitor).
Preliminary results by the experiment No. 83-111 were described in references 3) and
5).

But it should be noted that in the experiment [No. 83-111] very important data
were taken on the response functions of a Si(Li) detector for monochromatic photons
in the energy range 1.3 - 4.0 keV. Readers are invited to read reference 6) and
Chapter 7 for this subject.

Since we could not determine the Sy1(k) and Sy2(k) spectra from fluorescence
spectrum measurements on Dy atoms, we took the following approach to estimate
those two spectra 7).

The number of photons included in the Sy and Smp is represented by

SM1 : 1 + o + (f13 + f12f23) @3
+ (f14 + f12f24 + f13f34 + f12623 f34) 04
+ (f15 + f12f25 + f13f35 +f1afas5+ f12623135

+ f1of2afss + f13f34f4s + £12f23f34f45) 05, 4)

Sm2 o + f23m3 + (fag + £23f34) 4

+ (f25 + 2335 + f24fas+ 123134 f45) @5, (5)
where ®i(i=1-5) : Misubshell fluorescence yield,
fij . Coster-Kronig coefficient for the vacancy transition from

Mi subshell to Mj subshell.

When T denotes the total level width of the Mi subshell, the fluorescence yield for

this subshell is defined as

w,=3y,/T;  (i=1-5)
-



where Yij :  partial radiative width corresponding to the electron
transition from X subshell to M; subshell, and X denotes
shells higher than the M shell.

Since no relativistic calculation of non-radiative transition probability for
dysprosium atoms has been reported so far, we estimated the values of fij and I'j from

the non-relativistic values of McGuire8) and the relativistic values of Chen et al.?)
for holmium and ytterbium. The results are shown in Table 1 7). The partial
radiative width yj; was taken from the relativistic calculations by Mukoyama and

Adachi 10),

Table 1

M-shell Coster-Kronig coefficients fjj and level widths T’ for dysprosium

fij value I value (eV)

f12 0.307 I 14.94

f13 0.599 I 9.04

f14 0.085 I3 9.27

f15 0.116 I'q 1.81
I's 1.24

23 0.091

o4 0.665

fas 0.141

f34 0.149

f3s 0.747

f45 0.348

The Spm (k) and Sp2(k) spectra were constructed from various characteristic X-
ray lines corresponding to ;j included in wj of expressions (4) and (5), using response
functions of the Si(Li) detector used in the measurement of the photon spectrum from
the 163Ho source No. 3. In this construction, the self-absorption correction due to



the 163Ho source itself and the detection efficiency of the Si(Li) detector were also
taken into account.

When we tried to reconstruct the Spl163Ho(k) spectrum using the Spy;(k) and
Sma(k) thus obtained, it was found that there were some discrepancies around peak
@ and peak . Peak@ (~1.3 keV) includes Y M5N7 and Y M4n6 transitions and
peak @ (~2.0 keV) includes ym; 02,3 transition.

Therefore the non-linear least-squares method was applied to minimize the x2-
value for fitting equation (1), taking three radiative widths, ymsn7 and ymans and
YM1 02,3, as unknowns in addition to Amj and Amz, as shown in Fig. 2.1
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Fig.2 Reconstruction of the Sp!63Ho gpectrum using the Sy and Sy
spectra. The solid curve, the broken curve and the dot-dashed curve
represent AM1SM1 + AM2SM2, AM1SM1 and AMm2SM2, respectively.
Closed circles represent experimental data of Sp163Ho,



The results’) are
A1 = (0.9740 £ 0.0041) x 1012 571,
Az = (0.08170 £ 0.0035) x 10-12 571,
with
Y Ms5N7 = 1.749 x 103 eV,
Y MaN6 = 1.340 x 103 eV,
YM1023=2.159 x 103 eV,
In Table 2, these values of Y MsN7, Y ManN6 and Y M1 02,3 are compared with

radiative widths calculated by Mukoyama and Adachil0) and the reduction factors

are also indicated.

Table 2

Radiative width Reduction factor
by Mukoyama and Adachi (eV)

Y M5N7 6.389 x 10-3 0.274
Y M4N6 1.373 x 10-3 0.976
YM102,3 1.687 x 103 1.280

In June of 1985 the half-life of 163Ho was measured by O. Kawakami and A.
Masuda of University of Tokyol2). They determined this quantity by measuring the
production rate of 163Dy due to electron capture in 163Ho with isotope-dilution mass
spectrometry as initially done by Baisden et al.13),

Their value is
T 1/2 =4569 £ 27 yr (68% CL)

which is in excellent agreement with the value of Baisen et al. 13): This corresponds
to
At=(4.807 £ 0.028) x 10-12 -1 |



Using the values of AM1, AM2, and At, as three constraints®, mye, the Q-value
and the nuclear matrix element, | my |2, for the decay of 163Ho, were at one effort

determined from the formula of the electron capture rate as follows:
m,, = 205533 eV, Q=2.70"% kev,
| my [*=0.0409.0.50% or log /r=4.987003
It should be noted that the log ft value for the decay 163Ho (E.C.) 163Dy was

firstly measured in the present experiment.

A summary of final results for mye and the Q-value is shown in Fig. 3.
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Fig. 3 Summary of the final results for mye and the Q-value.

* It should be noted that three constaints enables us not to assume some value for

the nuclear matrix element for the decay of 163Ho 14).
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Chapter 7

Response Functions of a Si(Li) Detector for Low Energy X-rays

Yosuke INAGAKI
Tokyo Kasei University, Tokyo 173, Japan

The response functions of a Si(Li) detector were measured for low energy
monochromatic X-rays using synchrotron radiation from a 2.5 GeV electron storage ring at
KEK[1]. The monochromatic photons in the energy range 1.3 - 4.0 keV were detected by the
planar Si(Li) detector (Ortec) of 4.23 mm x 10.8 mmZeffective volume. The energy
resolution was 125 keV(fwhm) at 2.0 ke V. The manufacturer’s specification lists the
thickness of the Be window as 8 um, the gold contact as =200 A and the Si dead layer as =
0.1 m, respectively.

As shown typically in fig. ] for an incident photon energy just above the Si-K
absorption edge (1.839 keV), the response function R(i) of a Si(Li) detector can be
decomposed into four components of a dominating Gausian full-energy photopeak G(i), a
low energy tail 7(i), a step-like function S(i) and a background BG(i), i.e.,

R(i) =G(i) + T(i) + S(i) + BG(i), (1)
where / is the channel number equivalent to the photon energy. The basic configuration of a
p-i-n* type planar Si(Li) detector is illustrated schematically in fig. 2a.

The Gausian term is physically well understood. The full-energy peak corresponds to
the state where the number of electron-hole pairs are completely collected in the intrinsic
region of a Si(Li) detector. The width of the Gausian peak is determined by the statistical
fluctuation of the electron-hole pairs and by the random electronic noise of the detector
system. The Gaussian shape with a standard deviation ¢ and a peak position i, is given by

G(i) =Hyexp [-(i—i,)*/20°], (2)
and the standard deviation expressed as
o’ = ¢eFE +0 7, (3)

where € is the energy to create one electron-hole pair for Si (3.76 eV at 77 K), F is the Fano
factor, E is the incident photon energy and o, is the electronic noise.

A number of analytical functions have been proposed in order to represent the low
-eneregy tail and the step-like functions. The origin of the low-energy tail and the step-like
function has been explained only qualitatively by the imcomplete charge collection and the
trapping -detrapping effect in the surface dead layer. We introduced a simple geometrical
model in order to describe the strucure and behavior of the low-energy tail. As shown in fig.
2a, it is assumed that the charge-collection efficiency 1) = 1 for the intrinsic region and 17 =0
for the p-type Si region so-called Si dead layer. The photoelectric absorption process is
dominant for photon energy below = 10 keV. When the incident photon is absorbed by a Si
atom at a depth of x from the front surface, the atom ejects a photoelectron with an average
range of R ; a number of electron-hole pairs are created through the successive ionization
process. Assuming that the angular distribution of photoelectrons is isotropic, the density of
charge carriers i1s almost uniform within a sphere of radius R. The patial volume of the sphere
penetrating into the intrinsic region is given by

2
V(x) =§R3(1—’°;"j (2+t°;xj, 4)

where t,is thickness of the Si dead layer. Since the partially collected charge is proportional
to the volume V(x), its ratio to the fully collcted charge, i.e. charge ratio, is given by




r(x) = (1-X)*(2+X)/4 for x <f,+R (5)
where X = (¢, - x)/R . Therefor, the probability distribution of collectable charge as a function
of the depth x can be written as

p(x)=r(x) e, (6)
where /1 is the linear absorption coefficient of Si. As shown in fig. 2c, the number densities

of the low-energy tail and the Gaussian peak area are given respectively, as
19+R

— 7
N, = mM(OJO_R)p()c)dx, (N
and

d
NP = J,0+Rp(x)dx ’ (8)

where d is total depth of the Si dead layer and the intrinsic region. From the probabilty
distribution function p(x) , the probabiity between x and x+dx can be rewritten as

p(x)dx =q(x) dr, %)
where
)= %R%_)e—w_ (10)

From egs. (5) and (10), the probability distribution function can be obtained as a parametric
representation of the depth x. It can be seen from the raw data of the response functions that
there exists a threshold for the low-energy tail around half the energy of the Gaussian peak
caused by the photoelectrons emitted from the gold contact on the Si dead layer. We
modified the charge ratio of eq. (5) as
r'(x) = (1-r)r(x) + r,, (11)
where r, is the “threshold ratio” which shifs up the endpoint energy of the low-energy tail.
Replacing the argument of g(r) from rto i using i = i, r’(x), where i is the channnel number
corresponding to the pulse height, we can finally obtained the probability distribution
function g(i) as a parametric representation. Thus the low-energy tail function can be
obtained by making a convolution of g(i) with a Gaussian of ¢ as
T(i) = H, [* g(t)exp[-(t —i)* /20" ]dr (12)
Many analytical functions have been proposed to represent the step-like continuum, but
a clear physical mechanism to produce the feature is not known yet. Maybe the electron-hole
pairs created in the Si dead layer produce the step-like continuum Since the electric field
strength in the dead layer is almost zero as shown in fig. 2¢, the drift velocity of charge
carriers 1s very slow. Therefore, the step-like continuum may be produced by the slow pulses
from a Si(Li) detector. We adopted the widely used complementary error function as a

step-like function, which is the convolution of the step function with a Gaussian of the
detector resolution o, i.e.

471750 [” 6yexp|~(t—i)’ 12067 |dt = %erfc[(i—io)/«/fa]. (13)
Here, the step function is given by
1 for i<,
03i) = (14)
0 for 1>
Thus, the step-like function is given by
S(i) = H, erfe (i —iy) /20]. (15)

The background term arises from the external backgroud radiations, such as cosmic-
rays, high-energy 7y -rays and electronic white noises. We tested various functions for



representing the background by the nonlinear least-squares method. The simplest and best
function was the exponential type given by

BG(i) = a exp(-bi) +c, (16)
where a, b and c are the fitting parameters. We used the slope parameter b as a common
value to fit all response function data.

The result of a fit based on this model were excellent for the experimental data over a
wide energy range.

References
[1] Y.Inagaki, K.Shima and H.Maezawa, Nucl. Instr. and Meth B27(1987)353.
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Chapter 8

Influence of the Window Effect of Si(Li) X-ray Detector
on the Response Function and Detection Efficiency

K.Shima, Y.Inagaki, H.Maezawa and S.Yasumi

1. Introduction

It is generally accepted that the surface of a Si(Li) x-ray detector is composed of a
gold-electrode layer, a Si dead layer and an intrinsic volume of Li-drifted Sil. Here, the
dead layer is meant to be the Si region where the charge collection efficiency, 1,
is zero (this layer is hereafter referred to as NCCL i.e., no charge collection layer).
concerning the dead layer, little is known for its geometrical and physical property.
Firstly, even the presence of the dead layer has not been directly confirmed. And
hence, the reports on its thickness dg; are rare, and their results are rough. Since the
knowledge on the precise value of ds; is essential for the understanding of response
function and determination of detection efficiency, the establishment of method to
confirm the value dg; is strongly requested. Secondly, it is suggested that the
appearance of the tail spectrum extending to the lower energy side of the Gaussian
photo-peak in a Si(Li) detector spectrum is closely related to the Si layer where charge
collection is incomplete (O<n<1) (this layer is hereafter referred to as ICCL i.e.,

incomplete charge collection layer). However, not only the thickness of ICCL but also
the relationship between ICCL and response function has not been clarified yet.

Considering above features, this paper is intended to search NCCL and ICCL of
Si(Li) detectors. Our interest is focused on the thickness of these layers. Furthermore,
discussion is done on the influence of the presence of detector window such as gold
electrode, NCH and ICICLE on the response function and detection efficiency.

The transmission of x-rays passing through the Is dead layer jumps at the Is-K
absorption edge energy 1.84 keg. Noticing this property, the jump ratio of the
detection efficiency was precisely measured by changing the incident energies of
mono-energetic photons at around 1.84 keV. Based on this jump ratio value and
response function, NCCL and ICCL have been searched and investigated. Mono-
energetic photons were supplied by SOR (synchrotron orbit radiation).

2. Relationship between detection efficiency and dead layer

Fig.1 shows the typical x-ray spectra of a Si(L1) x-ray detector irradiated by mono-
energetic x-rays of energies above 1.84 keV and below 1.84 keV. Each spectrum is
composed of a main peak, a low energy tail, an escape peak and a plateau spectrum
extending from zero to incident energy. Remarkable difference in these two spectra of
above and below 1.84 keV is in the intensity ratio of the tail to main peak. Under the
simple model that the Si(Li) detector is composed of a Au electrode, a Si dead layer, and
an intrinsic region as is shown in Fig.2a, the detection efficiency € for the detection of
the counts N of the area under Gaussian distribution of the main peak can be written as

EsiLiy = T(Be) T(Au) T(S1) Ceap(S1) Cese C, (1)

where T(Be), T(Au) and T(Si) describe the transmission of x-rays through Be window,
Au contact and Si dead layer (NCCL), respectively. Ccap(Si) is the efficiency for x-rays
photoabsorbed in the effective volume, Ceg is the correction for the production of an
escape peak, and the last term C includes all other corrections such as the effects of the
nonuniformity of the detection sensitivity4 and of the dead time for counting. The
factors T(Be), T(Au), T(Si) and Cesc are described as

T(Be) = exp( - UedBe), )
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T(Au) = exp( - taudaw, (3)
T(SD) = exp( - psidsi), 4)
Cesc = 1/(1+ Nese/N), (%)

wher_e Hi and d; respectively denote the absorption coefficient and the thickness for
material i, and Negc is the x-ray counts of escape peak.

. As was pointed out by Llacer? and Shima et al.3 , the area of low energy tail spectum, Ny

is a fractional product from incident x-rays and it should be regarded to be the loss count from the
main peak count N. TIneq.(1), the consideration for this loss count is missing. Since the tail
spectrum is considered to originate at the boundary between the intrinsic region and the dead layer
in Fig.2a, we restart from the model as is drawn in Fig.2b in which the detector is composed of
NCQL (M = 0), ICCL (0<n<1) producing the tail spectrum, and an intrinsic region (n=1).
In this case, the expression for € can be described by

EsiLiy = T(Be) T(Au) T(S1) Ceap(Si) Cese Crait C, (6)

where Cyil is the correction for the production of the tail spectrum, i.e., the ratio of photons
passing through ICCL and being photoabsorbed in the intrinsic region to the photons absorbed in
the ICCL, given by

Cuait = 1/(1 + Nai/N) . (7)

The detection efficiency given in eq.(6) is not a smooth function of x-ray energy,
but changes rapidly at Si-K absorption edge energy, because , the factors T(Si), Cegc and
Cuail change rapidly at 1.84 keV. Therefore, if the jump ratio, €y/€L , of Esi(Li) in €q.(6) at
1.84 keV given by

EH/EL = {CoscCuail T(SD } i/ { Cesc Crait T(SD) ) 1 (8)

1s experimentally measured, and the ratios {Ces Ju/{Cesc)L,» {Crait}u/{Cuit) L are also
measured, then the ratio {T(Si)}n/{T(S1)} is inevitably obtainable. Here, H and L
respectively indicate the limits for values €siLi), Cesc , Crail . or T(Si) approaching from
higher side and lower side of x-ray energies to 1.84 keV. Thus the thickness of NCCL,
ds;j, can be estimated from the ratio {T(Si)}u/{T(Si)} and eq.(4).

3. Experimental procedure

The experiment was done at the Photon Factory of National Laboratory for High
Energy Physics, KEK, where the synchrotron radiation from 2.5 GeV electron storage
ring is available. The monoenergetic photon beam was obtained from undulator
radiation coupled with a channel-cut monochrometer, made of InSb for photons above
1.74 keV. The energy spread of incident photons was less than 1 eV and the
contamination of the higher order photons was less than 0.02 %.

In order to obtain the values €€y, {Cesc )0/ { CeseJ1 @and {Crait}u/{Cuait] L in eq.(8)
experimentally, the limits of €siLiy . Cesc (0r Nege/N in €q.(5)) , and Cpaji (or NN in
eq.(7)) approaching from lower energy side of 1.84 keV and and from higher energy
side of 1.84 keV were deduced by scanning the incident photon energy at around 1.84
keV. A schematic of the apparatus is illustrated in fig.3.

A high purity Lucite plate was irradiated with a photon beam of 2mm x 1mm in spot
size. The elastically scattered photons were detected simultaneously with a Si(Li)
detector and a proportional counter installed at £135% to the beam direction.

In the present geometry displayed in fig.3, the ratio of the main peak count of the
Si(Li) detector, N , to the peak count of the proportional counter, Npc , is written as
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where €, means the detection efficiency of the proportional counter, Qsjriy=

2.27x104 st and Q. = 6.75x10-5 st are respectively the solid angles subtending the
effective area of Si(Li) detector (10.8 mm2) and proportional counter (7.06 mm?2). The
endcap of the Si(L1) detector was placed inside the vacuum. Its energy resolution was
160 eV at 5.9 keV and the manufacturer's specification lists the thickness of Be window
as 8 pm, the gold contact as 200 A and the Si dead layer as 0.1 pm. On the other hand,
the proportional counter was composed of 6 ;Lm aluminized Mylar window, and the

flow-mode PR gas region whose effective diameter was 34 mm. The g value, defined
as the product of (a) the transmission of x-rays through a Mylar window and (b) the x-
ray absorption efficiency for x-rays inside the PR gas counter, was obtained as follows.
The x-ray counts of a Si(Li) detector normalized by the counts of a proportional
counter were compared between the case with a 6 pm Mylar sheet inserted in front of
the Si(Li) detector and the case free from the Mylar sheet (see fig.3), which leads to the
value (a). On the other hand, the value (b) was evaluated through calculation by using
the effective PR gas thickness and photoabsorption cross sections. The raw spectra
obtained with a Si(L1) detector were already shown 1n fig.1. As for the deduction of x-
ray counts of the main peak N, the tail area Ny, . and the escape peak Negc, firstly, the
plateau component (drawn with hatched lines) was subtracted from the original
spectrum using a step-like functionS. Secondly, the counts N and Neg. were determined
using a Gaussian distribution. Finally, the remaining x-ray counts were regarded as Ng;.
All the present Si(Li) spectra were obtained under the background free condition for
the detection of monoenergetic photons. Nevertheless, as is seen in fig.1, the spectrum
is inherently accompanied by the plateau component extending to the incident energy.
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This component is to be discussed in a separate papexf, and it is sufficient to mention
here that this component is irrespective of the detection efficiency.

4. Results

Fig.4 shows the observed Ceg values along with the c:alculation by Reed et al.”7

(originally, it is presented with the ratio Neg/N in €q.(5)) given by,

Cesc=1-0.5(1 - 1/r) ox {1-(ux/ MspIn(1+ psi/ )}, (10)
where r is the jump ratio of absorption coefficient at the Si-K absorption edge energy,
wy is the Si-K shell fluorescence yield, and pik is the absorption coefficient for Si-K x-
rays in Si. Concerning the value Cegc , observed values are known to be reproduced by
eq.(10), which has been reconfirmed at present by obtaining much more data points.
Extrapolating the observed values to 1.84 keV in fig.4, we obtain the ratio of Cesc in
eq.(5) as

(Cesc}u/{Cesc )L = 0.9818 + 0.0004, (11)
where the value {Cpii)L =1, as is easily estimated from similar formula to eq.(10) for the
escape of Si-L x-rays.

Production of the tail spectrum is caused by the incomplete charge collection near
the detector surface238. Hence, the Ny;i/N values of x-rays below 1.84 keV, which are
absorbed in relatively deeper portion of the detector surface, are much smaller than
those of x-rays just above 1.84 keV. Fig.5 shows the Cyaj1 values of eq.(7) based on
the data of Ny,j/IN . The limit of Cyy;) values approaching 1.84 keV becomes as

{Cuait}/{Cuait} . = 0.807 (1 £0.025). (12)

In order to deduce the ratio of detection efficiency eu/er in eq.(8), the x-ray count
of the main peak, N, was divided by the corresponding peak count of the proportional
counter, Ny (see eq.(8)). Results are shown in Fig.6 as a function of x-ray energy. In
order to obtain the ratio ex/gp, = {N/Npc}u/{N/Npc )L, the limits of {N/Npc )}y and (N/Npc)y
at 1.84 keV are to be evaluated from fig.6. Using the parameterized functions for each
set of N/Npc curve determined through least squared fitting, the ratio of limits of two
curves at 1.84 keV is given as

ey/ €L =0.790 (1 £0.007). (13)
The value of dg; can be evaluated from eqs.(4) (6) (9) (10) and (11). Taking into
account the experimental errors and using the tabulated absorption coefficient? for
we obtain

ds; = 0.005 £ 0.036 pm (14)

b

5. Discussion
5.1. NCCL and OCCL

Present result of ds; in €q.(14) indicates that the dead layer which does not
produce output signal , NCCL , is extremely thin, and may be regarded to be absent
within the experimental uncertainty. This is an amazing fact, because it has long been
considered that there exists such a layer as 1 =0.
On the other hand, if we compare eqs.(12) and (13), it is understood that the
discontinuity of €si1;y at 1.84 keV is dominantly caused by the factor C; apart from
the small fraction of the escape peak. This fact means that the photons absorbed in the
vicinity of the detector surface are mostly detected as a tail spectrum. Under the model
given in Fig.2b, the effective thickness for the production of tail spectrum, di, can be
estimated through the relation,

Crail = 1/(1+ Niai/N) = exp(- fisi drail ), and (15)
{Cai)p/{Cait)L = exp({- (Uspu+ (s)L ) dail) (16)
where (ptspy and (usyr indicate the absorption coefficient.at the limits of higher and
lower energy sides of 1.84 keV, respectively. From egs.(12) and (16) , we obtain,
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diait=0.26 um . (17)
Some manufacturers of Si(Li) detectors list the thickness of "Si dead layer” in the
specification for each detector it is typically 0.1 or 0.2 um. Within the framework
of the author's knowledge, the basis for the derivation of this thickness is not clear. In
addition, it is not certain if this "dead layer" means NCCL or ICCL. For the investigated
detector at present, it can be said that only ICCL is present in the "dead layer".

5.2. Detection efficiency

At present, so-called "dead layer" has been divided into two layers, and each layer of
NCCL and ICCL has been individually confirmed to be present or not. The concept for
the dead layer being composed of two layers is correlated to the estimation of detection
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