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K-shell internal ionization and excitation in 8 decay of 3°S
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Using a flat-crystal x-ray spectrometer designed for low-energy photons from radioactive sources, the
K-shell internal ionization and excitatioiik-IIE) in the 8 decay of®*S has been investigated by measuring
chlorine K x rays from carefully purified®®S sources. We have succeeded for the first time in obtaining a
high-resolution spectrum of thHéa x-ray group emitted after thg decay of*>S, which consists of at least six
lines, indicating that multiple ionizations and excitations includingnd M shells are dominant in thi€-11E
process during thed decay of lowZ nuclides. TheK-hole creation probability for®S determined is (2.8
+0.5)x 10 ° per decay, which agrees well with the previous result by Rubinson and Howland within the
standard deviation. The comparison with available theoretical calculations is also given.
[S0556-28189)04209-0

PACS numbd(s): 23.20.Nx, 23.40-s, 27.30+t

[. INTRODUCTION atom and those of the parent atom, which are emitted by the
collision of B particles with parent atoms in the source.
One of the atomic processes accompanyghgecay is The resolution of high-performance semiconductor detectors
K-shell internal ionization and excitatiofK-1IE); a K-shell  is not enough to resolve those adjacent x rays in the Zow-
electron of the parent nuclide goes to the continuum of theegion.
daughter in internal ionization, while it goes to an unoccu- The P, measurement fof°S (Z=16) was performed by
pied higher-bound state in internal excitation. A mainRybinson and Howland in 1954]. In their measurement by
mechanism of th&-IIE process is so-called electron shake- yroportional-counter pulse-height analysis, the photon spec-
off and shake-up caused by the sudden change of the Coy, ghtained consist of a superposition of Cl ané & rays
lomb charge of the nucleus duringdecay[1,2]. Since the g6 1g the poor energy resolution of proportional counter. In
K-IIE process is signified by the emission Kf x rays of Bhe measurement with°S, we are to be careful of the
daugh_ter elements, the phenomenon can be exammEd by taﬁmunt of chlorine ions as impurity IS sources. First,
detection of thes&K x rays. A measurable quantity to be L . . .
chlorine ions may be mixed into solutions at any stage of

compared with theory is thK-hole creation probability per . . .
decay,Py , which is of the order of 10°—10* depending source preparation, because they exist everywhere in the ex-
on the, ato,mic number perimental environment. Second, the amount of chlorine ions

In 1953, Boehm and Wu first studied thellE process in the original solution gradually increases as a result of the
during the,b decay of“Pm by observingK x rays of the ~decay of*S. There is no remark on the removal of chlorine

daughter4’sSm[3]. Since their work, thé, values for more  1ons in the work by Rubinson and Howland. _
than 20 nuclides have been determined with various methods Critical P measurements with improved nuclear instru-
of x-ray detection. However, there are feRy values for mentation are clearly desired for lod/nuclides. We report
nuclides withZ< 20. One of difficulties in measuring tie, ~ here in detail our recent experiment to obtain a relicle
of such lowZ nuclides comes from the fact that thex-ray ~ value for>S with a flat-crystal x-ray spectrometer, for which
emission in theK-IIE process is less intense with decreasingthe energy resolution is much better than semiconductor de-
Z. According to a rough theoretical predictip#,5], P¢ in-  tectors in the lowZ region. Technical improvements in the
creases as Zf with decreasingZ. The increase irPy is  presentP, measurement are the energy resolution in x-ray
compromised by the decrease of tKeshell fluorescence detection and the almost complete removal of chlorine ions
yield wy , i.e., the probability with which th& hole is filled  from 3°S sources. Furthermore, with the aid of the excellent
through x-ray emissionpy decreases more steeply with de- resolution of the x-ray spectrometer, we have found that
creasingZ. The other difficulty in the measurement of |&v- there are several components in thekGt x rays emitted in
nuclides is separation between the x rays of the daughtehe K-1IE process during3 decay. In Sec. Il, the experimen-
tal procedure to obtain the high-resolution photon spectra is
described. The analysis of experimental data and the result of
*Present address: National Institute of Radiological Sciencesthe Py probability for3°S are given in Sec. Ill. The compari-
Anagawa 4-9-1, Inage-ku, Chiba pref., Japan. Electronic addresson of this result with theoretical calculations is given in Sec.

d_ohsawa@nirs.go.jp IV. Discussions on the high-resolution spectrum of the CI
TCorresponding author. Electronic address: Ka x-ray group and suggestions for future work are given in
yasuhito@barium.rirc.kyoto-u.ac.jp Secs. V and VI.
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: rangement was set to the shortest, i.e., 50 mm for the dis-

" Aluminum tance between source and crystal and 45 mm for that of

/ d crystal and PSPC. The longest arrangement to achieve the

. best resolution was 70 mm for both distances.

Iron The counter gas for the PSPC wast80% CH,. In order
to avoid the absorption of low-energy photons in air, hydro-
gen gas was made to flow through the desiccator at a rate of
5-10 ml/min under a pressure of 1 atm. The pressure in the
PSPC was kept a little higher than that of hydrogen gas, i.e.,
1.10 atm. Such a small difference between the pressures is
necessary to suppress a change in the sensitive thickness of
the PSPC by making the counter wind@@+mm-thick poly-
propylene film) distended to the outer side. The fluctuation in

50 the pressure of counter gas was kept below 1% by a hand-
made pressure controller.

\
\
\

FIG. 1. The experimental layout for the high-resolution x-ray B. Source preparation
measurement: PSPC, position-sensitive proportional counter; CY,

; : ; i 35 10
Geg(11]) crystal; S, radioactive source; M, magnet; XYS, xy-axis Two kinds of rad!oactwe sources, i.€3S and **Cd,
stage; XS, x-axis stage; ZS, z-axis stage:; RS1 and RS2, rotatia@ve been prepared in the present measurements. The energy

stages; G1 and G2, aluminum guide rails. of the AgL a, , line emitted from the electron-capture decay
of 19%Cd is 2.984 keV, which is near to that of the Kk ,

Il. EXPERIMENTAL PROCEDURE line, i.e., 2.622 keV. The Ag-al,z line from a calibrated
10%Cd source has been used to determine the absolute inten-
A. Apparatus sity of the ClKa x rays emitted fron?>S, as described in
An improved version of the flat-crystal x-ray spectrometerSec. lll.
developed in our previous workg,8] was used for the high- ~ The chemical form of carrier-freé°S purchased from

resolution measurements of low-energy photons emittedRC (American Radiolabeled Chemicalss N&SO, in
from radioactive source®S and°°Cd. The geometrical ar- aqueous solution; its specific activity is about 3.7 GBg/ml.
rangement of position-sensitive proportional coutR8Pg,  Chlorine ions in the original solution were removed by the
crystal, and source in the spectrometer is schematicallnicroresin column techniqugl0,11; the resin used is
shown in Fig. 1. The PSPC has a single anode wire consisPowex 1-CI' and the column size is 0.8 mmdiameter
ing of 7-um-diam carbon fiber with a resistance of @km; X5 mm length. Successive treatments for the purification of
the sensitive area is 6015x 10 mn? and the window is a *°S were as follows: (1) 5 ml of 2N HNO, and then 1 ml of
6-um-thick aluminized polypropylene film. The position of distilled water to change the chemical form of the resin from
incident photons on the PSPC was obtained by the chargé&owex 1-CI" to Dowex 1-NQ", (2) 0.1 ml of the original
division method, in which the position is deduced as a raticsolution to adsorb th¢8 activity on the resin(3) 5 ml of
of the pulse height of an output signal from one end of thed.01N HNG; to remove away chlorine ions from the resin,
resistive anode to the sum of those from both ends of thand (4) a few drops of 2N HN@to take up theB activity.
anode. Position and energy signals from an analog dividelMore than 95% of the activity was contained in five drops
(Ortec 464 were stored in the list mode of the data acquisi-(~150 ul) at the last step. No visible residue was seen after
tion system(First Comtec MPA/SBR The performance of adding 10ul of 0.005N NaOH to the drops and drying up
the PSPC with a carbon-resistive anode is described in Rethem. The addition of NaOH is necessary to avoid the seri-
[9]. ous contamination in heating the radioactive drops; 3
The diffraction crystal is G 11), of which the size is is much more stable than,BO, at high temperatures. After
50X 20X 5 mnT and the interplanar spacinglds 6.5327 A.  the activity was solved in a drop of distilled water with a
The PSPC is rotated around the center of crystal ing#8¢  volume of about 2ul, the drop was put on a carbon strip of
mode, where the rotation angle of the PSPC is preciselt mm width and 20 mm length. The active area on the strip
equal to twice that of crystal itself. All electrons from a was about 1 mmt3 mm, and the intensity was 370 MBq at
radioactive source were bent away by the magnetic fieltl ~ the highest. The strip was glued on the 2-mm-thick Lucite
kG) of a magnet, inside which the source was mounted, aplate. The active area was covered with a 1@mi-thick
shown in Fig. 1. All metal parts around the source werepolypropylene film; this is helpful to avoid the contamination
carefully covered with Lucite to suppress the production ofof the whole part of the x-ray spectrometer inside the
any external radiations. The whole assembly of the presentacuum-proof desiccator in the long-running x-ray measure-
spectrometer was installed in a plastic desiccator, which waments(45 days at the longest
then put in an electromagnetic shielding box made of 3-mm- The chemical form of%Cd purchased from NENNew
thick copper plates to eliminate electronic noises from surE£ngland Nuclegris CdC} in 0.1N HCI; its specific activity
roundings. To obtain the highest x-ray detection efficiencyis about 37 GBg/mg. The original solution with the activity
with the present spectrometer, the source-crystal-PSPC aof 37 MBq was purified with a Dowex 50W-Hmicroresin
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FIG. 2. Position spectra of photons emitted from differdi® sources: (a) A source prepared from the original solution without the
chemical purification andb) a source prepared by adding a small amount ofS@ to the original solution.

column (0.8 mmdiametes5 mmlength); cadmium ions construct the position spectra from list-mode acquisition
were eluted with 1N HCI. More than 80% of the activity was data: (a) with the S source andb) without a source. The
taken up in ten drops of the elutign-300 ul). The 1°°%Cd  large peak in the higher-energy side of the energy spectrum
source on the carbon strip was prepared from these drops) is caused by 9.886-keV G€x rays, while the small peak

following the same procedure as that for %8 source. in the lower side is caused by 1.188-keV G& rays. These
Ge K and L x rays are emitted through the photoelectric
C. High-resolution measurements of low-energy effect at the GEL1D) crystal, which is caused by photons
photons from *°S and 1°°Cd sources coming from the3®S source; they mainly consist of internal

In Fig. 2 are given position spectra of low-energy photond’rémsstrahlung emitted in thé decay and external brems-
emitted from two differenf5S sources, which were prepared Strahlung produced by the collision §f particles with sur-
from the original solution without the chemical purifica- founding materials near the source. Note tfiaparticles
tion: (a) from the original solution itself ancb) from the ~ from the source cannot arrive at the crystal because of the
solution admixed by a small amount of &0, (~10 ug/  Strong magnetic field in front of the source. As shown by the
100 ul solution). Energies corresponding to 2.622-keV Cl energy spectrunib) in Fig. 3, the intensity of natural back-
Kay,and 2.308-keV Ka; , x rays are indicated by arrows ground radiation is relatively small compared with that of Ge
in the figure. In order to catch both Cl and3x rays in the X rays. This indicates that the background continuum in po-
same spectrum, the diffraction anglgwas set to 48.4° with  sition spectra, e.g(g) and(b) in Fig. 2, is mainly caused by
the shortest source-crystal-PSPC arrangement. It is seen ththe Ge x rays from the crystal.
the separation of CK x rays from SK x rays is sufficient The position spectrum of K x rays emitted from the
even with the shortest arrangement. purified %S source is given by Fig.(8). The chlorine impu-

There is a faint bump of & «;, x ray in the position rity in the original solution was almost completely removed
spectrum(a) in Fig. 2, which was caused by the self- by the chemical purification in the source preparation. In this
absorption ofg particles in the carrier-freé®S source. This measurement, the diffraction anghe was set to 44.5° with
bump became larger when a more intef$® source was the longest source-crystal-PSPC arrangement. The source in-
used in the measurement. No peak ofkCk rays appears in  tensity was about 370 MBq, and the measuring period was
the spectrum(b), indicating that a small amount of sulfur 45 days. There appear at least six lines in the spectrum, as
atoms in the source is enough to absorb almost completelyndicated by the arrows P1—P6. These lines are hidden by the
those x rays. big peak of CIK«, , x rays in spectrunga) in Fig. 2, which

Energy spectra observed with the PSPC are given in Figvas obtained with an unpurified?S source. Thus the re-

3, of which the blackish region indicates the energy width tomoval of chlorine ions from the original solution is essen-
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FIG. 3. Energy spectra obtained with the PSP with the 3°S source andb) without a source. Both spectra were obtained with the
same measuring periodabout 1 week The linearity in energy scale is not good because of the high voltage applied to the(R&ERG/),
which was necessary to obtain the better signal-to-noise ratio for the position signal of the PSPC; the maximum voltage to keep the linearity
for up to 10-keV photons is about 1200 V.
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FIG. 4. The best-resolution spectra ofkCk rays emitted from the purifie?S source: (a) covered with a 13.%m-thick polypropylene
film and (b) a 20.um-thick vinylidene chloride film. Arrows P1—-P6 in the spectriahindicate the positions of individual lines of the ClI
Ka x-ray group.
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FIG. 5. The position spectra of photons emitted from the puriffé@d source; the Ad «a; ; line in the AgL x-ray group was used to
calibrate the overall detection efficiency of the PSPC in the flat-crystal x-ray spectrometer.

tially important in the present experiment.
Spectrum(b) in Fig. 4 was obtained by covering the same
purified source with a 20.gim-thick vinylidene chloride

In the above expression, is the number of CK x rays in
the position spectrum measured with the flat-crystal x-ray
spectrometer. The factdt, is the total number o particles

film; the experimental arrangement is precisely the same asmitted from a®°S source in the same period of the x-ray

that for spectrum(@). Spectrum(b) consists of ordinary CI
Kaj , X rays(2.622 keVf and CIK 3, 3 x rays(2.816 ke,
which are emitted by the collision g8 particles with chlo-

measurement. The factd, is the overall detection effi-
ciency of the spectrometer for ®l x rays, which is defined
as a ratio of the number of ® x rays detected by the PSPC

rine atoms in the vinylidene chloride film. The energy of oneto the total number of CK x rays emitted from the®S

of peaks in the spectruiia), i.e., P2 line, coincides with that
of the CIKa; , x rays in spectruntb).

source. The ratio, /N was determined with two different
353 sources, while the efficiendy, was determined with a

The position spectra of photons emitted from the purified'°9Cd source. The technical details to obtaiYN; and D,
199Cd source are shown in Fig. 5. In this measurement, there summarized in Appendixes A and B, respectively.

diffraction angled, was set to 35.5° with the longest source-

The K-hole creation probability per decaly , is

crystal-PSPC arrangement. A main peak at the left side of

the spectrum is caused by the 2.984-keV Rg; , line,

which was used to calibrate the detection efficiency of the

PSPC for the CKa; , X rays, as explained in Sec. lll. The
intensities of AgLB346, AQ LBy5, and AgLy, lines are
about one order of magnitude enhanced comparing wit
those of AgL a; ,and AgL 3, , because of the steep increase
of the detection efficiency of the PSPC at tHeedge of
argon(3.206 keV.

IIl. DATA ANALYSIS

The K x-ray emission probability peg decay, Xi, is
given by

n, 1

XK:NB D’ (1

PK:& 2

(UK.

As seen in Fig. 4, the spectrum Bf x rays emitted in the

A(-IIE process during th@ decay is apparently different from

that of ordinaryK x rays emitted from atoms singly ionized

or excited by electron bombardments. Thg value, which

is to be used in Eq2), is not necessarily the same as that for
the ordinaryK x rays. There is, however, no way to estimate
the wk value for theK-IIE process in the present situation. In
the data analysis foPy , we have adopted

wx=0.099* 0.010 3)

for chlorine, which is the most reliable value for the chlorine
atom singly ionized or excitefl2].

In Table | are given the experimental results ¥¢ and
Pk ; the present results are in the second column, while those
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TABLE |. Results for probabilities(, and Py . TABLE II. Theoretical Py values (/10°3) for S.
Present work Rubinson and Howldnd SCF Calculations
Present experiment CNTM LSP

XP (2.8+0.F)x10°* (2.47+0.35%)x 1074 P
PS¢ (2.8+0.5)x10°3 (2.3+0.69x10° 2 2.8+0.5 3.37 ~5.F
3Referencd6]. aReferencd 17].
PK x-ray emission probability peg decay. PReferencd2].
°K-hole creation probability peg decay. “Obtained by the extrapolation of numerical results in R2f.

dStandard deviation.
°Standard deviation estimated from the 99:1 probable error in Ref. Using SCF functions, Law and SuzJ@] performed sys-
[6]. tematic calculations according to the one-step approach. The
Dirac-Fock-Slater model with optimized potentials for the
by Rubinson and Howlan@6] are in the third column. A exchange interaction was employed for the ground state of
main part of errors in the present results come flognand  the parent atom. The configuration in the final state was care-
P, (the La x-ray emission probability per electron capture fully reconsidered in their SCF calculations. It is implicitly
decay of'%Cd, as defined in Appendix)Bof which uncer- assumed in the SCF calculation by Carlsetral. [17] that
tainties are 10% for both factors. Statistical errors caused bghe final continuum electron moves in the SCF potential de-
x- and B-ray countings in the present work are relatively fined from the solution of the final ground-state ion; the
small compared with these uncertainties. K-shell occupation in this case is 2. However, the actual final
The errors in the results by Rubinson and Howland arestate compels thK-shell occupation to be 1, and one should
not equivalent to those in the present ones; we have estfind the SCF functions for the configuration with a hole in
mated standard deviations, while they estimated extreme etheK shell. They used SCF wave functions for the final state
rors based on the 99:1 probable errors. Using the standardith such a configuration, which were evaluated from three
deviation, their results to be compared with the present onedifferent approximations for the exchange interaction part in
are given by (2.470.35)x10 “ for X« and (2.3-0.6) the SCF potentials, i.e., the unmodified potential, the modi-
x 10 2 for Py ; the extreme error in their results is 0.6 for fied SCF potential using the local density approximation, and
Xy and 0.7 forPy . As seen in Table I, the preseXf and the modified SCF potential by the average Fermi momentum
Py values agree with the previous ones within the standar@pproximation. As already discussgtl, the agreement be-

deviations. tween calculations by Law and Suzuki and experimental val-
ues are excellent except for lo#nuclides.
IV. COMPARISON WITH SCF CALCULATIONS TheoreticalP values for*>S, which were deduced from

SCF calculations, are listed in Table II; “CNTM” and

Theoretical works ok-shell internal ionization and exci- “LS” mean the calculation by Carlsoat al.[17] and that by
tation (K-1IE) in the past three decades revealed that manytaw and Suzuki2], respectively. Law and Suzuki did not
body effects, e.g., electron-electron correlation and screeningalculate theP, value for *°S; their value in Table Il was
by other electrons, should explicitly be taken into account forobtained by the extrapolation of their results fCI(Z
a quantitative comparison of measurieg data of high reli-  =17), 4Ca (Z=20), and®®Co (Z=27). As seen in Table I,
ability. A brief historical sketch of theoretical investigations there is an evident difference between the present result and
of the K-IIE process during3 decay is given below. Follow- LS value, while the CNTM value is close by the present
ing the approach of electron shake-off and shake-up based @ssult. This implies that the SCF approach by Law and Su-
the simple overlap integrdl5,13-164, Carlsonetal. [17]  zuki is to be modified for lowZ nuclides < 20) in spite of
computed the monopole transition probability of the good agreement for highnuclides.

Pk=2(1-Pr=Pe), (4) V. DISCUSSIONS FOR THE COMPOSITE SPECTRUM

. - . OF Cl Ka x-RAY GROUP
wherePy is the probability for & electron to remain in the “«

K shell, while P is the probability for excitations to occu- In the present work, we have obtained very interesting
pied shells which are forbidden by the Pauli principle, andspectra ofK @ x rays emitted in the&-IlE process during3

the factor of 2 accounts for two electrons in tshell. They  decay of3®S. A typical example of such spectra is given by
used self-consistent-fiellSCH wave functions for bound Fig. 4a). The present observation of the composite spectrum
electrons, i.e., nonrelativistic Hartree-Fodk<30) and rela-  for the Ka x-ray group strongly indicates that the mecha-
tivistic Hartree-Fock-Slater4=30) wave functions. In or- nism of theK-IIE process during3 decay is quite different
der to treat theK-IIE process more precisely, Stephas andfrom that of the same process during other nuclear decays,
Crasemann[18], Law and Campbell[19], and Isozumi, e.g., electron capture and internal conversion, and by the
Mukoyama, and Shimizy20] developed the one-step ap- bombardment of light charged particles.

proach including the phase-space sharing between three lep- The peak area in the position spectra was divided into six
tons (B, atomic electron, and neutrinand the quantum ex- peaks by a nonlinear least squares[fi], in which the
change betweep and atomic electrons in the final state.  shapes of peak and background were assumed to be a Gauss-
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TABLE Ill. Results of measurements witiS sources.

Measuring
Intensity period n2 Ng° ne/Ng
Source (MBQq) (seo (counts/16) (counts/16%) 7r (/2071
No. 1 58.8:2.4 487,591 2.560.21 2.93:0.12 0.68-0.01 8.72:0.81
No. 2 93.3t3.8 865,020 6.970.40 8.46:-0.35 0.55-0.01 8.23:0.58

8Peak counts of CK x rays in the position spectrum obtained with the flat-crystal x-ray spectrometer.
®The total number of3 particles emitted from thé®S source in the same period of the x-ray measurement.
One of the correction factors necessary to deduce the absolute intensity SP@achircesee Appendix A

ian curve and a straight line, respectively. A preliminary spectrum of the CK« x-ray group, higher shells in addition
analysis determined the energies of the six lines to be 259 the K shell are also ionized or excited in most events of
eV for P1, 2622 eV for P2, 2636 eV for P3, 2653 eV for P4,the K-IIE process. From the measured spectrum of Khe
2680 eV for P5, and 2692 eV for P6. The systematic Diracx-ray group, it is possible to deduce the partial probabilities
Fock calculations for energies &f x rays emitted through of the K—plus-L"-hole creation in th&-IIE process, where
the decay of the multipl&- andL—plus-M-shell hole states n is the number ofL holes. It would be valuable to have
of elements withz=9-18 were performed by Maurer and theoretical estimates of the probability of such multiple ion-
Watson[22]. The energies for P3, P4, P5, and P6 lines agreézation and excitation in th&-IIE process during3 decay.
with the Dirac-Fock calculations; P3, P4, P5, and P6 corre-
spond to the states with one, two, thre_e, and four holes in the ACKNOWLEDGMENTS
L shell, respectively, in addition to a singtehole plus some
M holes. Thus the lines P3, P4, P5, and P6 are assigned to D.O. expresses his sincere thanks to Professor T.
satellite CIK« x rays. It is noted that the probability for the Mukoyama for continual encouragement. One of the authors
multiple ionization and excitation process is relatively large;(Y.l.) would like to acknowledge stimulating discussions
the P2 line corresponds to a single process, while the P3, Pwith the late Professor R. J. Walen and his colleagues at
P5, and P6 lines correspond to the multiple process. Th€entre de Spectrorrée Nucleaire et de Spectrorée de
origin of the P1 line has not been revealed in the presenilasse, Orsay, France; we already discussed the possibility
work; a two-quantum phenomenon such as the radiative Aufor the experimental observation of satellite and hypersatel-
ger proces$23,24 is one of the possible candidates. A fur- lite K x rays in the nucleaB decay more than 15 years ago.
ther detailed analysis for thKa x-ray group is now in
Progress. o o _ APPENDIX A: DETERMINATION OF THE RATIO  n,/Ng

The internal ionization and excitation during decay
(1IE) are caused by the sudden change of nuclear charge in Two purified 355 sources were prepared to determine the
the model of electron shake-off and shakeftip Since the ratio n,/Ng in Eq. (1); their intensities were 58.8 and 93.3
change of nuclear charge i decay is unity, i.e.Z—Z  MBq. In the measurements to determine g probability,
+1, the effect of the change to atomic electrons becomethe shortest source-crystal-PSPC arrangement was employed
larger for lowerZ nuclides. It be expected that the intensitiesfor the most effective x-ray detection. The factgris given
of satelliteK « x rays may be relatively increased for lonr- by a sum ofKa and KB peak counts in the position spec-
nuclides. We are planning to perform x-ray measurementfum measured with the spectrometer. Peak counts of six
for simple B-decaying nuclides of?P, 3%, 4°Ca, and®Ni lines in the CIKa x-ray group were summed up as tke
with the same instrument as used in the present work. Simix-ray counts. The counts d{g x rays were actually zero
lar high-resolution measurements for higlZeruclides are

also desired, if possible. TABLE IV. Results of measurements with tA&Cd source.
Measuring
VI. CONCLUDING REMARKS period N2 erb D°
In this work, we have obtained two significant results Run  (se9 (counts/16)  (counts/16’)  (/107")
mainly from the vyell-resqlved spectrum of th.e Kk x-ray 1 15680 4.060.21 215024  3.12-0.40
group, S::ICh gs Frl]g.(é)t.) Flrst,dtheK-hoI(z cre_ar:!on probat_nl_— > 24200 594023 3.15-0.35 310-0.38
ity, Pk for >°S has been determined within a precision 3 6213 1.42-0.094 771-0.84 3.04-0.41

enough to be compared with the most reliable calculation by
Law and Suzukj2]. We have found that their theoretidaj %Peak counts of the 2.984-keV Aga;, x rays in the position
apparently deviates from the value presently determined. It ispectrum obtained with the x-ray crystal spectrometer.

evident that their SCF theory for th&IIE process should be PThe total number of the 2.984-keV Aga, , x rays emitted from
reexamined for lowZ nuclides. Second, we have obtained the *°°Cd source in the same period of the x-ray measurement.
new information on the mechanism of tKellE process dur-  “Overall detection efficiency of the flat-crystal x-ray spectrometer
ing B decay. As seen from the intense satellite lines in theor the CIK x rays, which is defined by EqB1).
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because th&K S line was so weak as to be buried in the in the position spectrum such as in Fig. 5 amd is the total

background, as seen in Fig(a

number of AgL e, , X rays emitted from thé®Cd source in

After the x-ray measurement with the flat-crystal spec-the same period of the x-ray measurement. Source-crystal

trometer, the whole carbon sheet®8 source was immersed
in 2N H,SO, solution with a volume of 1 ml, which was then
diluted to 100 ml with distilled water. A part of the solution
with a volume of 0.1 ml was further diluted to 100 ml, of

and crystal-PSPC distances were exactly the same as for the
measurement to determimg /N with 353 sources, i.e., 50
and 45 mm, respectively.

The ratio ofn,, /N,, in Eq. (B1) is the overall detection

which 0.1 ml was dissolved in a 10-ml scintillation cocktail efficiency for the 2.984-keV Ad-a; , x rays. The factors

to measure the8 radioactivity. Then the total number ¢f
particles,N, is given by
Hgng 1

= . (A1)
# Dgagn

In Eq. (A1), Hz is a correction for the decay ofS in a
measuring period:

exp(AT)

A T exphAT)" (A2)

where \ is the decay constant ofS, i.e., (9.464 0.008)

X 10" 8/sec,AT is the period of the x-ray measurement, andP°
T is the interval between the start time of the x-ray measure-

ment and the time of the absolugeray counting of the®>S
source. The factoD g in Eq. (Al) is the 8 detection effi-

ciency of the liquid scintillation counter presently used

(Beckman LS-6500 which was determined to be (0.960
+0.015) for>°S with an aid of a**S reference source pre-
pared by Du Pont Merck Pharmaceutical. The factgris

€1, €2, €3, ande, are necessary to correct the difference in
energies of CKa , x ray (2.622 keVf and AgLa; , x ray
(2.984 keV: &4, for the intrinsic detection efficiency of
the PSPC;e,, for the efficiency to penetrate the (45
+50)-mm path length of hydrogen gasj, for the effi-
ciency to penetrate the 13.66n-thick polyethylene film,
with which *°S and'%*Cd sources were covered to avoid the
activity contamination;e,, for diffraction by the Gé&L11)
crystal. The factore; was estimated to (1.330.03) from
the simple calculation performed by our previous wik].
The factore, is actually 1.00. The; value was estimated to
(0.962+0.002) from the mass attenuation coefficient of
lyethylene.

The integrated reflection power for the perfect crystal in
the rotation method is given by

A8 1
o

P=Gn 6, EZ’ (B2

whereé, is the Bragg angle of diffracted photons which goes

the count rate of the diluted solution obtained by the scintil-perpendicular through the center of the PSPC window,\and

lation counter, and is the dilution factor equal to 16.
The factor is a ratio of the activity transferred from tiies
source to the EBO, solution, which was determined by the

and E are the wavelength and energy of incident photon,
respectively[26]. With the approximation in Eq(B2), the
factore, was estimated to be (1.3(.03).

B-ray countings of the carbon backing sheet before and after The total numbeN,. in Eq. (B1) was determined from

immersing it in the HSO, solution.
Final results ofn, /N as well as measured valuesmf,

Ng, and 7 for the two ®*S sources are listed in Table IIl.

APPENDIX B: DETERMINATION
OF THE EFFICIENCY Dy

The detection efficiencyD, in Eq. (1), is given by

Ny

DX:81828384N_, (Bl)
X,

which was determined by using 2.984-keV Ag; , x rays
emitted after the electron capture decay'®Cd; the inten-

Ny =HecPywRlec, (B3)
where | ¢ is the absolute intensity calibrated for*8%Cd
reference source prepared by Laboratoire de Mesure des
Rayonnements lonisant®,,, is the intensity ratio of the
88-keV vy ray emitted from the purified®®Cd source to that
from the reference sourc®,, is the La; , x-ray emission
probability per decay, which is equal to 0.050.005[12].
The factorHgc is a correction factor for the decay &1°Cd
in the measuring period, of which the expression is the same
as for the decay of°S, i.e., Eq(A2); the decay constantis
(1.734+0.002)x 10" 8/sec for%Cd.

Three experimental runs to determine the efficiey

sity of a 1°°Cd source prepared for this purpose was 26.2vere performed with the sané°Cd source. Results for,, ,

MBg. In Eq.(B1), n,, is the peak counts of Agay , X rays

N, , andD, are listed in Table IV.
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