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ABSTRACT

INTERNAL BREMSSTRAHLUNG ACCOMPANYING K-CAPTURE,
AND INTERNAL BREMSSTRAHLUNG ACCOMPANYING AESQ-
TONIZATION IN BETA DECAY, IN THE DECAY OF T1

by .
ARNOLD ZIDE
ADVISOR: PROFESSOR HENRYK LANCMAN

By measuring coincidences between bremsstrahlung
photons and x-ray photons emitted during the filling of

vacancies produced by the capture of K-shell electrons in

204T1, we have measured the partial 1s internal bremsstrah-

Tung spectrum. A 3" by 3" nalI(T1) detector and a low energy,
high-resolution Ge(Li) detector were used to obtain the coin-
cidence spectra in a slow-fast coincidence system ( Ti‘; 13
nsec). Data was acquired in a two-parameter analysis mode,
and a biased amp]ifiér was included in the Ge(Li) branch in
order to define more accurately the distribution of pulses
within the Hg K x-ray range. This allowed for better deter-
mination of the background in the coincidence spectra, and
resulted in the identification of x rays in addition to the

Hg K x rays in coincidence with the bremsstrahlung photons.
These x rays are higher in energy and weaker in intensity than
the mercury K x rays. Data obtained with beryllium, aluminum,
and copper absorbers proved these x rays to be autoionization
Pb K x rays accompanying internal bremsstrahlung photons 1in

the beta decay of 204T1, an effect which has not been previous-

1y reported.



The experimental IB spectrum (accompanying K-capture)
is compared to various theoretically predicted spectra with
a chi-square fitting routine, which is used to predict the

Q-value of the capture transition.
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INTRODUCTION

The purpose of this investigation was to measure the in-
ternal bremsstrahlung (IB) accompanying K-capture in 204T1,
which is a first-forbidden unique transition, and compare it
to a theory Suitab]e fqr this degree of forbiddeness. Recent-
ly, Zon and Rapoport,jfzhave developed a theory of IB in )
electron capture valid to any degree of forbiddeness, but a
reliable test of this theory for first-forbiddeh unique decays
has not been made.

It is of particular intefest to measure the K-capture IB

204

spectrum from T1, since a previous measurement3 resulted in

considerable disagreement between the experimental and theo-
retical intensity predicted by the Martin and Glauber theoryf’5
which has generally been a successful treatment of the pheno-

menone']zfor allowed decays. Other measurements of the IB

613,14 ,ve been made in order to determine

from this nuclide
the energy of the electron capture transition. These investi-
gations did not yield the intensity of the IB spectrum, and
assumed the Martin and Glauber theory in order to obtain the
end-point energy of the spectrum. There have been indications
that the results of these measurements have been unr*eh‘a\b]e].s’]6
" The Zon and Rapoport theory has been compared to experi-
ments in a few cases for allowed transitions, and has been
shown to give slightly better agreement with the experimental
intensity than the Martin and Glauber theory.2 In thé one
case where the theory has been compared to the first-forbid-

den unidue transition in 41Ca, the results are uncertain due
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to experimenta]wcomplications.

In order to obtain the IB data, a system was developed
for taking coincidence measurements with a NaI(T1) detector
and a high reso]ution Ge(Li) spectrometer. The Ge(Li) detec-
tor a]lowéd accurate analysis of the bremsstrahlung associated
with the components of various x rays. The system apparatus
was designed to maximize the coincidence counting rate to com-
pensate for the low counting efficiency of the x-ray detector,
and to minimize scattering between the two detectors. Data
was stored in multichannel analyzers in 2-parameter analysis
mode, which allowed measuring the number of coincident photons
versus their energies.

In the course of measuring the IB spectrum, we have ob-
served-an effect which we have shown to be associated with the

204

beta decay branch in T1, and which has previously been un-

reported. It is also to be noted that in the Lancman and

204T1, a large

Bond investigation of the 1s IB spectrum in
and unavoidable background due to the double internal brems-
strahlung (DIB) produced in the beta decay of 204T1 contri-
buted to the IB coincidence data. ATthough it was impossible
to eliminate this contribution to the present experimental
data, it has been possible to reduce this background and
accurately account for it with the high resolution Ge(Li)
spectrometer in the x-ray branch of the system. This detec-
tor was used with a biased amplifier in order to distribute

the narrow band of pulses in the range of the mercury K

X rays along 64 channels of the spectrum, which permitted



careful examination of the background in the region between
the Hg Kc( and Hg Kfe X rays. The examination of this re-
gion revealed structures more complicated than the DIB alone
could account for. A careful analysis proved these struc-
tures io be the autoionization Pb K x rays accompanying
bremsstrahlung photdns in the beta decay of 204T1.

A full discussion of this effect; in which internal
bremsstrahlung is observed in autoionization, is included in

the analysis, and presented in the discussion of the coinci-

dence data (see Analysis of Coincidence Data--Part III 2.2).
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THEORY OF IB ACCOMPANYING K-CAPTURE

Radiative orbital electron capture is a process in which
continuous in energy electromagnetic radiation accompanies
the capture of an orbital electron by the nucleus. This -
radiation, called internal bremsstrahlung, is of Tow inten-
sity and is therefore masked usually by the discrete gamma
rays of nuclear and (or) atomic origin: associated with the.

capture process. In 204T1,

for example, the ;B is obscured
by the electron capture x rays, and by the internal and
external bremsstrahlung accompanying the beta decay.
Morrison and Schiff determined the spectral distribu-
tion and total intensity of IB photons for allowed nuclear

transitions. Their calculations were based on the highly

:simplified assumptions that nuclear coulomb effects may be

neglected and that capture occurs only from the K shell.

They obtained the expression.

Wis Jf - XA (ko k) db

W, T4

where A is photon energy in MC“’) o is the fine struc-
ture constantz‘é?-, )W|SM represents the number of
photons in the energy interval A to A-l'JA , and WK
is the probability for non-radiative capture.“nnis the
upper energy limit of the bremsstrahlung spectrum. This
quantity is related to the CQ-value for the electron cap-

ture transition by

¢4an|== (:2- Ean\Q



where GL represents the mass difference between parent and
daughter atoms, and EMQ is the binding energy (positive) of
an electron in the nn! orbit. Therefore by measuring the
bremsstrahlung spectrum one can determine the G}-value of
the transition.

Experiments performed on a number of elements did not
agree with the calculations of Morrison and Schiff.6’7’8
In particular, the observed intensities were far higher than

131Cs,'and 71Ge

those predicted. The spectra of 55Fe,
showed an unexplained rapid rise in intensity at energies
bordering on the characteristic x-rdy region.

Considerable improvement of the theory for allowed cap-

2,3 They

ture processes was made by Martin and Glauber.
took into account the nuclear coulomb field and considered
capture from all atomfc shells. They showed that the steep
rise in intensity in the experimental data was due to IB
photons accompanying capture from the L shell, specifically
from the 2p electron states.

The results of Martin and Glauber generated an interest
in the partial bremsstrahlung spectra, i.e., the spectra
corresponding to 1s, 2s, 2p..., etc. capture separately.
These were measured in a few cases for 1s capture by observ-
ing the bremsstrahlung spectra in coincidence with ;harac-
teristic K x rays resu]fing from fil1ling the vacancy in the

9,10

K shell produced by the capture. Biavati et al carried

55

out such measurements on Fe and 13]Cs, obtaining good agree-

ment with the Martin and Glauber theory.
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Further progress in the theory was made by Zon and

4,5

Rapoport, who developed formulae for the IB accompanying

capture from an arbitrary shell, valid to any degree of
forbiddeness, including allowed deceys as well. They ob-
tained the following expression for the spectral distribu-
tion of IB per K-capture for a first-forbidden unique transi-

tion:

-\d.'f.("’) JA - %[Q’f‘ Rm“‘)"'(z‘) K:)(A?J(l ”’5‘#

Wi

where

R‘ (h)__L(\A,SP + | Bl )

m(h) (2R )2.0»,_—7\, ~1) (z) (A)
R chy = 3 [1A% P+1BY 43 (I AST+BYT) ]

R = Nuclear Radius
M = {M" c>-(e cs—»‘l)"
A =\F\~(°‘Z)"' ) A2= \r‘i'(‘ﬂ)"

Here Els is the full energy of the electron on the K shell.

The terms A and B are complicated functions of the energy
of the bremsstrahlung photons, and depend on the integrals
of products of spherical Bessel functions and Whittaker

function (see equation 15 of Zon and Rapoport).



In the following we outline the steps leading to these
expressions. For a detailed account of the theory, the
reader is referred to the original papers.

Zon and Rapoport determined the amplitude for radiative
capture of an electron from a state with energy Eml- s
total angular homentum'jg » projection angular momentum e
and remaining quantum numbers YW for the nuclear transition

lfy 6 in terms of spherical tensor operators-j;Lg » Where

T ()= SN (6n) Yo (7), §- 0.1

These are tensors of rank /\ ; and are eigenfuctions
of the total lepton angular momentum. Here the total
orbital angular momentum of the-lepton pair, iz ,-with
projection Pﬂl ,» is coupled to the total spin of the leptons
;? which can be either in a tr1p1et state, é? ]., or a
singlet state, f O. The resulting total lTepton momentum
is AN with projection quantum number A . The quantities
[LS,MMII\XJ are Clebsch-Gordon coefficients, and are matrix
elements of the unitary transformation between the coupled
and uncoupled representation.

The Feynman diagram corresponding to radiative capture
éan be represented as

e X
4

~

20
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The amplitude for this diagram in terms of the spherical
T i
tensors AL; 1s

M=eZ 0™ §dq > §dn { dn'| \VE () g (1)

ALEA N

(CrCats)¥itr) §  fdar [y ()T, ) (48s)
G‘E (re, 0)A(R) Pe()] }r .

Here Cy and CA are the vector and a?;ia'l vector coupling
coefficients, q) is the total lepton wave functions, ‘{’ the
nucliear wave functions,GE the Green's function of an
electron in a Coulomb field, and E= €-4, where € is the
energy of the electron in the orbit from which capture occurs.
This expression can be further reduced by expressing
G&(r.,r,)in terms of ﬂe(n,f,), which is the solution to the
second order Green's equation (see appendix I of Zon and
Rapoport4), and by expanding the wave functions of the photon
and neutrino in eigenfunctions of the angular momentum
operator. These wave functions are assumed to be plane wave
states with momenta }? and i; and respecfive polarizations

- -
& and €g (S=L1,6=tL). The function ﬂs was deter-

2’3. Zon and

mined and investigated by Martin and Glauber
Rapoport exclude the region of the nucleus in the integration
6ver the volume of the atom and assume the validity of the
approximation, i.e., '

Zox > R(E;-E)
where R is the nuclear radius.

Substituting;ﬂ;Cﬂﬂ;)into the probability amplitude Pﬂ s



the following expression is obtained for the probability of .
emission of a photon with energy JE and polarization 5 ,
where the nuclear and electronic parts of the amplitude are

factored out

Wi, (h$) ==

‘ ANJy gy
) ) 23 TR 'n”jv| E: “)‘ kg

The quant1ty‘1]N, contains the nuclear part of the

2§ -N+ 2N (e-D ] 7
2N L (290)!! (2'4")!]

amplitude, while @;’4"(5) contains the electronic part of
¢
the amp]itude.T\“”w is determined by the nuclear matrix

elements. For the first-forbidden unique capture transi-

. . 204 A
tion 1in T1, 'l
”9'

2 “T
a72,Ae2, Moz, Jrody o Toe =40 57Ty,

1‘ ')
AZ)':?.)/\?-Z.J N=1t, jv‘%)” '“\,%_:'“A r-,;-“~‘5

becomes:

And S0

rnz,-{rl —,h,;‘ = CA(.S"Tzn“s

The quantity E,‘e can be expressed in terms of the

photon polarization as follows:
[ @ __ a8\
e M\FL(ZU\R)""
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where M is the electron rest mass,

, Ard
@>=\ Tar gy (o)

is the mean value of the wave function of the K electron

on the surface of the nucleus, a is the Bohr radius, and

Ay gl | . ..

1S and )¢ are complicated functions of the energy of

the bremsstrahlung photons, and are expressed in terms of
‘EE,O( and radial integrals. For the sake of brevfty, these
quantities have not been included here. The reader is referred

to equation 15 of Zon and Rapoport for these expressions.4

M4,
Zon and Rapoport evaluate Als and B » and hence

the electronic part of the amplitude, Q‘,Z' s to different
orders of the expansion in ®Z . 1In their first paper, they
obtam the first two terms of the expanswn In the zeroth
order in °(2 the quantities A and B equal un1ty.

For first order in X Z they obtain the s1mp1e expression

A'l"s’]v N')V)_ |- (o(Z)Z(QMI +b arcTy M)(A)

The coefficients &m and bm‘ are tabulated?. Thus for an
accuracy to &XZ , the A,s and 8,5 terms depend only on
the energy of the bremsstrahlung photons. In the case of

204-”

the heavy nucleus » however, this expression is not

valid, 'since X& = 0.59.

| Because of the complexity of higher-térms in the expan-
sion of Au and B.s s Zon uses computer calculations, and
in a second paper obtains an accuracy to all orders in xXZ.

P
1
In table I we 1ist these values of ': and R‘:s" e« These
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values have been used to obtain N|5/WK for. various values
of JQN“ » the end-point energies of the IB spectra, and
are included in Table I. The values chosen for Am were
based on an examination of the experimental spectrum, and
correspond to the energies of the channels in the vicinity
of the endpoint. These spectra are plotted in Figure 1.
Note that these spectra give the IB intensity per sec per

4 is used.

keV, and that a scale factor of (5'I1)'1 X 10
The f%gures show the IB spectra for energies greater than
100 keV, sinée this was the region of investigation in the
experimental data.

In order to convert the theoretical spectra into a form
suitable for comparison with the experimental spectrum, the

IB spectra must be expressed in intensity per second per

channel, i.e., as

w\S(L) % AL

K
where'lsli is the channel width (=9.26 keV), and k is the

energy corresponding to the center of the channel. These
values were obtained by interpolation from the data in
Table I, and are presented in Table II. These differential
spectra can now be multiplied by the Response Matrix (see
section on Detector Response Matrix) in order to obtain the
theoretically predicted IB pulse height spectra (see Analy-
sis and Conclusions).

An early analysis of the Zon and Rapoport theory resulted
in an IB intensity which was several times higher than ex-

perimental estimates and the Morrison and Schiff theory.
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Previous inygstigations of IB have shown that in medium

to heavy nuclei, the total IB intensity depends on 2z 5

as a result of Coulomb and relativistic effects. For allow-
ed transitions, the Martin and Glauber theory has success-
fully accounted for these effects by a correction factor
f(., which multiplies the Morrison and Schiff expression.
This factor has only a small influence on the shape of the
spectrum. Since these studies have shown the importance

of Coﬁ]omb effects on the intensities of the theoretical
spectra, it was of interest here to consider the effect of
2 in the Zon and Rapoport theory, ahd compare the experi-
mental spectrum to a Coulomb~free version of this theory.

This is obtained from the relation for W.s/wk by setting
- N . (” ~lg’
2-70 o One finds R,s 21, Rls ~> { , and thus

W = 2. (14 T[4 T4k

This expression is identical to that obtained by application
of the Cutkosky ru]e.]1
According to this rule the expression for first-for-
bidden unique transitions in the Z=0 approximation can be

obtained from the allowed expression of Morrisan and Schiff
by mu]tip]igation by the factor (Az-l-g”), where Z. is
the neutrino momentum.

This expression gives a lower intenéity for the IB photon

spectrum than the full Zon expression, and as will be shown

in the Analysis and Conclusions, gives better agreement with
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the intgnsity Qf the experimental spectrum. The Coulomb-

free differential spectra are listed in Table III, and p]ofted
in Figure 2. The comparison of the experimental data and the
Coulomb-free theory gives a lower end-point energy for the

IB spectrum than a similar comparison made with the full Zon
and Rapoport theory. For this reason the differential spectra
listed in Table III are computed at lower end-point energies.

| It can be seen from a comparison of the theoretical spectra
that the intensities of the Coulomb-free spectra have a strong-
er dependance on J&ﬂn than the intensities of the spectra based

on the full theory.
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III. COINCIDENCE DATA
I11.1 DATA COLLECTION

The coincidence data was taken in both "trues" and
randoms on multichannel analyzers operating in two-para-
meter analysis mode for a total of 329.5 hours. A slow-
fast coincidence system was used to select the .coincident
photons of interest and to separate the random coincidence
data from the "true," i.e., total coincidence data. The
data was stored in the memories of two 4096 channel analyzers,
and arranged in a 64- X 64-channel matrix array. The axes
of the matrix represented the energies of the coincident
photon species, and the two-parameter format allowed measur-
ing the number of photon coincidences versus their energies..

This arrangement of data enabled viewing it on the
isometric display modes of the analyzers, which was especi-
ally convenient for visualizing the various coincident
effects, and for identifying erroneous data introduced by
power transients. An example of the isometric display of
data is shown in Fig. 3 in the section on System Coinci-
dence Efficiency. The reader is referred to the section on
Experimental Geometry and Electronics for additional infor-
mation on the coincidence technqgiue.

It is convenient to define the symbol N(i.j) as the num-
ber of counts stored at a point on the matrix with coordini
ates (i.j). This number is proportional to the number of
coincident photons emitted by the source with energies

corresponding to pulse heights, i,j. The j parameter was



used for the bremsstrahlung radiation, while the i parameter
was reserved for the x-rays. A Harshaw 3-in. x 3-in. NalI(T1)
detector was used to measure the bremsstrahlung radiation
~over the energy range 15-598 keV, and the x-ray data was
collected with a low temperature Ortec LEPS (Low Energy Photon
System) Ge(Li) spectrometer over the energy range 65-87 keV.
Additional information on the detectors are included in the
sections on Experimental Geometry and Detector Calibratiohs.

In order to perform daily checks on the detector cali-
brations, and adjust the system for changes in gain and drift
of the zero level, the axes of the matrix wefe reserved for
the storage of "singles"” spectra, which were obtained by
releasing the coincidence requirements on the system.

The coincidence data are presented'in Figs. 2-17. These
'spectra correspond to the rows of the two-parameter, 64 X 64
matrix of coincident events, in which each row represents
the complete spectrum of Ge(Li) detector pulses along one of
the channels of the NaI(T1) detector spectrum. Thus the
coincidence spectrum in rbw 12 represents x-ray photons which
all have common coincidences with bremsstrahlung photons be-
longing to channel 12 of the NaI(T1) detector spectrum. The
matrix may be viewed as rows of spectra, where each row has
width O€ which spans an energy interval from (E—%) to
(E-l-eg:) of the bremsstrahlung spectrum, and where E equals
the energy at the center of the interval in keV. The width

AE of the bremsstrahlung channel was maintained constant

throughout the experiment at 9.26 keV per channel. The energy
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corresponding to row j may be determined using the formula

developed in the calibration of the NaI(T1) detector, i.e.,

E(keV) = 9,264 +5.43 .

Although the data was acquired in a 64 X 64 matrix, in
order to reduce calculation times necessary to determine cer-
tain processes and improve counting statistics, adjoining
rows of the matrix were combined pairwise to produce a reduc-
ed 32 X 64 matrix, with the shorter dimension specifying the
channels of the NaI(T1) detector spectra. The data presgnted
in Figures 2-17 represent this condensed version of the
original matrix.

'In general, the true coincidence data was collected on the
Nuclear data 3300 multichannel analyzer, and the random coin-
cidence data collected on the Northern Scientific NS-636
memory coupled to the NS-623 ADC (analog-to-digital converter).
When it was feasible, the analyzers were run simultaneously
in order to minimize the total time spect collecting data.
Trhough various modes of operation, both analyzers allowed
continuous monitoring of the data. The ND 3300 was hard-
wired with various programs to handle the data. The NS-636
was soft-wired and interfaced to a PDP-11 computer; a pro-
gram was written on paper tape to allow close observation of

the data stored in this analyzer.



ITI.2 ANALYSIS OF COINCIDENCE DATA

I11.2.1

INTERNAL BREMSSTRAHLUNG IN THE CAPTURE OF K ELECTRONS

The coincidence spectra (Figs. 2-17) reveal the inter-
nal bremmstrahlung connected with the electron capture

204T1. However, there are other higher order

decay in
effects in the data which are associated with the beta

decay branch. These additional phenomena will be discuss-
ed in the next section (I1I.2.2).

Each spectrum contains the "trdes" data, that is, the
total coincidence data with the random coincidences sub-
tracted. Although the randoms data are not presented, on
the average they accounted for about one-half of the total
coincidence data, as can be seen from an examination of
the time spectrum (refer to section on Experimental
Geometry and Electronics, Fig. 5). There the ratio of the
total area under the peak to the background under the peak
is two-to-one. It is also possible to know the true-to-
random ratio for each spectrum by referring to the tabular
summary of the coincidence data included in this section
(see Table 1). This table is constructed so that the
number of trues, randoms, and background counts are pre-
sented for all the coincidence spectra.

In order to facilitate interpretation of the coincidence
data, it will be useful to refer to the decay scheme of
204T1 (Figure 1).] This source decays primarily by beta

g 204

decay to the ground state o Pb and by electron capture

to the ground state of 204Hg. It is through the latter



mode of decay that the characteristic x rays of Hg are
produced. '

As is well known, in electron capture a vacancy is pro-
duced in an atomic shell, which is quickly filled by an
electron from a higher shell. As a result of this transi-
tion, energy is released, which may be in the form of
characteristic x-rays. By detecting the photons that occur
in coincidence with these x rays, it is possible to deter-
mine the spectrum of intérnal bremsstrahlung photons associ-
ated with capture from these shells.

The original purpose of this investigation was to mea-
sure the IB spectrum resulting from K-shell capture in 204T1.
This effect is recognized by the presence of the Hg K x-ray
peaks in the coincidence data. The resolution of the Ge(Li)
spectrometer was sufficient to resolve the components of the

Hg K x rays. These x rays are as foHows:3

K Ke

ap RNy .

Ka= 1032 ke K, = 80.20 keV
Kqﬁ 68.89 K%, = $2.50

The K," » and the K“L X rays represent discrete transi-
tions between the K=L,, and the K=Ly shells respectively,
whereas the complex lines k'a'and k",_ are the weighted aver-
ages of the transitions between the K-M and K-N shells,
respectively. These lines are separated only by instruments

of high resolving power. The nomenclature k“._._ k°‘0+K°h.
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and KQ‘:ké.-l'Két, is also often used.

The principal features of the coincident spectra are
the K.‘ and KQ x-ray peaks. The partial components
Ku,, Kx, * and K§,, K@, are not easily distinguished
from each other because of their lTow counting rates and
small energy differences, whereas the Kq and KQ lines
which appear at the lower and upper halves of the spectra
are rather well distinguished. In order to demonstrate the
presence of all the k X-ray compenents in the coincidence
data, the individual spectra corresponding to bremsstrah-
lung channels 11-40 were combined, and the result is shown
in Fig. 2. This summed spectrum can be compared to the
Ge(Li) singles spectrum, in which all the K x-ray components
are clearly défined. The two spectra were in good agreement
with respect to the positions of the x-ray peaks.

It was also of interest to compare the ratios of the ﬂ3!<§
to- Ky x-ray intensities obtained from these spectra to the

(4)

value obtained from A. Salam's careful measurements on
radiative transition probabilities. A1thqugh the values ob-
tained from the present measurements were in good agreement
(Ka -to- K¢ ratio of 0.232 from the sum coincidence spec-
trum and 0.236 for singles spectrum), they were in disagree-
ment with Salam's value of 0.277.

A careful analysis showed the discrepancy between .
Salam's work and the present work to be due to the difference
in detection efficiencies between the Hg Ko and Hgl(é X-rays

in the Ge(Li) detector, and the escape of germanium x rays

from the face of the detector. The intrinsic efficiency of



the Ge(Li) spectrometer varies uniformly over the energy

range of the mercury K x rays, and is about 8% higher for

the Ko¢ X rays than the K‘é X rays. The detection effici-
ency for these x rays is also complicated by the presence of
the Ge K x-ray escape effect, which occurs as follows: In
the interaction of an Hg Ké’ X-ray photon with the Ge(Li)
detector, it is possible that a germanium K x ray ( 2% 10 keV)
will be excited in the crystal's surface. If this x ray
escapes absorption in the crystal, then the energy taken up
by the detector is equal to the difference in energy between
the Hg Kla X ray énd the Ge K x ray. This energy corresponds
to a channel which is Tower than the channels occupied by the
Hg Ké x-ray pulses, but which is in the range of channels
intercepted by the Hg Ke¢ x-ray pulses. Thus those events
1‘n\ which a Hg Ka photon is partially absorbed in the Ge(Li)
detector by this mechanism will be incorrectly counted as an
Hg K o¢ Pphoton, and there will consequently be an overcount-
ing of Hg Ke¢ X rays. . Simiarily, the escape effect can be
jnduced by the Hg K ¢ x rays, and this will result in a re-
duction in intensity of the Hg K¢ peak.

In order to determine the magnitude of this effect, the
biased amplifier was disconnected from the Ge(Li) branch of
the system, and a singles spectrum of pulses below the range
of the Hg K x rays was taken. 1In this way it was possible
to observe the escape peak corresponding to the excitation
of Ge K x rays by the Hg Ke¢ x rays. The intensity of this
peak was about 3% of the Hg K o¢ peak intensity.
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After including corrections for the variation in detec-
tor efficiency and the escape effect in the measured value
of the Ka-to-K“ ratio, the value 0.252 was obtained,
which is in satisfactory agreement with Salam's value.

The intensities of the IB in the separate coincidence
spectra were determined by summing over the channels in the
x-ray peaks, and subtracting the background contribution to
these channels. This gave the IB intensities be]ongiﬁg
separately to the Keo¢ and the Ka‘ X rays of each coinci--
dence spectrum. The start and stop channels used in these
summations were the same for all the spectra, and were ob-
“tained from the singles Ge(Li) spectrum, where the channel
boundaries of the x-ray peaks could be determined very
accurately. The background in the spectra wére determined by
a weighted least squares combuter fitting program; an inter-
polation procedure was used to obtain the background in the
X-ray channels. The details of these ca]cu]atiqns are pre-
sented in Section III.3 —Reduction of Data.

The intensity of IB in each spectrum is plotted against
spectrum number in Fig. 18. Also shown in this plot is the
IB energy equivalent for each spectrum. As was mentioned
previously, spectra have been paired up, and the energy shown
is the average energy of the paired spectra. The error bars
shown are based on counting statistics, and include random
and background effects. This plot is the pulse-height dis-
tribution of the IB photon spectrum, and was compared to the

theoretically predicted spectra after the effects of the



detectors were folded into the theoretical spectra. This
proceduré involves converting the theoretical spectrum into

a pulse-height distribution, and is described in Section VI—
Response Matrix of the NaI(T1) Detector.

| An examination of the experimental IB spectrum shows a
generally decreasing photon intensity in the direction of
increasing photon.energy, with almost vanishing of the photon
spectrum at energies corresponding to channels 29 and 30.

A detailed analysis and 7K?‘ caliculation of the theoreti-
cal spectrum which best fits the experimental data was used
to determine the total intensity and end-point energy of the
IB spectrum, and to compare it with the various theoretical
spectra. This is included in the section=~Analysis and

Conclusions.
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I11.2 ANALYSIS OF COINCIDENCE DATA -
I11.2.2 INTERNAL BREMSSTRAHLUNG ACCOMPANYING AUTOIONIZATION IN

204Pb
In addition to the x rays associated with the IB, the

coincidence spectra contain several components originating

in other higher order radiative processes accompanying the

204T1. To discuss tﬁese contributions we consider

decay of
three regions of the x-ray spectra (Fig. 2).

The first region (I) corresponds to two sections of the
spectrum. The spectrum in channels one through six appears
approximately equal in intensity to that in channels 36
through 42. In addition, these sections are lower in inten-
sity than the rest of the spectrum. The second region (II)
corresponds to channels 22 through 34. The lower border of
this range is contiguous to the high energy tail of the
mercury ch. x-ray peak. Two peaks bccupy this range; their
shapgs and widths are so similar to the Hg K x-ray peaks that
one is tempted to consider them another set of x rays. The
third region (III) corresponds to the right edge of the
spectrum, in channels 58 to 63. This region is clearly Tower
than region II, and a poorly defined peak is discernible on a
background level approximating region I. This general appear-
ance is exhibited in all the coincidence spectra. In the
following pages we discuss the various physical effects which
produce these shapes.

A comparison of the data shows that the background to
foreground (here “foreground" is meant to denote x rays) ratio

is considerably higher in the coincidence spectra than in the
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sfngles (x ray) spectra. .In the former it is about 2:1,

while in the latter it is approximately 2:17. This difference
is not surprising and is primarily due to a physical effect
which greatly enhances the background in the coincidence
spectra, but is not present in the singles spectrum. This
effect is called double internal bremsstrahlung (DIB)1,’2’3
and is most clearly seen in region I described above, where
it is not obscured by other effects. This effect, which
occurs over the whole spectrum,is the greatest contribution
to the background, and is responsible for the high background
to foreground ratio.

DIB is the simultaneous emission of two photons accom-
panying beta decay, as opposed to the more probable single
photon emission. This latter process is known as single
internal bremsstrahlung (IB).A'"8 The origin. . of these pro-
cesses is the interaction between the beta particle and the
emitting nucleus. 1In IB the electron interacts with the
radiation field once, while in DIB it interacts twice. These
processes are to be distinguished from the corresponding
external bremsstrahlung processes, DEB and SEB, which occur
when external bremsstrahlung is emitted when an electron
interacts with a nucleus other than its parent nuc'leus.g'10
The transition probability for IB is of the order of the
fine structure constant X ,4 where ©X = 1/137, whereas
the transition probability for DIB is of thé order of °<1“.2

The IB in beta decay has been extensively studied,8 but

1-3

the DIB has been investigated in only three cases, and
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observed in two of them."2

The energy distributions of
the DIB phoTons are continuous, and the energy available for
the process is the same as in IB, which is the beta decay
transition energy. This was demdnstrated experimentally by
showing that the end~point of the photon-sum coincidence
spectrum occurs at the beta spectrum endpoint.]’2
Although the ratio of the probability of DIB compared |
to the probability of beta decay is much lower than the ratio
of the probability of radiative K-capture to the brobabil-
ity of non-radiative capture, the observation of DIB in the
present data is greatly enhanced in comparison to IB (from
K-capture) as a result of the high beta decay~to-electron

204T1. This ratio is 98:2; thus,

capture branching ratio in
the high percentage of decays through the beta branch com-
pensates for the low probability of the DIB process. This
explains why the much weaker DIB competes with the IB (in
K-capture) in the coincidence data.

‘ The IB (in beta decay) does not contribute to the coin-
cidence data, since the beta particles are absorbed by the
320 mg/cm2 thick beryllium sheets surrounding the source,
thus preventing the possibility of beta-gamma coincidence
pulises. However, in the case of a DIB event, it is possible
that both photons will be detected to prbduce a coincidence
pulse. This can occur if the photons detected in both
branches of the system satisfy the energy restrictions

assigned to those branches. As noted previously, the Ge(Li)

Xx-ray branch passed photons with energies only in the range



of 65-87 keV, while the bremsstkah1ung branch passed vir-
tually all energies of photons.

Although the DIB constitute a large component of the
coincidence spectra, its evaluation did not present too much.
difficulty. Since it is known from the previously mention-
ed studies that the DIB is continuous in both photon branc@es,

204T1 is approxi-

and since the range of the DIB spectrum in
mately 765 keV, it does not vary appreciably over an energy
interval of 222 22 keV, the range of the Ge(Li) spectra.

In addition, the use of a biased amplifier in conjunction

with a high resolution Ge(Li) spectrometer allowed the ko(

and K‘Q x-ray peaks to be separated by a margin wide enough
to confidently measure the DIB and other phenomena between
them.

As previously discussed, region I of the spectrum consists
of sections located both to the left and right of the Ko
x-ray peak which do not vary significantly in intensity; thus
region I is composed predominantly of DIB. 1In view of these
observations, regidn I was used to estimate the background
to the K,( x-ray peak. The calculations are presented in
the next section (III.3).

Another contribution to the coincidence spectra can arise
from photons scattered from one detector into the other.

This can occur when a primary (source) photon interacts with
one detector by a Compton collision, and the scattered pho-

ton interacts with the second detector. These events will

occur in true time coincidence, and if the energies left



in both detectors satisfy the energy requirements on the
system, then a coincidence pulse will result. In the ex-
perimental set-up, the detectors were arranged face-to-face
and in close proximity, which resu]ted in substantial scat-
tering between them. In order to reduce this to an accept-
able level, a specially designed tin filter was positioned
between the detectors. The details of this filter are
described elsewhere (see section on "Experimental Geometry").
An examination of the various scattering possibilities
will show that with the filter in place, the dominant scat-
tering contribution to the coincidence data is from the
following mechanism: Assume a source photon enters the
Ge(Li) detector, where it is Compton scattered 1800 into
the NaI(T1) detector. From the Compton scattering formula,
one can show that the energy of the backscattered photon Eg

in terms of the energy of the Compton recoil electon B¢ is:

Ex = Ect | ES +1022E¢
2 Y

where Ey and Ec_ are in keV.

Thus for a range in Compton electron energies of 65-87
keV, which is the pre-selected energy range in the Ge(L1i)
branch, the corresponding energy range for the backscattered
photons is 100-113 keV. This can occur for primary photon
energies 165-200 keV, and can be derived both from external
and internal bremsstrahlung.

Although the energy of the backscattered radiation is



essentiélly monochromatic and will bé centered on channel 11
of the NaI(T1) branch, the finite resolution of the detector
will spread this line over several channels, and it will be
strongest in channels 11 and 12. The background in coinci-
dence spectra 11 and 12 combined (Fig. 3) is indeed high and
uniform. The two-parameter analysis allowed the scattering
peak to be separated from the IB data; however, the large
background resulted in an increase in the statistical uncer-
tainty of the IB in these channels.

Region II of the spectrum includes channels 23 to 34.
This region was distinguished by the presence of two peaks.
These peaks appear in all coincidence spectra; their presence
is clearly seen in the sum coincidence spectrum. 1In order to
attempt an explanation of their origin, we must first refer
to the singles spectra (Fig. 19) of 204T1 taken on the Ge(Li)
spectrometer.

The region between the Hg Ko and Hg KQ X rays appears
flat in this spectrum; however, under closer scrutiny a'more
complicated structure is revealed. When the channels in this
region are plotted on a more sensitive scale, two peaks are
observed (Fig. 20). A prominent peak appears centered between
channels 30 and 31, and a less prominent peak is discernible
on the high energy tail of the Hg Ke¢‘ x-ray peak. The aver-
age energy of channels 30 and 31 is 74.94 keV; this corres-
ponds to the energy of the Pb Ku‘ X rays, which is listed

12

as 74.97 keV by Bearden and Burr. The less prominent peak

appears approximately six channels lower in channel 24, at



an energy of 72.81 keV, which matches the energy of the Pb ko(,_
x=-ray line.
| The presence of lead x rays in the singles data after
background was subtracted could be caused by excitation in
the bricks from the source emissions. This possibility was
carefully checked: spectra were taken both with and without
the presence of 0.25-inch-thick cadmium and copper selective
absorbers lining the inside of the brick house. No change was
found in the intensity of the Pb x-ray peaks.

Another possibility was the scattering of mercury K
X rays from the tin filter or cadmium ring. The cadmium ring
was positioned on the side of the source nearest the Ge(Li)
detector, in order to reduce the possibility that photons
backscattered from the Ge(Li) detector would pass through the
hole in the tin filter. Since the cadmium ring was closer to
the source than the tin filter, it presented the greater
opportunity for scattering. It is difficult to calculate the
energy of these scattered photons, since the angle between the
source, ring, and detector could not be determined with cer-
tainty because of the finite size of the source. Assuming 90°
scattering of the incident K'Q-. Xx-ray photons from the cad-
mium ring would put the energy of the scattered photons at
69.3 keV, while scattering of the ki,_ photons through the same
angle would give 71.0 keV scattered photons. Thus although
these scattered photons would not appear in region II of the
background, they would add to the Ko¢ x-ray peaks. For

scattering angles less than 90°, which is more 1ikely to occur



since the source is not included in the plane of the ring,
the §cattered photons would cérry off greater energies, and
would contribute to the pulses in region II.

In order to determine the effect of Hg K15 - photbn scat-
tering on these regions of the spectra, the cadmium ring was
removed, and several spectra were taken. These spectra show-
ed no change in the peaks of region II when compared to
spectra taken with the ring in place. Also, the total number
of pulses in the spectrum below the Ke peai< were counted
and compared in both geometries. With the ring-in geometry
there was a less than 1% increase in this region compared to
the"}ing-out geometry; however, the increase was uniform over
the region, and the small contribution from scattering did
not affect the'shape of the backgfound.- Thus the presence
of theAcadmium ring could not account for the appearance of
the background.

An additional check on these measurements was made with a
20781 source used in place of the 204T1 source: Although the
peaks observed in region II of the thallium spectra were not
present in the bismuth spectra, the differences obtained
from comparing ring-in and ring-out géometries were consis~
tent with the thallium source measurements.

The§e various tests virtually exhausted the possibilities
that the peaks in region Il were caused by experimental arti-
facts.. Since the peaks were present in the 204T1 spectra,

207 207

but not in the Bi spectra, and since Bi decays by

electron capture only, the possibility of a physical process



arising out of the beta decay mode in 204

Tl was explored.

0f the various higher order processes in beta decay, auto-
ionization could account for the observed phenomena. This pro-
cess is sometimes referred to as "internal ionization,” and is
the ejection of an atomic shell electron during nuclear beta de-
cay, resulting in the emission of x rays characteristic of the
daughter element. On the basis of recent experimental studies,
it has beeh shown that the internal iohization accompanying beta
decay can be attributed to the sudden change in‘nuclear charge
during the decay, which causes simultaneous emission of a beta
particle, a neutrino, and an orbital electron. This mechanism
is often referred to as “e]éctron shake-off."w-]ﬁ’18

There is another possible mechanism by which nuc]ear beta
decay can give rise to the ejection of bround orbital electrons:
the direct collision of beta particles with orbital electrons.
However, the present available data indicate that this mechan-
ism plays a negligible role except for decays having an extreme-

ly low endpoint energy,13’14s17,18

In the past few years a number of measurements have been
made on the K-shell auto-ionization in the beta decay of
204T].”’]g’zoln the present experiment, the value of Fk s the
K shell autoionization probability, could not be determined in a
straightforward way since the Pb Koty x-ray peak (Fié. 20) con-
tained a large background contribution from the steeply sloped,

high energy tail of the Hg Kx‘ X-ray peak. It was
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observed, however, that channels 29 to 32 of the Pb K°(l
peak were not affected by this background, nor by the low
energy tail of the Hg K‘é. Xx-ray peak. This can be seen
from a comparison of Fig. 20 to Fig. 2 of the System Coinci-
dence Efficiency section, where it is clear that the shapes
of those protions of the Pb qu X-ray peaks appearing in
channels 29 to 32 are the same in both spectra. Thus by
normalizing the true shapes of the Pb Ke¢ x rays obtained
from the electron capture decay of 20781‘ (Fig. 2) to the
intensities of these channels in Fig. 20, it was possible

to separate the Pb Ke¢ X rays in Fig. 20 from background, and
determine the partial Pb Ko(‘ s Pb Kogz_ X-ray components.

This decomposition is shown in Fig. 21.

The counting rate for these x rays is given by

- 0 O( GQLI
Ropie = Fic N Wk == €ouke

where wk is the K-shell fluorescence yield in Tead,

“K&I“k is the ratio for transition probabilities of the
e
pb Ke to Pb K x rays, and et;“;;“ is the Ge(Li) detector

efficiency for Pb Ky x rays. The quantity N:— is the
beta decay rate -of the source, and is related to the Hg K
X-ray emission rate, I“jkx , of the daughter atom
by

Ng- = Tugrx (&4/€)™ (WY



where ek/ e~ is the K-catpure-to- @ branching ratio,
and WK is the K shell fluorescence yield in mercury. There
have been several measurements of this ratio, and they differ
by about 5%, which is about the same as the variation in the
measured values of Hq. The value 0.01525 ! 0.0002 from

21 was considered to be most suitable for

Leutz and Ziegler
the present calculations, since the Q-value of the electron
capture transition that they deduce from their measurements
was in best agreement with the present measured value. In
addition, their error in CK/Q" was the lowest of those

measured. Using this value the result
P = (1ox.08) x107"

was obtained. It is interesting to note that using the value

+ 2

0.0159 - 0.00036 from P. Christmas, 2 which is the highest,

we obtain

- -4
P = (Lo Z.09)xl0

The measured values of Fk in 20471 obtained from the pre-
sent work is in good agreement with the experimental values

of (I.OVzt ol )X 104 reported by Howard, Seykora, and

i, o
and (1.06 ¥ .03) x 10”% obtained by B.P. Pathak.'®

As a result of this analysis, it is clear that the peaks

waltner)

observed in region Il are the Pb Kgf X rays resulting from
auto-ionization in the beta decay of 204T1.
The appearance of these peaks in the coincidence spectra

were somewhat surprising, since one would expect suppression



of the auto-ionization effect in the coincidence data. Alter-
natively, their presence in the coincidence data could not

be explained on the basis of any previously observed pheno—
mena. These peaks appear a16ng with the Hg K x rays in coin-
cidence with the bremsstrahlung photons, but are somewhat
weaker in intensity than the Hg.K X rays. Since a fairly
complicated geometry was used in the experiment, various
changes were tried on the geometry to study their effects on
the coincidence data. It became apparent that the only change
which significantly affected the peaks in region II was a
change in beta absorber. Further tests showed that the in-
tensity of these peaks was proportional to the atomic number
of the absorber used.

At the suggestion of Prof. H. Lancman, a mechanism was
proposed for these observations, which to the knowledge of
these authors have never been previously reported. One can
imagine beta decay accompanied by both auto-ionization and
internal bremsstrahlung. These processes. separately have
been extensively studied in beta decay; however, the simul-
taneous occurence of these higher order effects has not been
observed. On purely simplisitic grounds, one would expect
this "new" process to be higher in order than either auto-
jonization or internal bremsstrahlung, and hence too weak to
observe in the data. However; the effect is seen in the data,
and is moderately strong in comparison to the IB in electron
capture data, for the same reason that the DIB has such a

204

high relative intensity; i.e., the branching ratio in T1



strongly favors decay through the beta branch.

In order to check the accuracy of these predictions, it
was necessary to separate out of the data that portion of
the effect which was due to the production of external
bremsstrahlung. This occurs when the beta particlie or the
ionized electron in the autoionization process interacts with
the nucleus of an atom other than its own, and an external
bremsstrahlung photon is produced. The system apparatus
could not distinguish between the external bremsstrahlung
(EB) and internal bremsstrahlung (IB) which occur in coinci-
dence with the auto-ionization Pb K x rays, and thus the data
will include (EB + IB)==Pb K x-ray photon coincidences. Since
it was necessary to sandwich the source between plates of
beryllium to prevent the betas from reaching the detectors,
the part of thé data which was due to external bremsstrahlung
could not be eliminated; however, its contribution to the
spectrum was accounted for by placing filters of materials
having different atomic numbers between the detectors and
source. Since the intensity of the external bremsstrah]ung
produced by electrons irradiating a:thick target is proportional
to the atomic number of the target, the fraction of the data
which was due to external bremsstrahlung should be proportion-
al to the atomic number of the filter. Thus by extrapo]at%ng
the data obtained with filters of different atomic numbers to
a filter of atomic number zero, one obtains the data which
contain no contribution from EBe=Pb K x-ray photon coinci-

dences. The filters used were 320 mg/cm2 thick foils of bery-
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114um (Z=4), aluminum (Z=13), and copper (Z=29).

The coincidence measurements taken with the aluminum and
copper absorbers were obtained in 70.55 hour runs, and were
repeated with the time spectrum window shifted off the time
peak to obtain the random coincidence data. These runs were
made with the absorbers positioned on either side of the
source in order to reproduce the actual experimental geometry
containing the beryllium absorbers. The experimental data
(329.6 hrs) obtained to study IB in electron capture was
normalized to 70.55 hours, so that data obtained with a bery-
17ium absorber could be included in the analysis.

For each absorber, the coincidence data was taken in the
usual 2-parameter format, and the intensities of the Pb Ko<
peaks were determined in the coincidence spectra correspond-
ing to bremsstrahlung channels 9-20. Because the inten-
sities of the Pb Kog peaks in the random coincidence spectra
were low, and less than 5% of the peak intensities in the
corresponding total coincidence spectra, it was possible to
include spectra 9 and 10 in the present analysis; this could
not be done in the case of the IB accompanying electron
capture, due to the high rate of random coincidences of Hg K
X rays in spectra 9 and 10.

The background in the Pb K“ peaks was determined by the
same procedure used to evaluate the background for the Hg Kb(
peaks, i.e., a weighted least-squares routine gave the back-
ground in the Pb Ko peak channels by fitting a straight

Tine to the background channels in the regions adjacent to



the Hg K°(1_. and Pb Kog‘ peaks. .

The coincidence spectra were corrected for absorption of
the x ray and bremsstrahlung photons in the filters; these
corrections were greatest for the absorption of the x rays in
the copper filter. The sums of these spectra obtained with
the various filters is shown in Figures 22-24. These spectra
do not include corrections for the efficiency of the NaI(T1)
detector. The spectrum obtained with the beryllium filter
was obtained by adding coincidence spectra 9 and 10 and sub-
tracting spectra 21 to 40 from the spectrum in Fig. 2, and
normalizing the resulting spectrum to 70.55 hours.

In order to determine the probability of K-shell auto-
ionization accompanying IB in the energy range 88.8 to 190.6
keV (IB channels 9-20), the coincidence spectra were correct-
ed for the efficiency of the NaI(T1) detector. The inten-
sities of the Pb K¢<\ peaks in these spectra were summed, and
the totals obtained-with the various absorbers are shown as
a function of atomic number in Figure 25. It can be seen
that the relative error in total intensity obtained with the
beryllium absorber is significantly lower than that obtained
with either the aluminum or copper absorbers; this was due
to the greater data collection time and Tower background
obtained with the beryllium absorber.

The three points give an excellent fit to a straight line,
which was obtained by a weighted least-squares fit to the
experimental points. Each point was weighted by '/‘z where

6 is the standard deviation. The experimental errors for



the points are indicated. The line has a slope of 70.1 '

18.6, and the intensity corresponding to an absorber of atomic
number zero is 246.8 ! 118.3, where the errors are given in |
one standard deviation. .Thus this data suggests the presence
»of an internal effect whose magnitude is approximately 50% |
of the total intensity obtained with the beryllium absorber.
However, the size of the errors are such that one cannot rule
out the possibility that the effect is entirely due to the pro-
duction of external bremsstrahlung, although this is unlikely.
In determining the corrections applied to the data for
photon attenuation in the absorbers, overestimates were made
of these quantities. It is difficult to know the size of
these corrections forthe absorbers positioned between the
source and NaI(T1) detector, since the external bremsstrah-
lung could be created at any point within these absorbers.
The thickness of filter used in these calculations was the
total filter thickness, 320 mg/cmz, which is the thickness
necessary to stop the most energetic beta particles. The beta

204T1 is continuous, and only a small fraction of

spectrum of
betas is emitted with the maximum energy available for the
decay (765 keV). Thus only a small fraction of the betas
will require the full filter thickness to be stopped in--this
suggests thét most of the external bremsstrahlung is pro-
duced in the layers of absorber nearest the source, and hence
will suffer attenuation by almost the full absorber thickness

before reaching the face of the NaI(T1) detector. As a result,

the values of the total intensities obtained with the aluminum
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and copper filters are probably somewhat higher than expected,
since they are more sensitive to absorber thickness than the
beryllium value. Lowering these values would result in rais-
ing the intersection of the least-squares Tline on the inten-
sity axis in Figure 25; hence the value stated for the
intercept of the Tine should bé viewed as a Tower 1limit on

the experimental value. In any case the uncertainties in
corrections due to filter absorption were estimated to have a
small effect (less than 7%) on the magnitude of the results.

The corrections for the absorption of photons in the
filters on the side of the Ge(Li) detector were not subject
to the same uncertainties as above, since the Pb Ke{ x rays
detected in the Ge(Li) detector originated in the source and
thus traversed the full thickness of absorber. These correc-
tion factors were obtained experimentally from singles spectra
taken on the Ge(Li) detector.

The intensity of the IB-Autoionization effect was deter-
mined from calculations on the Pb kx‘ X rays which included
channels 28-33. It was decided not to include the Tower
energy Pb Kog.,_ X rays in the calculations for the following
reasons: The excitation of thallium x rays in the source
material could contribute to the spectrum in the region bounded
by the Hg Kex, and Pb Ko x rays. In order to reduce the
possiblity of producing thallium x rays, a thin source was
used, and an examination of the Ge(Li) singles spectrum did
not reveal the presence of these peaks. However, the possibil-

ity that they contributed to the coincidence spectra could not



unambiguously rejgcted. Thus by excluding the Pb K°(L

peaks from the analysis, this possibility was avoided. The
second reason \n)as based on an analysis of the background in
the Pb Keg X-ray range. Both the upper and lower ranges of
region I were used to determine the background contribution
to the x-ray channels. The background calculations on the
Pb Ke(‘ X rays depended less on the lower rang.é, and hence
were a more accurate estimate of background, than the back-
ground calculations on the Pb Ke, x rays.

In order to determine the intensity of the IB-Autoioniza-
tion effect, it is convenient to express it as a fraction of
the probability of K-shell autoionization, since the equations
for the two quantities are related, and their ratio does not
depend on the source strength or the effiﬂiency of the Ge(Li)
detector. If R;g_ﬂ,k*' is the coincidence counting rate
between the Pb Kog‘ X ray and IB photons in the energy range
90-191 keV, and P:a.x is the probability per beta decay for

IB to accompany K-shell autoionization, then

, 0 Gely
RIB—P&R.“ = PIB"K NG’ Wy (o‘ku./dk) Erbk«

where N;—- is the beta decay rate of the source; VUK
is the K shell fluorescence yield for lead;23 °<Ku.,/ (24" (24)
ijs the ratio of transition probabilities for the Pb k“.~

to- Pb K x-ray transitions; and E’.GP::'(" is the efficiency

of the Ge(Li) detector for Pb Ke¢ X rays, corrected for

analyzer dead-time and absorption of the x rays in the copper
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foil covering the window of the detector. Note that the
quantity P\IB-PB k“‘ » corresponding to the value of
the least-squares line at 2=0 , already carries corrections
fdr the efficiency of the NaI(T1) detector.

Similarly, the singles Pb Kc(' x-ray counting rate,
RPBK*. resulting from K-shell autoionization is given by

the expression

o Gel.
Retiy, = Fe Ne- Whe (o("“‘/'x") € pke
where Pk is the probability per beta decay for autoioniza-

tion of a K-shell electron. From these two expressions we

obtain:

Pza-k - Rze-Pbke, _ (5.6+21)x107
P RPBK«,

The probability per beta decay, FEs-k , may be obtained
using the experimental value of fL==(1.04f .09) x 1074,
This gives "

Pray = (5.3 x2.8)x10”" ,

Similar calculations were performed to measure the effect
in the IB energy intervéls 190.6 - 292.4 keV and 292.4 -394.2
keV, corresponding to spectra 21-32 and 33-44, respectively.
The sums of these spectra obtained with the various absorbers
are shown in Figures 26 and 28, and the intensities of the
Pb Ko“ » peaks extrapolated to an absorber of atomic number
zero are shown in Figure 27. It is clear from these results

that the magnitude of the effect falls rapidly with increas-



ing energy. Although the data obtained with the copper absorb-
er was not used to estimate the effect in the higher energy
range due to large errors in this data, the data obtained with
the Be and Al absorbers was sufficient to confirm the conclu-
sion reached.

For the energy interval 190.6 - 292.4 keV, thé intercept
89.5%38.7 results in the value

—q
Prak _ (2.1t 09) %10
P

while for the interval 292.4 - 394.2 keV an intercept 12.2%*

38.3 was obtained, giving the value,

Pra-k
Px

As a check on experimental consistency, the intensities

= (03+0.9) x10™" .

of the Hg K°< peaks obtained from summing the coincidence
spectra were compared in the runs made with the different
absorbers. The comparisons were performed over the sums of
spectra 11-20. Although the intense background in the data
obtained with the aluminum and copper absorbers introduced
large errors in determining the difference between foreground
and background in the Hg Keg¢ x-ray channels, the resu]ts-ob;
tained for the three absorbers were consistent.

Finally, region III of the spectra will be considered.
As was previously mentioned, region III is characterized by
the presence of a weakly defined peak. The center of this

peak (channel 60.5) corresponds to the energy of the Pb Ka“
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xrays (84.8 keV), and thus the peak in this region is sug-
gestive of the Pb KQ x-iray complement to the Pb Ke¢ X rays
of region II. The intensity of this peak is too low to be
determined.with confidence; however, its identification as
the Pb K%i Xx-ray line is important since it demonstrates
the presence of the complete K x-ray series of lead in the

| coincidence data, in support of our argumentp¥or the IB-
Autoijonization effect.

Another possible reason for a peak in this region is the
result of a pulse pile~-up effect, which can occur in the
following manner: It is possible that an Hg L x ray which
is in cascade to an Hg K x ray may be simultaneously detected
with the K x ray in the Ge(Li) detector. The resulting
pulse which is analyzed will appear as the sum of the K and
L x-ray pulses. fhe sum pulses corresponding to the sum of
Hg Kc‘ and L x-ray pulses will appear as a broad peak in |
channels & 58-63, i.e., region III.

In order to determine which of the above processes was
responsible for the peak in region III, a cbpper foil 80 mg/
cm2 thick was positioned over the beryllium window of the
Ge(Li) detector. The attenuation of Hg L x rays in this
foil was greater than 99%, whereas the attenuation of the
K x rays was only 7%. With the foil in position the inten-
sity of the pile-up peak was reduced by not more than 50%,
thus suggesting the presence of the Pb K'é' Xx-ray line. The

elimination of the pile-up effect also prevented the errone-

ous determination of the Hg Kq' peak intensity resulting
from routing Hg Ko(| Xx-ray pulses to the pile-up peak.
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ITI.3 REDUCTION OF DATA

A computer program was written to compile the data and
calculate the IB intensity. The random coincidence spectra
were subtracted from the total coincidence spectra-~the result-
ing spectra are shown in Figures 3-17. The spectra were
analyzed in bremsstrahlung channels 11-40, corresponding to
an energy range 112.7 - 376 keV. The IB was not analyzed be-
Tow channel 11 because of the very strong contribution of
réndom Hg K x rays in these spectra. The sum of spectra in
the energy range 112.7 - 376 keV is shown in Figure 2.

The IB intensity of each spectrum was determined by sum-
ming over channels 10-22, corresponding to the range of the
Hgl(o‘ X rays, and subtracting the background contribution
from these channels. The background was obtained by joining
regions on either side of the Hg Ko¢ x rays with the line of
best fit to these regions. Channels 5-9 and 35-39 were used
for these regions. These two intervals consisted primarily of
DIB, and a justification for their use in the present calcula-
tions is included in the discussion of region I of the back-
ground. The intensity of the Hg K e X rays could not be
determined as accurately as the Hg Keg¢ x rays, because the
presence of the peak in region III which has been shown to be
due to pile-up and Pb Kg X rays.

The results of the calculations are presented in Table 1.
This gives the total trues (T), randoms (R), and background
(B) intensities under the Hg K o x-ray peaks in the paired-

up spectra. The resulting IB intensities of the spectra are



listed in the column headed (T-R-B). The statistical errors
in these quantities, as well as the partial errors from the
various terms, are also included in this table. A plot of the
IB intensity vs. spectrum number (IB energy) is given in Fig-
ure 18.

In determining the least-squares fits to the background
channels,.the channels were weighted according to their stand-
ard deviations by 1/ 6*. In some channels of the higher-
numbered spectra, where 'Tji. = Rj;_ =0 (j=row, i=chan-

nel), this resulted in an infinite weéighting, since

Cji. =\,T4);_+ R4z . In the evaluation of the parameters of
these fits, quantities containing \/Gj: in summation appear.
In order to render these quantities suitable for calculation,
~a subroutine was written into the program which converted the
zero values of 63;- into non-zero values by taking averages
over neighboring values of fji. . This was done by scanning
the matrix first along row i, then along column j, until a non-
zero value could be generated for 652,.

In order to determine the effect of the choice of back-
ground channels on the results, the background regions used in
determining the least-squre fits were varied by shifting these
regions through two channels in either direction. The results
showed that the change in IB intensity was negligibie over
this five channel variation in background. In general the
slopes of the background lines were very small, as would be
expected in view of the slight variation of the DIB in the

energy region studied.
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EXPERIMENTAL GEOMETRY AND ELECTRONICS

DETECTORS

A 3 x 3-inch NaI(T1) detector and an x-ray Ge(Li) spectro-
meter were used to measure the coincident quanta.

The NaI(T1) detector was used to measure the IB quanta.

It consisted of a 3 inch diameter by 3 inch deep thallium
activated Nal crystal. The crystal was coupled to an RCA 8575
photomultiplier tube, which was poweked by an RCA 1021 photo-
multiplier base. The optical coupling between crystal and

PM cathode was Dow Corning DC 200 fluid. Fast pulses derived
from the anode output of the PM tube were used for timing pur-
poses, and slow pulses obtained from the 9th dynode were used
for energy information. A variable resistor which controlled
tube focus was adjusted for maximum pulse definition.

The detector resolution measured 9.81 keV FWHM at an
energy of 87.7 keV.

The detector response was linear over the range of photons
studied (15-598 keV). The exact relationship between pulse
height and incident photon energy is detailed in the section
on Detector Calibrations. The total efficiency of the detec-
tor was measured using a calibrated 57Co source, and gave
excellent agreement with Heath's calculated value obtained
from the total absorption coefficient of Nal. The details of
this calculation are included in the section on System Coinci-
dence Efficiency.

An Ortec Low Energy Photon System (LEPS) Ge(Li) detector

was used to measure the x-ray photons. The system consisted
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of dewar, cryostat, F.E.T. preamplifier, and crystal in the
shape of a disc with intrinsic dimensions 16 mm in diameter
by 5 mm thick. The preamplifier asﬁemb]y was located adja-
cent to the crystal in order to minimize capacitance. The
disc was situated approximateTy'7 mm.t 1T mm from the 5 mil
beryllium window, and was centered with an accuracy of ! 1T mm
on the central axis of the detector. The face of the detec-
tor was covered with a plastic endcap, which protected the
fragile beryllium window from rupture. In order to improve
the detector efficiency, the endcap wés carefully removed and
replaced with a 1-mm-thick sheet of beryllium. This modifica-
tion permitted the experimental source to be positioned al-
most 4 mm closer to the crystal. This resulted in a 51%
increase of the x-ray counting rate.

The detector was operated under a bias of -500 volts.

This was found to be the optimum voltage setting with'respect

‘to pulse resolution and timing considerations. The pre-amp

output of the detector was used both for timing and energy

‘discrimination.

The use of the biased amplifier allowed the narrow band
of pulses within the Hg K ~--Hg K@ Xx-ray range to fill
the entire 64 channels of the x-ray axis. This instrument
was an important part of the experiment since it allowed a

careful examination of the spectra.

DETECTOR SUPPORTS

A Lucite saddle provided the common mounting for the
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detectors. The design of this mount is given in Fig. 1. The
saddle was of rigid construction, and assured collinearity
of the detector axes.

The dewar of the Ge(Li) detector was supported on a wood
base with sponge and spring insultation, which isolated the
detector from mechanical vibrations. The saddle was designed
to fit snugly to the contours of the cryostat. The NaI(T1)
detector and PM base were easily lowered into and removed from
the saddle, and its axis was aligned with the Ge(Li) detector

axis through four adjusting screws.

SOURCES

The 204

T1 and NaI(T1) detector calibration sources were
purchased from New England Nuclear in 1iquid form. A dryer
was used to prepare the samples by simultaneously spreading
and heating small amounts of the liquids on thin mylar foils.
The samples were'spun on a constant speed turntable into a
thin evenly distributed layer. An infra-~red heat Tamp was
used for controlled drying. The evaporated sources were
sealed in place with a 1ayek of cellophane tape. A special
effort was made to use sources whiéh showed a uniform distri-
bution of source material and which were not more than 2 mm
in diameter. A thallium source with a strength of & 18,300

1 was used for data collection. This source

Hg K x rays—sec
strength yielded a true-to-random ratio of 2:1, and required
a total (trues plus randoms) running time of == 600 hours.

The calibration sources were roughly of the same intensity.
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The thallium source was examined for impurities in the
energy range from 65 to 600 keV. The photon spectrum from
204T1 consists principally of mercury X rays superimposed on
a continuous bremsstrahlung spectrum. In terms of the source
activity an upper limit for the intensity of contaminant gamma

204

rays of 2 X 1077 per T1 decay was obtained.

SOURCE SUPPORTS

The sealed sources were centered and glued on T-mm-thick
Lucite washers. These were pressed into larger washers, which
fitted the saddle. These source holders and mounts were eas-
ily inserted into .the saddle between the detectors. A dia-
gram of this assembly is shown in Fig. 2.

The use of light, low-2. material for the source mount
and holder served to reduce scattering in the vicinity of
the source which would have appeared as pulses on the low

energy tail of the photopeak.

TIN FILTER AND CADMIUM RING

Because of the design of the Ge(Li) detector, the only
position of the detectors which gave a reasonable coincidence
counting rate was face to face. This arrangement, along with
the modification made on the Ge(Li) detector to reduce the
source--Ge(Li) crystal distance (the crystal was approximate-
ly 14 mm from the source) resulted in a serious backscatter-
ing problem.

The backscattering was primarily due to photons which

enter the Ge(Li) detector where they are Compton scattered



through 180 degrees into the NaI(T1) detector. These events
result in pulses which are in true time coincidence, and thus
cannot be discriminated against through analysis of the time
data. In addition, one can show from the Compton scattering
fdrmu]a that for a primary photon energy of 200 keV, the back-
scattered photon carries off 110 keV and the Compton electron
is left with 75 keV. Thus these events will appear in the
energy regions of interest.

The backscatter appeared as a broad bump over the energy
range 100 to 130 keV of the bremsstrahlung spectrum, and as a
uniform increase of the background in coincidence spectra
numbered 10-13. The two-parameter analysis allowed this effect
to be separated from the IB data; however, large errors resulted
from this separation, and thus it was desirable to minimize this
effect.

A tin collimator and cadmium ring were designed to reduce
scattering between the two detectors. The collimator was 14.5
mm thick at its edges, subtended a half-angle of 51 degrees,
and contained a 6.5-mm-diameter hole, which the source was cen-
tered over. A small tapered cadmium ring was designed to fit
over the source in the Lucite source holder, on the side facing
the Ge(Li) detector, in order to reduce the possibility that
photons scattered from the Ge(Li) detector would pass through
the hole in the collimator. The NaI(T1) detector was position-
ed at the greatest distance from the collimator which would
permit it to view the full solid angle subtended by the col-

limator. The collimator design is shown in Fig. 1.
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It was found that there were three factors in the collima-
tor design which affected the coincidence spectra. The thick-
ness of the filter affected mainly the high energy portion of
the backscatter spectrum. Increasing this thickness, however,
required increasing the source--NaI(T1) detector distance
which Towered the detector efficiency. The effect of the cone
half-angle was seen mainly on the low energy side of the back-
scatter spectrum, since the tapered section of the filter was
more effective attenuating low energy photons than high energy
photons. And finally, the intensity of the backscatter peak
was proportional to the square of the hole diameter. However,
the hole could not be made too small, as scattering from the
edge of the hole became significant.

The final filter design was obtained by varying these
factors, and represented a compromise between minimizing the
backscatter and maximizing the counting rate in the NaI(T1)

detector.

SYSTEM ELECTRONICS AND TIME SPECTRUM

Information on the time difference between the detection
of photons emitted simultaneously was determined by the T.A.C.
(Time to Amplitude ConVerter). In general, photons which are
emitted in coincidence will give rise to pulses which are
separated in time due to geometrical considerations and inher-
ent delays in the system electronics. The T.A.C. (Ortec 437A)
is driven by start and stop input pulses, which are derived

from Constrant Fraction Timing Discriminators (Ortec 453)



located in either branch of the system. The start pulse:initi-
ates a lihear ramp voltage, which is interrupted upon arrival
of the stop pulse. Thus the ramp pulse, which is the T.A.C.
output, has an amplitude proportional to the time delay

between the two input pulses. The T.A.C. pulses will show

some scatter about a mean value, and the ability of the T.A.C.
to distinguish true coincident events from random coincident
events is determined by the extent of this scatter. A spectrum
of these time pulses for a representative run is shown in Fig-
ure 4. It proved advantageous to start the T.A.C. with Ge(Li)
pulses, and stop the T.A.C. with NaI(T1) pulses delayed by

50 ns. This arrangement allowed maximum coincidence counting
efficiency.

The FWHM of the time spectrum was %2 13 ns. The window
on the time spectrum (as indicated by the arrows) did not
include the full peak, but cut the wings of the peak in order
to improve the true-to-random ratio. This was accounted for
in the determination of the coincidence efficiency of the sys-
tem. The contribution of random coincidences in the time peak
was determined by shifting the window 200 ns to the flat back-
ground portion of the spectrum, which consisted of random
coincidence pulses only.

In order to measure the coincident photons within the
energy ranges of interest, a slow coincidence system was used.
The slow coincidence unit (Ortec 418) generates an output
pulse provided two slow logic (0.5 usec wide) input pulses

overlap in time. These Togic pulses are derived from single-



channel analyzers (Ortec 455) included in both branches of
. the system, and signify the detection of photons in the desir-
ed energy ranges. The coincidence accuracy of the slow system
is no better than 1 usec; however, by using the output of the
418 to strobe the T.A.C. ohtput, one is assured of pulses
which not only have good timing, but also satisfy the energy
restrictions placed on the single-channel analyzers. A
block diagram giving the general setup of the electronics is
shown in Figure 3, and Figure 4 shows the electronics modules
used. .

In the final analysis, the accuracy of the system was a
matter of fine tuning the electronics, and monitoring it at

various places to insure that erroneous data was rejected.
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SYSTEM COINCIDENCE EFFICIENCY
ANALYSIS AND DATA ACQUISITION

The efficiency of the coincidence system was determined

207B1’ source.

using a
This source is ideally suited for the measurement since
it decays through electron capture only, resulting in a
high rate of coincidences between 207pp K x rays and 569.7
keV gamma rays. These energies Tie within the ranges of
the single-channel-analyzers used in preparing the system

for the 204

Tl source measurements, and the high rate of
coincidences per source decay allowed the measurement to be
made in a reasonable amount of time.

207

The Bi source was prepared and mounted on a 1-mm-thick

Lucite washer in the same manner as the 204

T1 source, and
was positioned in the same experimental geometry, and the
coincidence efficiency run was made under essentially the
same conditions as the thallium source run.

The data, including singles and coincidence data, are sum-
marized in the calculations in this section. ‘The singles

spectra of 20

78i taken on the NaI(T1) and Ge(Li) detectors
are presented in Figures 1 and 2.

The 207Bi coincidence data was stored and displayed in
the same data acquisition mode as the thallium coincidence
data. In this way the multichannel analyzers were checked
for reliability in this mode of operation. The pulses from

the Ge(Li) detector, containing the Pb K x rays, covered an
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energy range 65-87 keV and were stored in the x-parameter, while.
the pulses from the NaI(T1) detector, which contained the 570
keV =~ ¥ rays, covered an energy range 15-600 keV and were
stored in the y-parameter. The coordinates (channels) of the
Xx-axis were regarded as the columns of the matrix, and the co-
ordinates (channels) of the y-axis were taken as matrix rows.

The singles spectra from the detectors were stored along their

" respective axes. Each axis spanned 64 channels, i.e., i=1...64;

j=1,...64, and the coincidence data was stored at the coordin-
ates of the matrix. Thus two photons emitted simultaneously

by the source with the energies corresponding to Ge(Li) channel
i and NaI(T1) channel j which were detected by the system, would
appear as a count at the point (i.j) of the matrix. A diagram

207

of the Bi data matrix is given in Fig. 3.

CALCULATIONS

20735(1) Shown in Fig. 4, one can

From the decay scheme of
make the following observations. The .5696 MeV level can be
reached either directly by electron capture (EC) in 3% of the
source decays, or in cascade by EC to higher levels. The EC
branching ratio is 9% to the 2.3393 MeV Tlevel, 88% to the
1.6331 MeV level, and 3% to the .5696 MeV level. The cascade
via EC to the 2.3393 MeV level can be ignored, since K-capture
is energetically forbidden to this level and the K-shell in-
ternal conversion for the 1.7697 MeV gamma ray is negligible.
The 1.6331 MeV state is an isomeric state (T%= .80 sec), and

decays by M4 multipole radiation to the 0.5696 MeV state. This

transition is strongly converted. Since the internal conver-



sion coefficient for the K atomic shell, X , and the ratio
of K-shell conversion to L+M+...conversion is known, one can
readily calculate the fraction by which the 1.6331 MeV state
decays to the 0.5696 MeV state through K-shell conversion.

Let "B’ equal the fraction of decays resulting in gamma
emission, while Ni’ i=k,L,...represent the fractions of decays

for internal conversion in the iEﬂ shell. Since

O‘K = .'_4—‘—‘- - O.OQGM) ,_.'.i‘-‘—-——- =L|'oto.a.5(1)
| Ny | Niimso..

and | = Ny+ Nk + NL-\-N\.\-... )

L - Ny Niim+...
then N\Q Nk \ + NK

thus NK=' 0.0%6 £ O. OOO\

If the decay rate of the source is 10 » then the emission
rate of the simultaneous Pb K x-ray-=570-keV photons through
the decay of the 1.6331 MeV state will be:

.88, NK\’JK = 0121 X,
where we have included the fluorescence yield wk=.96 of Pb K
X rays.(3)

To the above expression we must add the photon coincidences
that arise from the electron capthre to the 0.5696 MeV level.
This requires a knowledge of P , the fraction of captures

in the K shell. Unfortunately, ‘i‘ has not been measured. To

determine the value of ﬂk we can use the formula from Brysk



(4)

and Rose:
EC(L) =K, ( E~B,E(.LI)$'
Ec(k)™ "\ FEECRT

where E = energy available for the capture transition; BE(L:)=
binding energy of the lg subshell; and K, .is a parameter
that depends on the automic number. Since the Q-value for
electron capture is 2.40 MeV, the energy available for capture
to the .5696 MeV state is 1.8304 MeV. The binding energy for
the Ly subshell and the K shell is 15.86 and 88.00 keV, respec-
1tive1y.(1) Using the value ky (Z) = 0.15 for Z=82, we get

ec (L] EC(®) = 0.115

We can express Py in the following way:

e = Ecm/(ﬁ_cck) +Ec(L)+.. ) o
_ {H.(EC(L.)/EC(K)) -|-(EC(L|)/EC(I<)) (EC(Ln)/ EC(Lt))}

The quantity EC(L“ is 2 10%, whereas f_(_(li;l is
EC Ll EC(Ly)

less than 1% and has been neglected. (4)
Using these values we obtain Py = 0.84.

Thus as a result of EC to the 0.5696 MeV state, we obtain
the following intensity of Pb K x-ray --570-keV photon pairs:

03T, AWy = -0247T,.

Combining both terms, we obtain 0.0967Xo as the photon pair
emission rate.

In order to determine the number of coincident photons de-
tected by the system, it is necessary to know the source in-

tensity L, , the efficiencies of the Ge(Li) and the NaI(T1)
Pbk -570
€ bkx , 61

, . ncide
el Nal the electronic coincidence

detectors,
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efficiency of the system, €coln » and the angular correlation
between the coincident photons. Here'the detector efficiencies
are total detection efficiencies i'né]uding solid angle, and the
superscripts indicate the energies at which the detector effic-
iencies are evaluated. The quantity € coin defines the

efficiency of all the e]ectroni‘cs, ihcluding the fast and slow
electronics. If we define the coincidence counting rate as R;

then we get:
Pbikx ¥-510

Rc‘: 0967 I eGeLc EN&I ecom .

This expression compares the number of coincidences emitted by
the source to the number counted by the system, and can be
used to determine the coincidence efficiency ECoin . The
quantities I, ) eg‘;’::‘ » and *6';}:}"- can be deter-
mined from separate measurements of singles spectra, provided
these measurements are carried out in the same experimental

geometry as the coincidence measurements.

Pb Kx Pbkx
It is convenient to express E'GeL, in terms of e-ua’.[
Kx
If ;:Li and Ku.‘: are the number of Pb K X rays counted

by the detectors in equal time intervals, then

Pb Kx €PL'<=<, Rs-eLc
eﬁ-el.i = Nal ::I ’

Since the photopeak portions of the detector spectra are least
likely affected by scattered photons, the above relation is
more accurate when RZ:Li and Ruu correspond to the number
of pulses in the photopeaks. From th1s relation it is possible

to determine the Ge(Li) efficiency E-G.QL; without knowledge
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of the source intensity.
A further simplification for R, can be made. The source
decay rate Lo is not easily measured. However, from an examina-

20781‘ decay scheme in Figure 4, one can relate Io

tion of the
to the intensity of the 570-keV photons, which is an easily
measured quantfty. The branching ratios to states which popu-
late the .5696 MeV level are known, and the fraction of decays
from thfs level which result in emission of the 570-keV photons
can be determined. Defining 1570 as the intensity of the

570-keV gamma rays, and using symbols previously defined, we

obtain: _ CoD(9)Ny +(.88) TNy +(.03) I, Ny
:[570- N'&‘PN.‘"‘NL‘P-O'

where now Ny and Ni, 4= KoL, ...refer to the decay of
the 0.5696 MeV state

But
Nx-o- Nk (|+°<|<+ °<l<( Kot )
Ny
where (» “ ()
<, =017 , and |.+n+..- _m._?"\— OM

for the .5696 MeV state. Thus we obtain
Lsqo = - 921,
Therefore the intensity of the 570-keV gamma ray is almost the
same as the source intensity.
Subtracting this result and the relation developed for é%flf

into the expression for R¢, and rewriting it in terms of écoin

Y



we get Ky
cotn ky ¥-510 KX
eNaI Nal P‘Geli

where all the R-Tabelled terms are normalized to equa1 times
intervals, and where R:,;s;o - :,:s;o Is-,o -

We now 1ist the values used in this expression. Referring
to Figure 3, if we call the number of counts corrected for
background in the channels whose coordinates are (i,j) as

N(i,j) then

a8
= > N(iy) =315% 112 sect
RGeLi %g
RNx‘L . i N(L ) =819t1.8 sec”'
aQ

RK-S‘!O Z N(1, )= 269+ 1.3 sec”

78
S 7 N(4,3)= .ol 0.0l6 sec”!
4=43 i=18

These expressions were corrected for absorbers and multi-
channel analyzer dead time. The value for 6~ L Was deter-
mined by an interpolation over Heath's tabulated va]ues,(s)
giving éﬂa‘l = .07': 0.002.

We obtain Eu;n'zféﬂ3%. This result, however, does not
take into account the clipping of the tails of the time spec-

trum, which was done to improve the true-to-random ratio. By

104
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a careful analysis of the area under the time spectrum, this
reduction amounted to about 7%. |
Thus a more accurate value for €coln is = ‘1313%,
This less than perfect Qa]ue was somewhat disappointihg,
since there were several attempts at establishing 100% coin-
cidence efficiency. Many of the "bugs" in the system were
intermittant, and could not be found at any one time. The
fast discriminators posed partibu]ar]y difficult problems.
In the final acceptab]e run, an Ortec fast discriminator
which had-a 4% loss of pulses was used. This unit, which was
in the x-ray branch, was tested with a pulser which showed
that the loss was independent of energy, énd thus a direct

correction was made.
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VI.

RESPONSE MATRIX OF THE NaI(T1) DETECTOR

PRELIMINARY CONSIDERATIONS

In order to compare the experimental and theoretical data,
it was necessary to determine the response of the scintilla-
tion detector to monochromatic photons. As is well known,
the response of a scintillation spectrometer to a monochro-
matic gamma ray takes the form of a broad pulse-height dis-
tribution. This instrumental distortion of the pulse must
be properly understood if observations made with the spectro-
meter are to be properly interpreted. The pulse-height dis-
tributions can be measured for a series of radiactive sour&es,
each emitting only one gamma ray. In order to correct the
observed continuous photon spectrum for the influence of the
spectrometer, it was necessary to know its output pu1se?
height distribution for monochromatic gamma rays within the
range of the spectrum.

The main components of the pulse~height spectra are the
photopeak and Compton regions, which depend on the size and
shape of the detector, and on the energy of the incident
photons. The shape--and to a lesser degree the magnitude--
of the spectra will also be affected by factors related to
the experimental environment; for this reason the detector
response is always a non-unique function of incident photon
energy. Given the experimental setup, the shape of the
spectrum can be determined for gamma rays of a number of

energies. For arbitrary energies, the response may be found
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by interpo]ation between known responses of standard sources,
using a fairly detailed graphical procedure.

We begin our discussion with an analysis of the basic
processes involved in the formation of the pulse-height dis-

tribution. Finally, the Response Matrix will be constructed.

. BASIC PROCESSES

The response of the NaI(T1) crystal to a single gamma ray
can be understood from a knowledge of the basig interactions
that occur in the detector. The photopeak, or full energy
region of the spectrum, is gaussian-like in appearance and is
produced by events in which the incident photon delivers all
of its energy to the crystal. This can occur either by a photo-
electric process or by successive Compton collisions. The
photopeak is the most useful component of the pulse height
spectrum, since the mean position of the photopeak is propor-
tional to the energy of theincident photon, dnd the photopeak
region is Tease affected by scattered radiation and other
effects which complicate the interpretation of the pulse-
height distribution. The broadening of the photopeak has two
main causes--there will be a variation in the number of Tight
flashes produced by the detector for a given quantity of energy
absorbed, and for a given quantity of light incident on the
photo-cathode of the photomultiplier tube, there will be a
statistical fluctuation in the number of electrons emitted.

The second prominent region of the pulse-height spectrum
is the Compton distribution. This is represented by a roughiy

uniform distribution of pulse heights, extending from noise



level up to a maximum value called the Compton edge. In Comp-

ton scattering only a f

P

ractiqn of the incident photon's energy
is absorbed by the crysta]l The remaining energy appears in
the scattered photon, and this has a good chance of escaping"
from the crystal. The pulses inuthe Compton distribution
represent the spectrum of the Compton recoil electrons, and
the Compton edge corresponds to the.maximum energy transferred
to recoil electrons, which occurs at 180 degree scattering
(backscattering) of the incident photon. For Compton scatter-
ing, if the energy of the incident photon is & ¥ and it is
scattered through an angle e , then the energy of the re-

coil electron 1is:

_ Ey (1-Cos )
Ec= Mcz + Ey (1-Cos 0)

where M s the rest mass of the electron. This relation

has a maximum value of

E C —L
¢~ +(Mc*/2Ey)
corresponding to the backscattering ( e = |30°) of

the incident photon.

The electrons which are set in motion through photo and
Compton collisions release their energy through a large number
of secondary encounters with the crystal electrons, which re-
sult in low energy photons which are capable of activating the
cathode of the PM tube. In order to ensure that this fluores-
cent radiation has a high probability of escaping the crystal,
a small amount of thallium impurity is added to the crystal.

This prevents resonance re-absorption of the emitted light.

113
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OTHER CONTRIBUTIONS TO THE. SPECTRA

It is possible tq characterize.theﬂcomponEnts of pulse~
height spectra as either characteristic of the crystal prop-
erties, or related to the crystal environment. Thus the photo-
peak and Compton components, whose shapes and relative inten-
sity depend on the physical characteristics of the crystal,
are common to all pulse-height spectra, whereas the "back-
scattering" peak (sometimes referred to as scattering peak),
as well as other effects, can be shown to be caused by the
crystal environment.

To reduce the level of background radiation, it is usually
necessary to operate the NaI(T1) detector inside a shielded .
enclosure. This shield represents the major source of scatter-
ed radiation. Scattering also occurs from the source holder,
the material used to prepare the source, and the packaging
material surrounding the Nal detector. A prominent feature of
the scattered spectrum is the "backscattered" radiation, which
is often manifest as a rather broad peak 1ying on the'flat
Compton region.

If the shield is assembled of lead bricks, then charac-
teristic Pb x rays may also appear in the pu1se-héight spect-
rum. As is.well known, the ejection of a photoelectron from
the K-shell of an atom is followed by the emission of charac-
teristgc X rays. If a photon which originates in the source
interacts at the surface of the walls of the shield through a
photo encounter, then Pb x rays may be produced.

Similarly to the production of the Pb x rays, it is also
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possib]e to gxcite jodine x rays in the surface of the NaI(T1)
detector following a photoelectric event. Photons with energies
less than 200 keV incident upon the detector have a large prob-
ability of being detected by the photoelectric process. If the
interaction occurs near the surface of the detector, iodine K

X rays may escape without further intefaction. The energy of
the x rays (28 keV) will be lost when this occurs, and an
additional peak will appear in the spectrum at 28 keV below the
photopeak. The escape peak decreases rapidly in intensity with
increasing gamma ray energy, and will not be present for ener-
gies less than the K-edge of iodine (33.2 keV).

These effects will occuf in even "simple" geometries, that
is systems consisting of one detector and a minimum amount of
material in the experimental geometry. However, in the study
of certain phenomena of very low intensity it is not possible
to obtain reliable results unless a coincidence measurement is
employed, since then events which are random in nature can be
properly determined. For these more "complex" systems, two or
more detectors are often used, and it is also not uncommon to
employ an arrangement of especially designed collimators and
filters to reduce scattering between the detectors and block
out undesirable coincident events originating within the source.
In the present measurements, because of the'proximity of the
two detectors and the use of a fairly complex geometry, a great-
er amount of scattered radiation was present in the data than
would appear under a more simple arrangement. In particular,

the beryllium absorbers, the tin collimator, and the positioning
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of the Ge(Li) detector very close to the source resulted in

an increase in the number of pulses on the Compton ridge and
in the regiqn just below the photopeak of the NaI(T1) detector
spectra.

In order to accurateTy determine the shape and magnitude
of the IB spectrum, it was -necessary to include the effects of
this "closef geomtry on the bremsstrahlung spectra. This was
accomplished by taking spectra of the calibration sources in
the same experimental geometry. The experimentally determined
shapes of these spectra were then used to interpolate a set of
response functions. The interpolation was carried out over
the characteristic parameters of the distributions, that is
the photopeak, Compton, and backscatter regions. In order to
fit these shapes as closely as possible to the experimental
shapes the Compton regions were divided into ten sections, and
interpolations were performed separately over each section.
This procedure was perferred to assuming a Compton distribution
of constant amplitude or by fitting the Compton to geometrical
shapes, since it gave better fits to the broad bump of the
Compton edge and to the upward sweep of the Compton ridge in
the direction of lower energies. In addition, by assuring a
better fit to the shapes of the experimental Compton distribu-
tions, the effects asﬁociated with the "close" geometry were
more accurately represented in the data. 1In order to ensure
continuity of the pulse-height distribution between the Compton
edge and the Tow energy side of the photopeak, this region was

also incorporated into the interpolation procedure.
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CONSTRUCTION OF THE RESPONSE MATRIX
DEFINITIONS

We have shown that there are certain features common to the
pulse-height spectra of sing1e_§amma emitters. Examples of
the pulse-height spectra of several sources are shown in Fig-
ures 1-5. The characteristic features of these spectra have
been identified in the figures.

In constructing the response matrix we are interested in
the pfobabi]ity that a photon with energy corresponding to
mean photopeak chahnel j is incident on the detector and will
be recorded as a pulse in channel i, where j=1,..., 64, and
i=1,..., 64. We define this quantity as ng.. This 1is
actually the product of several efficiencies: ;he geometric
efficiency .(L., which is'the source solid angle subtended by
the detector, and gives the probability that a photoh emitted
by the source will be incident on the detector; the intrinsic
efficiency e(E,) » Wwhich gives the probability that a pho-
ton of energy E which is incident on the detector will result
in a pulse in any channel; and finally the partial probability

‘l.ji that the pulse will occur in channel i.
Thus

.. = A;: .
Usually the solid angle efficiency is absorbed into the in-
trinsic efficiency, and the result referred to as the total

detector efficiency, E(A) Ey). These values have been deter-
mined by Heath(]) for standard-sized NaI(T1) detectors as a
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function of energy, for various values of the source-detector
distance. The total efficiency for the present experimental
source-detector distance of 26 mm is shown in Figure 6.

The quantities jS- were determined from the shapes of the
calibration spectra, which were principally due to the photo
~and Compton processes. In order to obtain the relative in-
tensities of these processes for any j value, it was necessary
to know the peak-to-total ratio as a function of bremsstrah-
Tung channel j. The peak-to-total ratio is defined as the
ratio of the number of pulses under the photopeak to the total
number of pulses in the pulse-height spectrum of a single energy
gamma émitter. By using the calibration sources discussed
earlier under the same experimental conditions, it was possible
to 6btain values of this ratio at several energies. These
values were plotted and connected by a smooth'curve to obtain
the peak-to-total ratio over a broad range of energies. This
curve is represented in Figure 7. In determining the peak-to-
total ratios of the'calibration spectra, the backscattering
peak and Compton edge were excluded from the summations over
the Compton regions. This was done since these effects were
evaluated separately.

The peak-to-total ratio obtained by Heath(])under "ideal"
experimental conditions is also included for comparison with
the present values. In Heath's .geometry, scattering and other
environmenta].effects were neg1jgib1e.' The curve through
Heath's data points gives the thebrétical peak-to-total ratio.

It is seen that the use of a "close" geometry affects the peak-
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to-total ratio, and to use theoretical estimates of this
quantity would not.be accurate; ‘The present data shows fair
agreement with the shape of the theoretical curve, but the
magnitude of the data taken in "close" geometry is lower than
the theoretical (ideal geometry) values. It is assumed that
this difference is due largely to scattering of the source
photons' from the tin collimator, which results in a lowering

of the peak-to-total ratios.

PHOTOPEAK ANALYSIS

Spectra of the calibration sources were taken in the same
source-detector geometry as in the determination of the brems-
strahlung spectra. A "dummy" source measurement was taken to
determine the background, which was subtracted from the cali-
bration data. Figures 1-5 show these resulting spectra. The
various components of these spectra have been indicated on
the figures.

Two quantities were determined from the photopeak portion
of each spedtrum: the full width at half-maximum peak height
(FWHM), and the center of the photopeak in channel units, which
was not necessarily in integer values. We have assumed that
the photopeaks could be satisfactorily described by a gaussian

- (x-x")‘.’/ bo

function:(1)(2)
La()() = lj,(xo)f

where C} is the calculated value in channel X, Xo is the

channel (pulse height) at the center of the symmetrical dis-
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tribution, and ‘?o is the calculated number of counts per

channel at channel X,_ . The FWHM for this peak is

AEy = aVe.2 VE,

the guassian can be transformed into a parabola

M= Kelbx + x>

This equation was fitted to the channels of the experi-
mental photopeaks by a least-squares routine to obtain best
estimates of ‘jo, Xo and b, . The guassians obtained
from these estimates were compared to the experimental data
points, and the fits were quite good, except for the tails
of the photopeaks, which showed some deviation from the
guassian shapes. These low energy tails are due to multiple
scattering events in the detector which do not result in full-
energy loss, while the high energy tails are thought to be
caused by optical problems in the detector.(” Smooth curves
were drawn through the photopeak channels. These are shown
in Figures 8-12. The FWHM values of these curves were mea-
sured, and compared to the calculated values of AE-I.‘-_ .

It is seen that the fits are good, and that the approximation
to the photopeaks as gaussians is satisfactory. The values
of X, and Aﬁé(calculated) for the calibration energies
are presented in Table II of the section on Detector Calibra-

tions.
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F;-om the above values of X, and AE% » @ curve was
constructed so that AE-{ for all integer channels could be
determined graphically. The resulting curve is shown in Fig-
ure 13. In this manner the photopeaks correponding to all
channels j of the response matrix were determined.

To determine the distribution of pulses belonging to the
photopeak centered on channel j, first each channel in the
photopeak was integrated over its limits to give the fraction
of the photopeak in that channel, and then the total area of
the photopeak was normalized to 1000 counts. These integra-
tions were easily performed by expressing the extremes of each
channel in units of C;‘ , the standard deviation of the photo-
peak, and then referriﬁg to standard tables on the normal dis-
tribution. In determining these areas we have assumed that
all channels have the same width, and that the mean pulse in
a channel occurs at the center of the channel. The photopeak
portion of the response matrix is_showh in Table I. Only that
portion of the matrix (rows 9-40) which was significant in the
calculations is shown. The data is arranged so that the rows
of the matrix are ordered horizdna11y, and the columns of the
matrix are ordered diagonally. Finally, to include the effect
of NaI(T1) detector efficiency on the matrix elements, each row

j of photopeak entries must be multiplied by €(-ﬂ-,£x).

COMPTON MATRIX ELEMENTS

The following procedure was used to calculate the Compton
elements in the response matrix. First, the Compton portions

of the experimental calibration spectra were multiplied by
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the necessary ™ factors to give the proper peak-td-tota] ratios,
assuming a photopeak intensity of 1000 counts. The resulting
spectra preserved the shapes of the experimental spectra. In
order to maintain normalization to a source emission rate of
1000 counts/sec, these .spectra were multiplied by their respec-
tive peak-to-total ratios. Finally, since the intensity of
the whole spectrum in a given row is proportional to the prob-
ability of locating a pulse in that row, each row was multi-
plied by its corresponding e(-ﬂqﬁy)vaﬂ.-.UE-

This procedure was repeated on the Compton regions of all
the calibration spectra. The resulting spectra, whose shapes
follow the exact experimental shapes, were used to generate
the Comptons for intermediate energy spectra. This was accomp-
lished by dividing the Compton region, from zero pulse height
to the Compton edge, into ten sections and interpolating be-
tween corresponding sections.

In order to check the accuracy in the intensity of the
interpolated spectra, the peak-to-total ratios of these spect-
ra were measured, and compared to the data of Figure 7. It
was found that the agrement was within 1%, except for the
spectra between 7ge and Slcr » where the difference was
as high as 7%. The Compton intensities in these spectra were
corrected to give the proper peak-to-total ratios. The Comp-
ton elements of the response matrix are shown in Table II.
These values include the effect of the NaI(T1) detector

efficiency on the matrix elements a:,';, v
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BACKSCATTERING

The backscatter contributions to the matrix elements were
obtained by empirically determining both the intensity and
position of the backscatter peak along each row of the matrix.
The FWHM values of these peaks were obtained from their
energies by using Fig. 13. The method used her to analyze
the backscatter is similar to that used by Bosch and Munc-
zek,(3) and Olsen, Mann and Lindner.(4)

Curve 14 shows the backscatter contribution to the pulse~
height spectra as a fraction of the full energy peak, plotted
against incident photon energy. The curve is a smooth fit
through data points collected with the calibration sources.
An additional point was taken with a 137Cs source. One can
see that for incident photon energies less than 400 keV, the
intensity of backscattering is less than 7% of the photopeak.

In general, as the size of the shield housing increases,
the scattering peak becomes narrower and approaches a mono-
chromatic 1ine, since then the solid angle for a point on
the shield to the detector volume decreases and the detector
views only 180° scattered photons from the shield wall. The
relation in energy between the incident and Compton scatter-

ed photons was given previously. For 180° scattered photons,

this relation becomes:

EE - EEH!g_f
back = |4+ (LEwmc/SWY)

where the energies are expressed in keV. This relation,

which allows one to fix the position of thé backscatter peak

o
in relation to the photopeak assuming perfect 180 scatter-
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ing, was compared to the experimentally determined scattering
data (Figure 15). One can see that in the energy range pre-
sented, the curves agree in shape, but the experimental data

is higher than the theoretical data by an average of about 10%.
This is not surprising, since photons scattered through angles
other than 180° have greater energy than photons scattered
through 180° . The ordinate of the graph gives the backscatter
peak pulse height as a fraction of the photopeak pﬁ]se height,
where the median pulse heights to the peaks were taken. On the
basis of this data, the backscatter peak along each row of the
matrix was determined, and added to the appropriate matrix

elements.

IODINE ESCAPE X-RAYS

The magnitude of this effect is about 1% to 5% of the
photopeak and it occurs in a part of the matrix where the matrix
elements ére very small. However, its contribution to these
maxtrix elements is as high as 50%. A quantitive prediction of
this effect which considers the fluorescence yield of iodine
has been determined by McGowan(s) for a source-detector dis-
tance of 10 cm (Fig. 16). Since the present measurements were
taken at a source-detector distance of 2.6 cm, the McGowan
results do not carry over directly. The magnitude of this
effect could not be reliably determined from the present ex-
perimental data, since it occurs over an energy range for which
there was insufficient data to construct a curve. Thus it was
decided to adopt the McGowan results, with the following proviso

as to their applicability: As the source-detector distance is
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decfeased, the fraction of the escape peak in the spectrum
increases, since edge effects reduce the effective solid angle
for photon detection, whereas iodine escape occurs at the '
crystal surface and thus is not similarly affected.

An estimate of the discrepancy due to this difference in

141Ce source, where

source~detector distance was made with the
it was possible to measure the escape probability. This gave
a value of 4%, compared to the McGowan value of 2%. Thus the
data of McGowan is employed with the understanding that these
values are probably lower than the actual experimental values.
The difference is expected to be smaller for incident photon
energies less than the 145-keV Ce line, since the influence of
edge effects diminishes for lower photon energies. The iodine
escape effect was added to the matrix elements for incident
photon4energies in the range 100-170 keV. It is estimated

that taking the McGowan data underestimates the magnitude of

the IB in this energy range by about 1%.
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20441 SOURCE INTENSITY MEASUREMENTS

The intensity of the 204T1 source was determined from
the 204Hg K x-ray emission rate. Two methods were used to
obtain this value, based on separate measurements taken on
the Ge(Li) spectrometer and the NaI(T1) detector. The two
values were weighted and averaged to give the final result.

In the first measurement, data was obtained with the
Ge(Li) spectrometer, and the relation developed in the sec-
tion on the Sysfem Coincidence Efficiency for the efficiency
of the Ge(Li) spectrometer was applied here. The efficiency

Hokx +
of the NaI(T1) detector, eNo.‘.I.) was 0.07 - 0.002, and was

1

taken from the tables of Heath. This value was checked

57Co and ]3380_. The importance

using calibrated sources of
of taking tese extra measurements need not be underestimated--
the intensity of the thallijum source, and consequently the

magntiude of the IB effect, depended on an accurate knowledge
Hqkx Hoky
of 662‘_‘ and €. aT »

H&K%
The remaining terms in the expression of Es.,h )
K kx : .
i.e., NNu‘I and N&el—t » were obtained from singles
207

spectra collected in the Bi coincidence measurement. The

::i‘ was corrected for room background, for multichannel
analyzer dead-time (6%), and for attenuation in the 3 mm bery-
11ium and 0.015 mm copper foils, which were determined under
separate measurements and amounted to 5% to 7%, respectively.
The value for FJ::I was corrected for background, which con-
sisted primarily of Compton scattering of the 570-keV gamma

rays. The attenuation through the 1.5 mm-thick aluminum win-
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dow of the NaI(T1) detector and the 2 mm-thick beryllium sheet
positioned between the source and tin collimator were also
included in the value of N;:I . These corrections were
8% and 3% respectively, and were measured values. The Ge(L1i)
and the NaI(T1) detector singles spectra of 20731‘ used in
this calculation are included in the section on the System Co-
incidence Efficiency. The intensities of the Pb K x rays in

these spectra were, after corrections:

Pbkx
NN&I =917.3 counts/sec

Pbk
Nb%

Gell =425.5 counts/sec

= (bo7) S22 ““\‘_“‘3 - 0.034*0.0021 .

It is convenient to introduce the following terms to

KX
Thus eG,eL'

compute the thallium source intensity. Let ’nm be the
correction for absorption in copper; 7’23, be the correction
for absorption in beryllium; .TA denotes the deadtime of
the MCA; SK“ 2_6. is the total number of counts,
where C4 s the number of counts in channels iz=6 to i=23.
These channels define the lower and upper bounds of the

A=58
2034 Ke¢ X rays. Also SKG Ci is the number of

counts under the Kp peak. F1na11y.‘,° we use the term BK
to represent the background in these channel ranges.

With these definitions, and using the Ge(Li) spectrum
of 204T1 shown in Figure 1, we get the. following result for

IHJkg , the Hg K x-ray intensity of the source:
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(Sko=Bru) + (Skp-Bkeg) ’.
€eelt Mg N, (1-T1)

622%30
,0324 %,002)
1

= 14,198+ 1,550 Sec” ,

Ii-lﬂkx =

The second method to obtain the K x-ray source intensity
used spectra taken with the Harshaw 3" X 3" scintillation de-
tector. In the course of the experiment, singles spectra of
the thallium source were taken on the NaI(T1) detector before
each experimental run. 1In general this averaged about one per
day. Several of these spectra were combined and the total
spectrum is shown in Figure 2. On the basis of Heath's cal-
culated values, we obtain E:?\:* =0.23 ¥ 0.01 for 74~
keV photons at a source-detector distance of 26 mm. Using
quantities defined in the previous discussion, with the under-
standing that they now apply to the NaI(T1) detector and the
absorbers inserted between the source and this detector, we
obtain: _ N'l.-lz:x

Tugkx = XX M Mee (-0

In the determination of [N H kx

Na X ’
of counts under the Hg K x-ray peak, the summation was taken

the total number

from channels 5 to 10 (see Figure 2). The x rays lie on a
sizable background, which is internal bremsstrahlung accompany-
ing orbital electron capture and beta decax,and external
bremsstrahlung produced in stopping the beta particles in

the beryllium absorbers surrounding the source. The brems-

strahlung background was subtracted from the x-ray peak by
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aésuming it behaved linearly in the region of the x rays. The

room.background also was subtracted from the x rays by this

process. .

HeKx |
Using the values ant = 2933 ¥ 128 counts-sec”;
K
€ENal - 0.23; Nt =.92; NMNge =.97; TL =.20, we
get for the Hg K x-ray intensity: |

Tugke = 17,862 % 1100 -scc
The two independently measured values were weighted by

~2
€; » Where & is the standard deviation, and averaged to

give a final result of:

Tugks = 18,3092 897 - sec™

This is the K-x ray emission rate.
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VIII.

. DECTECTOR CALIBRATIONS

NaI(T1)

The sources used in the crystal calibration, and their
corresponding energies, are presented in Table I.

The pulse-height distributions of the calibration sources
are included in the section on the NaI(T1) Detector Response
Matrix. In the present discussion the half-width (AE{)
values are used to analyze the errdrs in the calibration line,
whereas in the determination of the response matrix they are
used to obtain the empirical relation between AE_-‘L_ and E.
The mean photopoeak positions )(, and the peak half-
widths AEt of the califbration sources are presentéd in
Table II.

The mean channels X., of the calibration spectra were
plotted against calibration energies (see Fig. 1), and as
expected, the data behaved Tinearly in the energy range
under consideration (15-600 keV). A least-squares routine
was used to determine the equation of the line of best fit.
On the basis of these results, the energy, and error in
energy corresponding to each channel of the NaI(T1) detector
spectrum were determined.

For each pair of values E;_ ’ Xoi , where Xoi =
mean photopeak channel corresponding to an incident photon
with energy Ei‘,, the energy is very accurately known,
while the channel pos1t1on was weighted by W‘, » Where W
/64‘.1 and 6,{ is the standard error in channel Xo,:.

If we assume an equation of the form



X:ME"-b

then according to the prescription of least squares, the
values of the parameters M and b which best fit the data, -~
where M= slope and = channel corresponding to zero

energy, are those which minimize the expression
2
E (X;,—ME;-L) Wi .
i

Now from counting statistics, for a gaussian probability
distribution, the standard error in the mean of a sample,
6j,m , is related to the standard error of the sample,
T +
6‘_ , by 64‘,‘“ = 6‘./’\‘ , where N represents the popu-
lation of the sample. Thus the standard error in the channel
X“_ » corresponding to the energy E", » 1s the standard
error in the mean channel position xoi. . Thus the standard
error in the channel positions can be determined from the data
of Table II. In the present study the assumption was made
that N was equal, although arbitrary, for all calibration
sources. This is a reasonable assumption and is equivalent
to specifying that all photopeaks integrate to the same inten-
sity. In the actual calculations, N cancels, and only the
relative weighting of each channel { 6;:1 ) survives. Thus
for reference one may refer to Table II for _the errors in the
channel positions, bearing in mind that these are relative,
not absolute, values.
The result of the least squares procedure yields the

following expressions for M and l) .



_ (TwiEi Y wixi )= (TWiELXi P W)
(T wiEi) = (S WiEcy W)

= 0.108

L. (ZWikiXi S wiE ) —( TwiE: T wixi)
T GWE) - (S WS W)
= -0.5%87

Setting M'= -rli and b - - 'F"’ ,.we obtain
E=Mx+b = q.26%x+5.43
In the next step we determine the effect that errors in
the measurements of the pulse heights of the calibration sources
have on F1' and E; . From the theory of errors we can use

the following relation to predict the standard deviation in Pq

and E: :
6n =2 (5G) 6
1 = f;?]/bl Vdi.== \/(<§;t

o QM Wg(ZWLE‘.) WjEj(ZWL)
3%, (T wkea)* — (S WiEF S Wi)

2 EibL )-— (Z6")E; }L
2{ (35 - e & 260

where




where terms involving N cancel. Using the values for Ei.)
éi. from Table I and Table II, we get

6.1 3.11x10~3
But

o .
= 6"\/”\. and so ‘M' = 0.035

Thus there is an uncertamty of &2 0.4% in the slope.

A similar calculation on b yields
66 0.640
< 1
. 6y = b /M + (b/M)" 6
va = 5.9 kCV.

Combining these results we obtain the following expres-

sion for the uncertainty in E §

* - (E-s.43)*(0001u2) +35.03¢

T HA
6. = 6.5 keV.

Thus for energies less than 700 keV, the error in E is
primarily due to the error in energy for zero pulse height.
These results are based on statistical arguments and do
not include the possibility of systematic errors, such as
zero level drift, gain change, fluctuations in channel widths,
and other electronics instabilities. Most of these time-
dependent effects averaged out in the course of data collec-
tion. The detectors were calibrated twice during the experi-

‘ment, with no change found. In addition to this, both before



II.

and after each period ofAtaking coincidence data (almost

every 24 hours) a 207

Bi source was used to check for changes
in gain and zero level. Data was rejected if peak positions

changed by more than one channel (about a 2% change).

Ge(Li) DETECTOR

The calibration of the Ge{(Li) detector was carried out

analogously to the NaI(T1) detector. The K¢, and k«z

x rays of lead and mercury from 207p; and 20471 sources have dis-

crete energies, whereas the Kﬁ,,kg,‘_x rays represent weight-
ed electronic transitions and are less accurately known, thus
only the kd.,k.‘,_x rays were used as reference energies in
the measurement. The energies of these lines in mercury and
lead are as fo]]ows:(])
Hq Pb
K“' - 70.92keV 14.97

The pulses of interest from the Ge(Li) spectrometer rep-
resented a very narrow band oht of the total available from
the detector, and thus a linear relation was assumed in the
calibration calculation. Deviations from non-Tinearity were
determined by a Teast-squares calculation. Since th Ge(LY
spectrometer gave good resolution in the range of the Hg-

Pb K x rays, the positions of the x-ray peaks were very
accurately known, and thus the calibration calculations were
greatly simplified in comparison to those on the NaI(T1)

detector. In addition, since the variation in resolution



of the Gg(Li) spectrometer was negligible over the energy
range of the Ge(Li) spectrum (65-86 keV), the x-ray lines all
had the same values of FWHM (approximately 1.12 keV with
biased amplifier in system), and thus these lines were
weighted equally in the calculations. The results of this

analysis gave:

-+
.., = -328 Xoel, + 6494 L 002

where EGeL’c is the energy in keV corresponding to channel

Kelj . The standard deviation (¥ 0.02) is small, an indi-

catiaon of the overall linearity of the system including de-

tector, pre and main amplifier, and biased amplifier.
Although the Ge(Li) spectrometer calibration was based

on the x-ray lines appearing in the lower half of the spect-

rum, this was sufficient since only the Fic‘ X-ray peaks

were used in the analysis of the coincidence data. As a check

on the calibration, the energies of the Hg Ka‘and Hg K§,

X rays were compared to the values predicted by the calibra-

tion relation, and the results obtained were in agreement

with the reported values to within an experimental accuracy

of one standard deviation.
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REFERENCES - DETECTOR CALIBRATIONS

1. J. A. Bearden and A. F. Burr, in Handbook of Chemistry
and Physics (CRC Press Inc., Cleveland, Ohio), 54th
edition, 1973-1974, pp. E181-E192.
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SOURCES AND EN ERGIES

USED FOR CRYSTAL
CALIBRATION

ISOTOPE | *kev3"
‘% d ¢1.1
e 454
"y | 27l
*'Ce 319.8
r 'Be 4114




MEAN CHANNELS X, AND
WIDTHS AEL AT HALF-MAXIMUM

OF PHOTOPEAKS, AND RELATIVE
. (&)

ERRORS 67, IN CHANNEL UNITS
[ISOTOPE %o AEL 6
109 Cd ' %.66 : 1.06 0.45
e | 15.86 | 1as 074
2% Hg | 29.60 | 3.08 .31
SV Cr | 33.68 3.4y 146
1 Be 6o.uy 4.66 | 1.98
TABLE IO

(@) 6; are the relative ercors jn The
Values of Xo = see text for discussion



IX.

ANALYSIS AND CONCLUSIONS

In order to compare the theoretical spectra to the
experimental data, the theoretical differential spectra were
multiplied by'the response matrix of fhe Na(IT1) detector.
The resulting pulse-height spectra were then normalized to
the intensity of the experimental spectrum.

Let T represent the theoretical differential IB spectra
for K-capture, and'Ta represent the intensity per second in
channel j. The T spectra are included in the discussion
on theory; various T spectra corresponding to different
endpoint energies are included in Tables II and III of that
section. Let B vrepresent the theoretically predicted
pulse~-height spectra, and QL the IB intensity per second in
channel 1-. Then B 1is related to T by the following

expression. k
- X'\ 87)

B; =2 Py-—rﬂ) e-(reL € coin W 1“3“ -az") AT)C
K .

where OT 1is the experimental running time in seconds, and

€ represents the corrections for transmission through various
absorbers. Now if we define E&, to be the intensity of the

(measured) experimental spectrum in channel i, then the ratio

of the total intensities of the measured and theoretically
predicted spectra is

SEL
Z Bz

These ratios were used to multiply the various predicted

pulse height spectrd in order to normalize them to the experi-



mental spectrum. The resulting spectra were then compared to
the fifteen data points of the experimental spectrum by a )CL
analysis. In this way, the best fitting theoretical spectrum

was determined. The 7CL were calculated for fourteen degrees

= 2 (EL_P)

Here {7 1is the number of counts in channel i of the normaliz-

of freedom, where

ed pulse~height spectvra, and 61'. is the standard deviation in
channel i of the experimental data. The Fi and resulting 7(1
values for each spectra are included in Table I, where the
spectra are arranged in vertical columns according to their
end-point energies. In Figure 1 we plot the various ?LL
values obtained for the different values of Jﬁﬂn, the end-
point energies of the spectra.

On the basis of the calculated values 6f ’CL, it is
clear that ?tz'passes through a minimum in the vicinity of
300 keV. In order to determine the theoretical spectrum
which best fits the experimental data, it was necessary to find
this minimum value. By fitting the jﬁt' values to a second
degree polynomial using a least-squares curve fitting routine,
it was possible to calculate the coefficients of the poly-
nomial expansion, and consequently the end-point energy for
the best-fitting theoretical spectrum. This method is not
as sensitive a probe of the minimum energy as testing the
variation in 7CL for arbitrarily small changes in the energy
in the region of the minimum. However, from an estimate of

the quality of fit one can determine the error to be expected



in the determination of the position of.the minimum value of.
?CF-. This error proved to be considerably smaller than

other contributions to the error in end-point energy. The un-
certainty in energy determination resulting from the calibra-
tion procedure was approximately I 13.0 keV (two standard devia-
tions), whereas the present procedure results in an error of
approximately ! 1.9 keV in the location of the minimum.

The fitting procedure gives

2
X“(B)- .00513E ~3.520E + 553.08
and XY 2 12.81 At Eyyp = 3070214 keV .

A plot of this relation for ?(1(53 is included in
Figure 1. It can be seen that in the région of the minimum,
the parabolic shape gives a satisfactory fit to the data points.

As a check of this procedure, the theoretical spectrum
corresponding to an end-point energy of E=307.0 keV was deter-
mined, and converted into a pulse height spectrum. This
spectrum was compared to the experimental spectrum, and gave
a '7(1‘of 12.79, which was in excellent agreement with the
value of 12.8] 6btained from the above equation. The IB pulse
height distribution corresponding to this value is shown with
the experimental data points in Figure 5. The normalization
condition resulted in a ratio of 4.31 for the theoretical to
experimental intensity.

Since IB photons with energies corresponding to channel
10 (98 keV) contribute pulses to channel 11 of the IB pulse

height distribution as a result of the broadening of the photo-



peak, the integration of the IB spectrum began at channel 10.
Thus the "best fitting" theoretical spectrum gave a total in-

5

tensity of 9.36 X 10" photons per K-capture event per second,

over the energy range 98--307 keV, as compared to the experi-

mental value of (2.17 '

0.26) X 107%. The experimental error
was obtained from the root-mean-square errors of the various
terms used in the normalization procedure. This inc]udeq a

7% error in the measured spectrum, which was primarily from
counting statistics; a 5% error in the source intensity; a 6%
error in the efficiency of the Ge(Li) spectrometer; a 4% errof
~in the response matrix which was primarily due to the error in
the NaI(T1) total detector efficiency and the experimentally
determined peak-to-total ratios; and finai]y a 3% error in the
system coincidence efficiency. The total experimental error
amounted to about 12%.

Additional spectra are included to show the behavior of
the pulse height spectra for various end=point energies (fig-
ures 3,4). The broken curves represent the spectra which were
obtained from using only the photopeak elements of the response
maxtrix. It can be seen that the experimental geometry has a
significant influence at the lower range of the spectra.

The procedure described above was also used to compare
the experimental data to a Coulomb-free treatment of the Zon
and Rapoport theory, obtained by setting #2=0 in the expres-
sion for the spectral distribution of the IB photons.

Table II contains the information analogous to Table I,

where now the pulse-height spectra are obtained from the Cou-
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lomb-free version of the theory. This theory predicts a lower
end-point energy for the IB spectrum, and thus a lower energy
range is used. The ]Ez‘vaIues from this table and the curve
from the fitting procedure are presented in Figure 2. This
curve has coefficients A=0.0118339, B=6.4464, and 0;9.3249,
with a minimum ;xa'of 9.325 at an energy of 272.4 keV. The
theoretical spectrum corresponding to this value was cé]cu]ated
and compared to the experimental spectrum yielding a 7CL49f
9.496, which was in good agreement with the curve's value.
From the normalization procedure, the ratio of the theoretical
to experimental intensity was 0.749. The intensity of IB for
the best-fitting theoretical spectrum over the energy range
98.0--272.4 keV was 1.62 X 1072 photons per K-capture per sec-
ond, while the intensity of the experimental spectrum deter-
mined from the normalization procedure was 2.16 To0.25 x 10'5.
The "best fitting" spectrum is plotted in Figure 6. Using the
end-point energy of this spectrum, and taking into account the
various experimental errors, a transition energy of 357.4 I
14 keV is obtained. For sake of comparison, the best-fitting
spectra corresponding to the two trgatments of the theory are
re-plotted in Figure 7. ‘

The X% value obtained for the Coulomb-free theory
(9.496) js somewhat lower than the value obtained from the
full theory (12.79). For fdurteen degrees of freedom (\)=lq),
the X™* at the ©=.05 level of significance is X:s::
23.685. Thus we conclude that the fits of the data for both

i
spectra are good. In addition, since 'X,os =6.571, it follows



that the value 9.494 is not too good as to be considered unbe-
Tievable. An examination of Figure 7 shows that the Coulomb-
free spectrum lies closer to the experimental data points than
the full theoretical spectrum over most of the energy range.
Thus the lower 7["va]ue obtained with the Coulomb-free spect-
trum is not due to'atypica1 point(s) but to a better overall
agreement of the shape of this spectrum with the experimental
data.

‘The two treatments of the theory predict significant
differences in K capture transition energy. In the full treat-
ment of the Zon and Rapoport theory, a transition energy of
392 ! 14 keV is obtained. This value is in agreement with the
values 376 = 20, 393 I 10, and 385 I 20 obtained by Jung and

2, and Lancman and Bond?, re-

Pool], Biavati, Nassiff, and Wu
spectively. 1In these measurements the Martin and Glauber
theoretical spectrum for allowed transitions with the relativ-
istic correction factor Ris taken to be constant was used to
obtain .the end-point energies. Thus the apparent agreement of
these results might be due to the similarity of technique used.
In the analysis of the Coulomb-free spectra, the value
357.4 ! 14 keV was obtained, which is in satisfactory agreement
with value 344 T 8 keVv obtained from the mass table of Wapstra
and Gove.4
The two versions of the theory disagree sharply on the
magnitude of the effect--the intensity of the spectrum for the
full Zon theory is almost six times the intensity of the spect-

rum for the Coulomb-free theory. This is surprising, since the



effect of the charge on the nucleus should add corrections
proportional to X 2& . Part of the reason for this discrepancy
is due to the fact that the two theories yield different end-
point energies, and thus different spectral intensities. How-
ever, although intensitie$ of the Coulomb-free theoretical
spectra show a marked dependence on end-point energy, (see
Figure 2 in section on "Theory") the.-differences in intensities
in the spectra with Aﬁm,in the range 250-300 keV are not enough
to account for this discrepancy. In addition, as can be seen
from Figure 1 of that section, the intensities of the spectra
based on the full Zon theory show very little change with
changes 1in Am .

In order to have better confidence in the results of
these éomparisbns, the values of Q.(? and ’E"ﬂ calculated
by Zon (see Table I - "Theory"), which were used to determine
Wus/Wk » have been checked by Professor Robert Intemann by

5

computer calculations. He obtains excellent agreement with

Zon's values.
It is possible that the lack of satisfactory agreement
between the intensities of the experimental and theoreitcal

spectra (especially for the full theory) might be affected by

6,7,8

the presence of detour transitions, which is an important

consideration in forbidden decays. These are transitions
through virtual intermediate excited nuclear states, and could

compete with a direct transition which is highly forbidden.

£ 204

Such a transition could occur in EC decay o T1, e.qg.,

204Hg.

through an excited 27 level in The detour transition



1/V

could be represehted by the following diagram;

ij
‘\ -
20M
atk
O-\‘

0.43 MeV

204
g1 Hﬂ

where the 204T] decay proceeds first to the intermediate 2t
excited nuclear state, via a transition which may be expected
‘to be faster than the direct transition to the 0F ground state,
and then decays by the emission of E2 gamma radiation to the.
ground state. Transitions through intermediate 1~ states lo-
cated at a higher energy could also contribute. These would
constitute a cascade of an allowed EC transition followed by
an E1 transition. The gamma rays in detour transitions have
a continuous spectrum since energy is not conserved in the
intermediate state, and thus contribute to the IB spectrum.ﬁ

Since the detour transition leads to the same final state
as the direct transition, there will be interference between
the two branches, and thus the detour transition can be observ-
ed by the distortion 6f the IB spectrum produced by the direct
transition alone. Rose’ has shown that in cases where the
excited daughter level is close to the parent level, the vir-
tual transition is expected to be greatly enhanced in compari-

son to the direct transition for gamma ray energies approaching



the end-point energy of the IB spectrum. Thus under these cir-
cumstances one might expect a high energy distortion of the
bremsstrahlung spectrum from fhe form to be expected when the
nuclear electron capture gamma transition is not taken into
account. No such distortion has been observed in the present
spectrum. Also, the effect of detour transitions on the IB

d,10 and it has been

accompanying beta decay has been considere
predicted to increase the intensity of the Coulomb-corrected
spectra by an average of 20%. It is unlikely that these cor-
rections would be substantially different in the case of elect-
ron capture. Thus it is doubtful that detour transitions could
explain the observed disdrepancies between theory and experi-
ment in the present measurement. |

The experimental intensity obtained by Lancman and Bond
in the energy range 103 to 300 keV is (3.2 Y .5) x 10" 1B
photons per K capture. The higher value than the one obtained
in the present work is due to the fact that in the experiment
of Lancman and Bond the two effects that contribute to the
bremsstrahlung spectrum, K-capture and autoionization, could
not be resolved.

It is also of interest to compare the shapes of the
spectra. As in the case of beta ray spectra, a shape factor
S can be introduced into the simple theory to determine the
degree of deviation of various spectra from this theory. By
comparing the Morrison and Schiff expression to the experiment-

al and theoretical spectra, the shape factors for these spectra

can be determined. Thus we take:
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The shape factor depends in general on 4& and 4&"“ and a
.combination of nuclear matrix elements. For a unique first-
forbidden decay, only a single matrix element is involved, which
is cancelled in the ratio of the radiative to non-radfative
capture probability. Thus only an energy dependent shape fact-
or remains.

Using the above expressions and the theoretical expres-
sjon of Zon and Rapoport for a unique first-forbidden decay,
the shape,factors corresponding to the full and Coulomb-free
versions of fhe theory were determined. In the Tlatter case this
‘determines the effect of the forbidden character of the decay on
the simple theory, while in the former casé it also includes
the effect of the nuclear charge on the simple theory. For

the full theory this becomes:

whereas the Coulomb-free theory gives
L v 2.
= " Rm ""(Ik

Both of these expressions are plotted in Figure 8. The
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end-point energies‘used were the values obtained from the least-
squares fitting procedure. These are exact shape factors, accord-
ing to definition, without normalization to an arbitrary point.

In order to determine the experimental shape factors, the
Morrison and Schiff spectra for the two end-point energies were.
determined. These spectra were multiplied by the response ma-
trix, and normalized to the experimental running time. The
shape factors wére then obtained by comparing the resulting
spectra to the experimental spectrum. Because of thé Targe
errors incurred in a channel by channel analysis of these fact-
ors, they were calculated for a few values of the spectrum,
where each value represents an avérage over several channels of
the ébectrum. These points are shown in Figure 8. The values
for the spectrum with 4%m5307 keV have been shifted to the
right of the values for the spectrum with4&0n=287.4 keV, in
order to distinguish the two sets of’va1ues. It is seen that
the values at the end of the spectra contain large errors, which
is to be expected due to the large relative errors in the ex-
perimental spectrum in this region.

The plot shows better agreement between the shapes of the
experimental and Coulomb-free spectra, corresponding to a
Jam“= 287.4 keV, than between the shapes of the experimental
‘and full Zon theory, corresponding to a A‘m\= 307 keV. The
former shape factors are fairly flat for energies up to about
175 keV, and then begin to bend upward for higher energies.
For A,'m= 307 keV, the experimental shape factor is fairly
flat until about 200 keV, where it begins to bend downward,



whereas the theoretical shape factor is steadily decreasing over
the whole energy range. This graph shows again that the high
intensity predicted by the full Zon and Rapoport theory is too
high. The curves also show that the shapé factor for the Cou-.
lomb-free thebry is essentially an allowed shape factor in the
plotted energy range, but is Tower in magnitude than the allow-
ed shape factor. The theoretical shape factors tend to con-
verge on the a11owed shape factors at energies approaching the
end-points of the spectra. The experimental shape factors
diverge at the high energy sides of the spectra. This is part-
ly due to the fact that they were determined for different
values of AM“. The extent of this disagreement is uncertain
due to the large error bars in the shape factors at the ends of
the spectra.

Assuming the Morrison and Schiff spectrum with'éNn= 307
keV, it is clear from the diagram that the end of this spectrum
must be reduced in intensity in order to bring it into better
agreement with the experimental spectrum, whereas the theoreti-
cal spectrum with X‘.\= 287.4 keV must be increased at its end
to obtain better agreement with the experiment. The Morrison
and Schiff theory thus predicts an end-point energy in the range
287.4 to 307 keV. This plot shows that the values of the ex-
perimental shape factors at the ends of the spectra are very
sensitive to the values of /‘m used.

It is of interest to compare these results to the shape
factor predicted by the Martin and Glauber theory. This theory

differs from Morrison and Schiff by the relativistic correc-
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Q)

tion term ‘(|s » which is the same as the term 1 used by

Zon and Rapoport. According to Martin and Glauber

W\ (L)J& X R A-Ikm)
—WE— = Tom> R A* k.

The shape factor f{;s decreases from 0.31 at 110 keV to 0.25

at 300 keV12. Therefore this theory predicts a lower intensity
for the IB than the present experimental data, and a shape
factor which is in best agreement with the experimental 4(nn
307 keV value.

The shape factor for the IB in the first-forbidden unique

4-ICa was measured by B. Myslek, et a1.]]

capture transition in
A comparison with their resulits is somewhat restricted, since
they studied a nué]eus of lower atomic number ( Z = 20), and
a different transition energy ( G?5¢= 421.2 keV). They con-
clude that there is strong disagreement between the experi-
mental shape factor and the Coulomb~free theory, which they
refer to as the ( AZ'F%?') approximation. This conclusion is
based on differences between the experimental and theoretical
shape factors for both the lower and upper halfs of their
spectrum. In the lower half of their spectrum, they obtain
two different experimental shape factors, corresponding to
"close" and "distant" geometries. 1In the upper half of their
spectrum, these experimental shape factors agree, and fif
fairly well with the Glauber and Martin theory, but disagree
with Zon's and the Coulomb-free theory. In addition, in the

Tower half of their spectrum, they cite errors in the experi-

mental shape factors, but do not indicate the size'of these



1/6

errors. Thus in this region of the spectrum, it is difficult
to determine which theory gives the best agreement with the
experimental data.

On the basis of the foregoing conclusions, it appears
‘that a re-derivation of the Zon and Rapoport theory is in
order, especially before it is used in a detailed analysis of

the IB spectra for higher degrees of forbiddeness.
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TABLE T |
ComPARISON OF EXPERIMenTAlL
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HEI gH T SPECTRA
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19.5| 232 | | 1339 | 193.2] 192 200 | 2006] 200.5
21.5 | 141 48 J102.9)] 125.3] 14s5,2] 1545 ] 159.3
23.5| 97 62 33.5) 61.2] 92.7] 10941219
255 ™M || o2 4H.a] 244] 49| 07| $1.2
21.5| 19 o | .2| 34| 13| 35| 55
29.6 | -2 0 o 21 29] 12.8] 28.8
35| 34 o | o | o | 18] tos
B#5|-6|]| 0| o | o 0] O] 15
355|-5| | o o] o] o] o] o
35| -1 0 o o o] o] o
_;.!n-l 6 o o fo) (o) o
X* > |us.oy 20.32 | 1077 | 10.04] 16.12] 26.2
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X .
X" Values OBTAINED FRoM
CoMPARISON ofF ExPERiMeNTAL
AND THEORETICAL SPecTRA FoR

\MRIOUS ENDPOINT ENERS lES

Hor 4o
\ FIG 1
zoJ— -30
xXr 1
20 - 120
D e e m = M IN MU A=128
ENERGY = 301
10 |- o 10
S I TN TR TR SRR M M M S

260 279 297 316 33y 353
MAXIMUM PHOTON ENERQY (keV)
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x> VALUES FROM COMPARI\SON
OFf EXPERIMENTAL AND CoulomB-
FREE THEORETICAL SPECTRA

5 FIG 2
or -1 40
30 30
x5k _
20 —20
IQ N MINIMUM 11= 1
ENERgy = 272..Y4
0 S DR DR N N B R o

223 241 260 279 297 316
MAXIMUM PHOTON Enakgy(keV)



I8 PHOTONS xlo"6 PER CHANNEL PER SEC

o

2.5

2.0

1.0}

.
n

L5}

I8 PULSE HEIQHT SPECTRUM OBTAINED FRoMm

ZON AND RAPOPORT THEORETICAL SPECTRun WIiTH

Kung= 218.6 keV

HoToPeAk ELE MENTS onLy

FULL RESPONSE MATRIX

19 24 23 25

CHANNEL NUMBER"

2

- '-o




PER CHANNEL PER SEC

-6

Ia PHOTONS X10

2.5

I8 PULSE HEIQHT SPECTRUM OBTAINED FroMm
ZON AND RAPOPORT THEORETICAL SPECTRUM WiTH

K = 334 keV'

FULL RESPONSE MATRIX

PHOTOPEAK ELE MENTS only 2.5

2.0

- -1L0

5

s 1 19 2 23 25 21 29 31 33 °
| | CHANNEL NUMRER

.5

coY



ExPeriMeNTAL RESULTS AND “BEST Fm'mg"
SPECTRUM ofF ZON AND RAPOPORT |

Seel= | | F'G 5 E | . . -4 500
L ]
. 2 1 i
3 Hoo ™ 400
(-]
I . ® -!—
o | |
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:h 200— ’ ‘ p— 200
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T
T '3
o . _ 1 o
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I

CHANNELD 115 13,5 15.5 1.5 195 2.5 2356 255 215 29.5 3L5 33§ 355 315 3%
ENERgy (keV)> 149 223 o 2% 37




IN 329.5 HOURS

COUNTS

500

400

300

200

{00

EXPERIMENTAL RESULTS AND " BEST FITT|N3
COULOMB-FREE SPECTRUM

"F16 6

I I P RN N R R | L

CHANNEL- L5

ENERGY-»

3.6 1565 15 1.5 2.5 3,5 25.5 2.5 29.5 3.5 335 355 315 315
149 223 297 3711



EX‘-PERIHENTHL RESLLTS AND "BESTFﬁTNS“

SPECTRA ofF 20N AND RAPOPORT

COUNTS IN 329.5 HOURS

Sool— F ' G. 7 -1 500
“oo poenw L IIOO
T FoLl” THEORY i
300 -1300
I~ CoVLoMB-FRee THEORY
200f== -d 200
MAXIMUM ENER37 = 272.4
(ool MAaxiMuM ENERGY =307}, |
) 3 o
L
e —— . . Lo Ko
100 'R N AN NN NN TR NNUNE AN TR AN M N BN oo
CHANNELD> 5 35 5.8 115 195 21§ 23.5 255 215 29.5 3.5 335 35 315 395
ENERgy (keV)-> 223 297 37
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