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CHAPTER I

GENERAL INTRODUCTION

In 1961, the nuclear physics group in Delft became strongly interested

in having a high-resolution spectrometer for X-rays and gamma rays. At that

time spectroscopy was performed by means of Nal(Tl) scintillation crystals,

which did not allow high-resolution spectroscopy; the resolution and preci-

sion attainable with a diffraction spectrometer could greatly help nuclear

physics. The Ge(Li) detector introduced in 1963 has in the meantime taken over

much of the program for which the diffraction spectrometer was intended, but

still sizable contributions are made with this type of instrument.

In fig. 1 we show the line width (FWHM) as a function of energy for

different spectrometer types. As for the line width, there is no doubt about

the quality of the curved-crystal spectrometer for E < 150 keV. Energy de-

termination with a crystal spectrometer essentially requires measurement of

an angle and the precision in an energy determination depends on the quality

of the angle-measuring system. With present systems better precision can

be obtained with a crystal spectrometer than with a Ge(Li) detector even

above 150 keV, in spite of the fact that there the resolution is worse.

As to efficiency, the Ge(Li) detector is superior to the crystal spectrome-

ter by approximately four orders of magnitude. Almost all producible nucli-

des can be studied with the Ge(Li) detector; the crystal spectrometer,



Fig. 1. The line width (FWHM) as a func-

tion of energy E for different X-ray and

gamma-ray spectrometer types.
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on the contrary, needs strong sources which limits its applicability to

neutron-activated isotopes. Due to its high efficiency, the Ge(Li) spectro-

meter has to-day taken the place of the Nal(Tl) detector almost entirely.

The curved-crystal spectrometer has become primarily a special-purpose

apparatus.

In chapter II of this thesis the construction of a curved-crystal

spectrometer is described. Since the cost of a crystal spectrometer rises

approximately as the square of the linear dimensions, we have limited our-

selves to a relatively small apparatus (radius of curvature 0.60 m). This

limits the practical upper level of the energy region covered by the appa-

ratus to 400 keV. As lower level we accepted 10 keV, determined by absorp-

tion problems. The width of the diffraction line depends on the dimensions

of the source. For a good resolution in a small spectrometer small sources

have to be used. The source strength on the contrary is proportional to the
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source volume. For a high counting rate we therefore need a large source. As

a compromise we chose dimensions corresponding to a line width of 35". As for

the precision in an energy determination, we inferred from a comparison of

large spectrometers described in literature that the available funds made a

precision of a few parts per 10 possible.

The applicability of the spectrometer is demonstrated in some studies

in different fields of nuclear physics. These studies are presented in chap-

ters III through V.
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CHAPTER II

THE CURVED-CRYSTAL SPECTROMETER

1. THEORY AND JUSTIFICATION OF THE FRAMEWORK OF THE SPECTROMETER

1.1. The principles of the curved-crystal focussing spectrometer

The principles of exact X-ray focussing with a curved crystal have

been enunciated by DuMond and Kirkpatrick in 1930 ). Essentially two arran-

gements are possible: the reflection type and the transmission type (see

fig. 1). In the reflection type spectromet^* the crystal has been ground

CURVED CRYSTAL

"SOURCE

FOCAL CIRCLE
C

REFLECTION TYPE TRANSMISSION TYPE

Fig. 1. Cross-section of the two arrangements for exact foaussing by

means of a curved crystal (C, 0, C', 8 ; see text).
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and curved in such a way that (1) the reflecting boundary of the crystal

is a part of a right circular cylinder with its centre at 0 (the focal cir-

cle in fig. I) and (2) the reflecting atomic planes coincide with concen-

tric right circular cylinders centered at C, diametrically to the centre

of the crystal C In the transmission type spectrometer the crystal is

also located on the cylinder 0, but the diffracting atomic planes are tur-

ned over 90° and point to J.

Diffraction occurs according to Bragg's equation

nX = 2dR sin6B (1.1.1)

in which n is the order of diffraction, X is the wavelength of the radia-

tion considered, d is the lattice spacing of the (H. Ho H_) planes

(Miller indices) and 6 is the Bragg angle. The angles of incidence and

reflection, with respect to the diffracting atomic planes, are equal. If the

radiation is characterized by the energy E, formula (1.1.1) is transformed

into

by means of the relation

EX = he = ¡2.3981 keV Á (1.1.2)

in which h is Planck's constant and c is the velocity of light. Evidently,

the diffraction conditions are satisfied, while exact focussing also exists,

for the radiation of a source positioned on the focal circle (fig. 1).

2 3

Johann ) and Mile Cauchois ) realized that the difficult profiling

of the boundary surface of the curved crystal can be avoided. Almost equal-

ly good results can be obtained by curving a plane crystal lamina to a ra-

dius equal to the diameter of the focal circle. For reflection and trans-

mission types spectrometers, the reflecting atomic planes are then paral-

lel and perpendicular, respectively, to the boundary surface of the lamina.

13



As we shall see below, the reflection type spectrometer is appropriate for

long wavelengths. Then, the reflection occurs primarily in a thin surface

layer and the curved crystal has to be placed with the central part of itr

concave boundary surface tangent to the focal circle. In the transmission

type spectrometer, better suited for short wavelengths, diffraction occurs

through the whole crystal. Mile Cauchois ) pointed out that if the neutral

layer of the curved lamina is in contact with the focal circle, there is

a perfect focussing through the thickness of the lamina. This can be under-

stood by considering that near the outside (convex) surface of the curved

crystal slab the lattice spacing is larger and hence the Bragg angle is

smaller than for the strain-free neutral layer, whereas near the inner (con-

cave) surface the opposite occurs. The influence of the aberration due to

the fact that the boundary surface or the neutral layer fail to coincide

with the focal circle at the extremities of the crystal slab, can be kept

small by a proper choice of the dimensions of the spectrometer (see sect.

1.3. and I.4.).

The suitability of the two spectrometer types in fields of different

wavelenghts is understood as follows. Short wavelenghts (K X-rays of high

Z atoms and most gamma rays) correspond to small Bragg angles. Then the sour-

ce is located almost diametrically to the centre of the crystal in the trans-

mission type spectrometer, but in the reflection type the source has to be

placed very close to the crystal. In practice the latter is not or hard to

realize, so that the transmission type is favourable for short wavelenghts.

For long wavelenghts the opposite is true. Since we are interested in a spec-

trometer for X-rays and gamma rays we confine ourselves henceforth to the

transmission type.

The transmission type spectrometer can be used in two ways (see fig. 2).

3
In the arrangement developed by Mile Cauchois ), an extended source is

14



DETECTOR

DIRECT BEAM

SOURCE

SHIELDING

PHOTOGRAPHI
PLATE

FOCAL CIRC/E IN

DIRECT BEAM

DUMOND TYPE CAUCHOIS TYPE

Fig. 2. Cross-section of the tao arrangements of the transmission type.

placed on the convex side of the crystal giving a spectrum along the fo-

cal circle. A whole region of this spectrum can be recorded simultaneously

on a film. In the arrangement developed by DuMond ) the beam direction is

inverted. A line source is placed on the focal circle and the diffracted

radiation is detected on the convex side of the crystal. This arrangement

is essentially a monochromator; the source is moved over the focal circle

which allows the emitted spectrum to be measured.

The highest intensity of diffracted radiation of some specified trans-

ition from a given amount of radioactive material is obtained in the DuMond

arrangement. Applying the same amount of radioactive material as extended

source in the Cauchois arrangement, gives a much smaller intensity of dif-

fracted radiation of the specified transition. On the other hand, a whole

region of the spectrum can then be detected simultaneously. For gamma rays,
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though, the Bragg angle is small and consequently the direct beam will com-

pletely mask the spectrum. In the DuMond arrangement the detector can be

shielded from the direct beam by a collimator, the position of which is

adapted to the spectrometer setting. The application of a collimator in the

Cauchois arrangement is not possible without considerable reduction of the

spectral region that can be studied simultaneously.

For our purpose, studying radioactive sources, the DuMond arrangement

is therefore the most appropriate, the more so since we are often interested

in only a few transitions.

1.2. The diffraction crystal

The properties characteristic for the quality of a curved-crystal

spectrometer are the following:

(1) the reproducibility,

(2) the width of a diffraction line,

(3) the dispersion,

(4) the efficiency.

These properties depend to a high degree on the curved crystal and the

diffracting atomic planes. Therefore the considerations which have led to

the choice of the diffraction crystal and the diffracting atomic planes will

be discussed separately in the following subsections. The reproducibility is

mentioned in sect. 1.4; the width of a diffraction line, the efficiency and

the precision in an energy determination, which depends on (l)-(3), will be

discussed in sect. 1.3.

1.2.1. Summary of relevant diffraction theory

The intensity of the diffracted radiation. The intensity of the diffrac-

ted radiation is expressed in the integrated reflection coefficient Pu

16



according to

IiH(e - eB) de = P R I O (1.2.

in which Iu(6 - 0-) and I are the intensities of diffracted and incident
n o O

beam, respectively; the subscript H refers to the lattice planes used. The

integration is extended over the 8-region in which IIJ(6 ~ 6g) ¥ 0.

In 1949 Lind, West and DuMond ) demonstrated that the reflection proper-

ties of the (310) planes of a bent quartz crystal used in transmission are

described best by the reflection properties of a mosaic crystal with negligi-

bly primary extinction.

The integrated reflection coefficient of a mosaic crystal obeys the

following expression )

PH = i/d " e"
2W(e " W .-Wt/coseB de (1.2.2)

in which W(6 - 0D) represents the angular distribution of the crystal mosaic
o

and
1 + cos'26

5
2cos eBo

(1.2.3)

where r = 2.82 x 10 A, the classical electron radius ; d.,, n, h, c, E and

8_ are defined as before; |FU| is the structure factor, V is the volume ofis i ti'i

the unit cell and t is the thickness of the crystal plate. The term

e B is the absorption term with y the linear absorption coefficient

for the crystal material.

If W(8 - 6B)Ru
 < < 1 which is the condition for a thin crystal, the inte-

grated reflection coefficient is given by

PH = ̂  e-"t/cosV (1.2.4)

If W(6 - Qg)!^ » 1 near the peak of the diffraction line (thick crystal)

formula (1.2.2) is approximated by

P H = I V ^ t / c O S e B (1.2.5)

in which cu , is the width of the diffraction pattern. In the case of formula

17



-2
(1.2.4) PR is proportional to IL, and consequently proportional to E . The

crystal used by Lind et al. ) behaved, in unbent state, like an ideal crystal

— 1 —2
(P ~ E ); yet, after bending, they observed an E dependence in the energy
H

region from 25 keV to 1.3 MeV. This result was somewhat puzzling. An explana-

8
tion was given by Sumbayev ). By bending the crystal the diffracting planes

are distorted. In consequence the curved crystal can be considered as being

built up of a series of independently reflecting laminae, each of which is

acting like a mosaic crystallite. For this system the theory of elasticity and

considerations of diffraction lead to an expression for Pu identical to for-

mula (1.2.4).

As R_ depends on E, the relation W(8 - 8B)Ru « 1 no longer holds below a

certain value E . An estimate for E is obtained by putting W(0)BL^ = 1. From

8 t ~1

Sumbayev1 s work ) we find W(0) «» (2krr) in which k is a constant, which is

expressed in the terms of the elastic constants tensor for the crystal mate-

rial, and R is the radius of curvature of the bent crystal. Neglecting the

cosine terms in formula (1.2.3) we find

(1.2.6)

_2
The E dependence has been confirmed in the literature by many authors,

o
but deviations have also been reported ). Yet, the formulae (1.2.4) and

(1.2.5) give the trend of the integrated reflection coefficient and can be

used for determining the material and the lattice planes for the diffraction

crystal.

The width of the intrinsic diffraction pattern. Leaving instrumental

aberrations and the natural line width out of consideration (see sect. 1.3),

two quantities mainly influence the width of the diffraction line of a bent

crystal (the intrinsic width): (1) the width of the diffraction pattern with

the crystal in the unbent state, which is a measure for the perfection of the

18



crystal, and (2), after bending, the angular spread of the mosaic crystal-

lites. The materials applied in most spectrometers are quartz and germanium.

Their crystals can be grown so perfectly that the width in the unbent state is

o

negligibly small with respect to the mosaic spread. According to Sumbayev )

we find for the mosaic spread

^ « 2k| (1.2.7)

in which the symbols are defined as above. If the shape of the diffraction

line were identical to the angular distribution function of the mosaic crys-

g

tallites it would be a rectangle ). Secondary extinction causes the diffrac-

tion line to be a more smooth curve with a width oî , somewhat larger than UL..

The dispersion. As can be seen from Bragg's equation [formula (1.1.1)],

the diffraction lines at higher energies are concentrated in a small angular

region close to 6- = 0°. For example, an energy of 100 keV corresponds with

6B «* 3° and 300 keV with 9g ~ I
o for the (310) planes of quartz. The small

angular region can be expanded and consequently the dispersion increased

by choosing diffracting planes vith a smaller lattice spacing cL and/or by

looking at higher order reflections. This has the following advantages:

(1) a diffraction line is shifted towards a larger Bragg angle and is therefore

easier separated from the direct beam, (2) an energy determination can be

performed with a higher precision. The latter is easy to see by differentia-

tion of Bragg's equation (1.1.1a):

_L !L d6
he n

assuming that cos$R * 1. Thus, a decrease of cL and/or an increase of n

results in a decrease of AE (the inaccuracy) for a constant value of A0.

The formulae (1.2.3) and (1.2.4) show that the reflection is high for

/|FHj\2
diffracting planes for which <*Hl y / is large whereas a high dispersion is

19



obtained for a small value of i,. Consequently, we must choose between a
n

high integrated reflection coefficient and a high dispersion.

1.2.2. The choice of the diffraction crystal and the diffracting planes
/|FH|\2

On basis of values for d.,1 j and d , crystal planes have been selec-

ted for which good reflection properties could be expected [see for example

ref. )]. The (310) planes of quartz, applied as early as in 1935 ), and
12 13 14

the (400) and (220) planes of germanium ' ' ) have proved to be favou-

rable. The relevant information for these diffracting planes is given in

table 1.

Table 1.

Crystal structure data for some diffracting planes

planes

quartz

germanium

it

310

400

220

dH

1.

1.

2.

(A)

18

41

00

si
FH
V

0.

1.

2.

/ (

047

02

04

Before calculating some characteristic quantities we have to consider

that the ratio of the thickness t of the crystal slab and the radius of cur-

vature R must fulfill the empiric relation

| á 10"3 (1.2.9)

in order to prevent breaking of the slab while bending. We chose R - 0.60 m as

a compromise between spectrometer quality and cost. For this radius of curva-

ture it seems safe to take t = 0.50 mm as the maximum admissible value.

Since PH ~ t e"
M t / c o s eB [formulae (1.2.4), (1.2.5), (1.2.7)], the maximum

20



value of P is obtained for t - cos9_/p. For quartz cos0_/u • 0.50 mm at

E «* 14 keV, and as we shall see below (fig. 3), P3io(E) has a maximum for this

thickness at an energy close to the lower limit of the energy range of the

spectrometer (10 keV). A higher value for t violates formula (1.2.9); we

therefore accepted t » 0.50 mm. For germanium cos0D/u • 0.50 mm at E « 42 keV
a

and P400 (E) covers the energy range of the spectrometer quite reasonably (see

fig. 3). So t - 0.50 mm is a good value.

An estimate of UL., for R = 0.60 m and t = 0.50 mm is obtained from for-

_2 g
mula (1.2.7). With experimental k values of k - 5.3 x 10 [ref. )] and

k = 3.5 x 10 [ref. )], respectively, we find for quartz (310) and germa-

-5 -5

nium (400) «„, = 8.8 x 10 (18") and t^, = 5.8 x 10 (12"), respectively.

Sect. 1.3 will show that these intrinsic widths are of the same order of mag-

nitude as the contributions to the line width due to other causes.

Now we pass on to the calculation of P . In order to know which of the

n

formulae (1.2.4) and (1.2.5) is applicable in a given energy region we have

to know E . Formula (1.2.6) yields E310 * 18 keV for the first-order reflec-

tion from the (310) planes of quartz and E400 *** 102 keV for the first-order

reflection from the (400) planes of germanium. In fig. 3 we show PJIO(E) and

P4 00 (E).

Comparison of P310(E) and P4Oo(E) shows that above E « 45 keV the re-

flection from the diffracting planes of germanium is superior whereas for

E < 45 keV quartz is favourable. The obvious conclusion is to buy a quartz

and a germanium crystal. However, in the early sixties when we decided to

build a curved-crystal spectrometer not touch experience was available with

germanium. We therefore chose quartz.

It may be mentioned that, in germanium, the (220) planes are even more

favourable than the (400) ones: (1) at higher energies the intensity of the

second-order reflection is half the intensity of the first-order reflection,

i.e. identical to the first-order reflection of the (400) planes, and (2)

21
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SO 70 100 -E in keV 1000

Fig. 3. Integrated reflection coefficients P« of quartz (310)

and germanium (400) planes (t = 0.50 mm and R = 0.60 m). The

dashed lines give the values unoorrected for absorption

(PH = UM, for E < ERJ PR = RH for E> ER).

d,40 = 1.00 A which is less than dtoo» in consequence of which a higher pre-

cision can be obtained in an energy determination. Second-order reflection

from the (310) planes of quartz is less intense than the first-order reflec-

tion by a factor of 70 and consequently of no interest.

1.3. The shape of a diffraction line

The shape of a diffraction line is the result of the folding of a num-

ber of profiles .

(1) The source profile. Due to the thickness s of the source, radiation will

be diffracted when the centre of the source is positioned on the focal circle

The folding F(x) of a profile f(x) and a profile g(x) is obtained from

the folding integral F(« -L:f(S)g(x - O d£.
22
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a. The source profile for four different source geometries. The dark
areas represent the part of the source bounded by the extreme rays
which can be diffracted by the crystal (1: rectangular cross-section,
thin; I I : same, thick; I I I : cylindrical wire; IV: sample behind slit).

Lortntz curvt

b. The profile of an ~K-ray
emission line.

d. The intrinsic diffraction
pattern of the crystal.

c. The composite source profile
(folding of a.I and b).

e. The folding of c and d.

-to*

e,e

.62.5

e, e

/. The influence of aberrations; g. Same, diffraction line at &B = 30°.

diffraction line at 8 = IS0.

Fig. 4. The profile of a diffraction line.
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within the angular region 8g - Ju>g < 6 < 6fi + Jtos in which eBis the Bragg

angle of the considered radiation and a>g = s/(R cos8g) is the width of the

source in angular measure. The source profile, i.e. the intensity distribu-

tion as a function of 9, depends on the source geometry. In fig. 4a four

different source profiles are shown schematically together with the cross-

sections of the corresponding source geometries. Case I (thin flat source)

applies to low energy X-rays. Only the radiation from a thin surface layer

can escape; radiation from deeper layers is absorbed. The source profile is

almost rectangular; the width is equal to u . In case II (higher energy X-
S

rays and gamma rays) the width at half maximum intensity is equal to to if
s

-r > tgot , in which ot is half the opening angle of the curved crystal as seen
d m m

from C (see fig. 5). If -r < tgo the width will be larger than oi . In case III

(wire of diameter s) the width of the profile is much smaller than that of

the wire. In case IV (source behind slit) the profile is again rectangular

with a width equal to u .
s

In addition to the dependence of the

source profile on the source geometry,

there is a dependence on the adjustment of

the source on the focal circle. If, in

case I, the centre of the source is shifted

to a position located at a small distance

from the focal circle, the source profile

will have a form which is approximately

equal to the profile in case II. Generally,

when the distance is small the width of the

profile will not be affected; the sides of

Fig. 5. The definition of

some angles.

the profile will become less abrupt. To avoid changes in the source profile

which are too large we make the demand that

24



r < i s/tgo,! (1.3.1)

in which the distance r is measured along the ray to the centre of the

crystal.

(2) The natural line width. The natural line width of gamma rays is negligi-

bly small; for X-rays, however, the natural width has to be taken into

account. The shape of an X-ray emission line is closely Lorentzian. In

fig. 4b this shape is shown schematically. Roughly speaking the natural widths

of K X-rays of an element do not depend on whether L, M or higher levels are

involved in the transition. The natural width increases strongly with Z. For

the K<x. X-rays of 33As (E = 10.5 keV; 6B » 30°) u L * 3 eV (34"); for the

Kcxj X-rays of g3Bi (E = 77 keV; 9g « 4°) uL • 63 eV (11"). As for L X-rays,

the natural width dominates all other contributions. For the L$. X-rays of

7,0s of which the energy is equal to the Kot. X-ray energy of -,-As, iii * 16 eV

(31); for the L&3 X-rays of 9 2U (E = 17.5 keV; eg * 17°) o>L • 19 eV (70").

We shall restrict ourselves to K X-rays.

The source profile and the Lorentz curve can be thought of as the compo-

nents of a composite source. In fig. 4c we show the result of folding of the

(most occurring ) rectangular source profile and the Lorentz curve. The width

of the composite-source profile is in = vu1 + w? .
CS S LJ

(3) The width of the intrinsic diffraction pattern of the curved crystal. The

width of the intrinsic diffraction pattern was discussed in sect. 1.2.1. The

pattern is shown schematically in fig. 4d. The composite-source profile is

scanned by the curved crystal when the source is moved over the focal circle.

The folding of the composite-source profile and the intrinsic diffraction

pattern is shown in fig. 4e. The width of the profile u is approximately

u «Vw 2 + o2 + ÍÎ J, . (1.3.2)

The shape of the diffraction line observed in an experiment is, in addition,

25



influenced by three aberrations: the Cauchois effect, the vertical divergence

effect and the imperfect curvature of the crystal.

(4) The influence of aberrations. As mentioned in sect. 1.1, use of a plane

crystal lamina,later curved,is a source of aberration: the Cauchois effect

2 15
' ). The radiation which hits the crystal at the position a (see fig. 5)

has a slightly smaller glancing angle 9' than the radiation which hits the

crystal at the centre (a = 0), where the glancing angle is 0 . From geometri-

cal considerations we find for A6_ = 9 - 91

C o

A0r * £ a
2tg6 . (1.3.3)

The maximum value for A8,_ is obtained if a = a *» 4 b/R in which b is the
C m

breadth of the curved crystal.

As was first pointed out by Mile Cauchois ) and Johansson ) , the

vertical divergence of the radiation is the source of an aberration: the

vertical divergence effect. The radiation emitted in a direction making an

angle <j> with the (horizontal) plane of the focal circle, hits the diffracting

atomic planes with a glancing angle 9' which is slightly smaller than the

glancing angle 8 of the radiation emitted in a horizontal plane, for which
<f> = 0. From geometrical considerations we find for A0 = 9 - 9's v o

A9y * i <J>
2 tg9Q. (1.3.4)

The source and the curved crystal have the same height h and are adjusted

to the same height. Then the maximum value of A6 is obtained if

é = d> «* h/(R cos9 ).
m o

Due to these aberrations, the profile of fig. 4e is broadened and made

asymmetric. The diffraction line is obtained from the following integral

N(9,a ,<j> ) = I m | m I(a,<(>) S(9 - A9(a,(J>)) dad<j> (1.3.5)
-a —é
m m

in which N(9,a ,<j> ) is the profile of the diffraction line, I(a,4>) dad<|> is

the intensity distribution of the radiation as a function of a and <f>, and

26



S(6 - A6(a,<j>)) is the profile of fig. 4e, shifted by an amount

A6(ct,d>) • A6_ + A6 . Within the desired accuracy the intensity distribution
C v

I(a,<j>) dad$ can be taken independent of a and dependent on <j> according to

) dadij). (1.3.6)

This formula can easily be obtained by means of elementary integral calculus.

The result has been normalized to I(a,0) = 1. In evaluating integral (1.3.5)

we have approximated the profile of fig. 4e by an isosceles triangle of

which the width is given by formula (1.3.2). This offers the possibility of

a semi-analytical, semi-numerical evaluation.

As can be seen from formulae (1.3.3) and (1.3.4) the influence of the

aberrations increases with increasing Bragg angle. At small Bragg angles

(6 < 5 ), the shape of a diffraction line is approximately equal to the

profile of fig. 4e and, within a few seconds of arc, u = w • With u = 20"
p s

(s » 0.06 mm), w • 11", w , - 18" (sect. 1.2.2), this implies u » 30". For

gamma rays the diffraction line is even narrower as CÚ « 0 . In fig. 4f and

4g calculated profiles of the diffraction line are shown, respectively at

6 => 15° and 6_ - 30 . In both cases we have used b = 30 mm, h = 20 mm and

a B
R = 0.60 m. In the case of fig. 4f u ™ 20", ÜL = 20" and o\,, = 18", which
results in ai = 33 ; the width of the diffraction line is to = 40 (15 eV).

P

In the case of fig. 4g u> • 20", u = 34 and tut,, • 18" which results in

u = 43 ; in this case the width of the diffraction line is tú * 62.5 (5.5 eV)
P

The line width in angular measure varies only by a factor of 2 through-

out the range of the spectrometer, but vastly more if expressed in energy

measure. In formula (1.2.8) we put n = 1 and substitute t» (the width of the
£

diffraction line in energy measure) for -dE and o> (the width in radians) for

d6D. This results in

wF cL

- 4 * 2 rr » • (1-3.7)
E 2 h c
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2
With ai approximately constant, UL, is thus proportional to E . In fig. 1 of

Chapter I, a (in keV)as obtained from the present calculations is shown as

a function of E.

The last aberration to be discussed here is the imperfect curvature of the

crystal. The curvature is effected by means of clamping blocks (sect. 2.2).

These clamping blocks have been ground to a cylindrical profile with aberra-

tions of at most 1 ym. The boundary of the crystal will have nearly the same

maximum deviation. Considerations of geometry demonstrate that, for a crystal

breadth of 30 mm, such a deviation will give a line broadening of at most 7".

1.4. The precision in the energy determination

The position of a diffraction line, i.e. the position of the centre of

the cross section of its profile at half maximum intensity, is given by the

angle 9 subtended by the arc CS from the point C1 on the focal circle (see

fig. 5). Due to a number of systematic errors, 6 is not equal to the Bragg

angle of the considered radiation. Those systematic errors inherent to the

spectrometer type will be discussed in the following subsection. They can be

corrected for by choosing in Bragg's equation (1.1.1) a value d , different

from the lattice spacing. The systematic errors due to the Delft layout of

the spectrometer type will be discussed in sect. 4.2; they can be corrected

for by a calibration measurement. The error eventually left is about 0.5 .

In addition to systematic errors, the measurements are subject to

random errors due to the reading of the angular scale (sect. 2.2) and to

counting statistics. The precision in the reading of the angular scale is

about 0.5 . The error due to counting statistics can be made negligibly

small, say 0.2" (about 2000 counts at the top when scanning a diffraction line

in 20 measuring-points are needed in order to obtain this precision). Thus,
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in treating the errors statistically, the error in the measured Bragg angle

is A6 ** 0.7". The error AE in E due to this error in the Bragg angle accor-

-7 2
ding to formula (1.2.8) is AE - 7 x 10 E (AE and E expressed in keV). At

10 keV, AE = 7 x 10 keV that is a relative precision of 7 : 10 ; at 400 keV

we find AE * 0.11 keV corresponding to a relative precision of 3 : 10 . Re-

quiring higher precision has considerable financial consequences. Nowadays,

in studies of nuclear decay schemes a precision in the gamma ray transition

energies of about 0.01 keV, which can be reached with Ge(Li) counters, is de-

sirable. Thu3, at low energies our crystal spectrometer is preferable, where-

as above about 120 keV better precision can be obtained with a Ge(Li) detector.

1.4.1. Systematic errors inherent to the spectrometer type

Differentiating Bragg*s equation (1.1.1a) we deduce

eB

From this equation we see that the error AE in E due to a systematic error

A6 = d~6D in the measured Bragg angle can be eliminated by choosing a value
a

dH, differing from the lattice spacing by an amount

It follows that Adj. is independent of 0 and that consequently d^, is con-

stant if

iff" (* tie* * constant- (1-4.3)
B

We will show that equation (1.4.3) is satisfied with desired accuracy for

the systematic errors to be discussed hereafter.

(1) The Cauchoi8 effect and the vertical divergence effect.

These effects have been discussed in sect. 1.3. In fig. 4f and 4g the mea-

sured Bragg angle is shown to be too large. The shift is obtained from the

evaluation of integral (1.3.5). The calculations yield the following rela-
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tion:

A6
tge

* 1/6 a2 + 1/12 <{.2 (9 = 0) . (1.4.4)

For the dimensions mentioned in sect. 1.3, A0/tg6 = 19.7 x 10 within

1 : 10 up to 6 = 30°; so condition (1.4.3) is satisfied.
B

If the curved crystal is not adjusted properly, i.e. when the focal

circle is in contact with the neutral layer of the crystal at a point situ-

ated somewhat acentric, then a > { b/R (sect. 1.3); if the source and the
m

crystal are not adjusted to the same height, <j) > h/(R cos8). As can be seen

from formula (1.4.4) the above given result is not affected significantly

when the adjustment is performed with an accuracy of 0.1 mm.

In sect. 1.3 we approximated S(8 - Ad(a,<p)) in integral (1.3.5) by a

triangle. A justification for this approximation is obtained as follows. The

profile obtained by integrating the triangle over a is again approximated

by a triangle. Subsequent integration over <J> then yields a shift, according

to formula (1.4.4), which does not depend on whether the last approximation

is performed or not. Hence it was concluded that the result does not depend

on the first mentioned approximation either.

(2) The thickness of the cvaroed arystal. As pointed out in sect. 1.1, the

neutral layer of the curved lamina should be in contact with the focal circle.

Geometrical considerations show that, with the crystal shifted towards the

outer/inner side of the focal circle by an amount a, the glancing angle 81

is smaller/larger by an amount A6_ according to

A6S * ^ tg6Q (1.4.5)

in which 8 is the glancing angle for a = 0. This relation is in agreement

with formula (1.4.3). With |aj < 20 um (sect. 2.2), formula (1.4.5) yields

|A8_/tg6 | < 3 x 10~5.
o O
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(S) The Hit of the diffracting atomic planes. The normals to the diffrac-

ting atomic planes should lie in a horizontal plane. Due to the inaccuracy

in the adjustment of the curved crystal and due to the inaccuracy in the

orientation of the diffracting atomic planes in the crystal lamina, these

normals will make a small angle (average 6) with the horizontal plane. Con-

sequently, the radiation hits the curved crystal with a glancing angle 9'

slightly smaller than the glancing angle 0 for the case 6 = 0 . From geo-

metrical considerations the following relation between A9 = 6 - 6' and 6

can be obtained )

A0fc * ¿ 6
a tg9o . (1.4.6)

This relation is in agreement with formula (1.4.3). With Jó) < 3 x 10

(sect. 2.2) we find from formula (1.4.6) A6 /tg9 < 0.4 x 10 .A small rota-

tion of the curved crystal about the normal to the diffracting plans in

the centre of the crystal gives a contribution to the vertical divergence

-4

effect. With |6| < 9 x 10 we see from formula (1.4.4) that this contribu-

tion is negligibly small.
The above described systematic errors act simultaneously. Mile Cauchois

4
) showed that therefore, in addition to the shifts given by formulae

(1.3.3, 1.3.4, 1.4.5 and 1.4.6), a cross-term occurs:

A9 = — $ 4 - . (1.4.7)
cose

o

Since $ varies from -<j> to +<j> , this term should have been taken into account

in integral (1.3.5). However, for every ray with a vertical divergence angle

<j> there is an additional ray with a vertical divergence angle -<\>. The dif-

fraction patterns of these additional rays are shifted into opposite direc-

tions by the same amount [formula (1.4.7)] and consequently the position of

the sum of these patterns will not be affected.

The contribution of the above mentioned shifts to the width of the dif-
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fraction line is small. As |ój < 9 x 10 (see sect. 2.2) and <(> « 0.033,

2A6 < 16" [formula (1.4.7)] and, due to the intensity distribution of formu-

la (1.3.6), the line broadening is less than 6" at 6_ = 30° and less than 4"

at 6B = 4°.

1.5. The efficiency of the spectrometer

The efficiency n of the spectrometer is defined as the ratio of the

peak intensity I of a diffraction line and the intensity I of the considered

radiation emitted by the source. The efficiency can be expressed in the in-

tegrated reflection coefficient P > the width of the diffraction line u, the
n

fractional solid angle Ü subtended by the curved crystal from the source, and

the detection efficiency of the radiation detector e, according to

n * -£ n e . (1.5.1)

For ft we can write

». bh .. _ „v

B

in which the symbols are defined as before. With b • 30 ram, h = 20 mm and

R = 0.60 m we find

fl = 13.2 x 10~5 (cosG,.)"1 . (1.5.3)

In fig. 6a, the detection efficiency e is shown as a function of E for the

two radiation detectors (sect. 2,3). For the 1 mm thick Nal(Tl) crystal, the

peak efficiency (including I X-ray escape peak) is equal to the total detec-

tion efficiency. The 30 mm thick detector has a photopeak efficiency equal

to the total detection efficiency up to approximately 130 keV; above this

value the peak efficiency is lower. Above 90 keV, a collimator has to be

placed between the curved crystal and the detector. The transmission of the

collimator is 50 percent.
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Fig. 6. a) Detection efficiencies (total and peak) of the Nal(Tl)
detectors, b) The efficiency of the curved-crystal spectrometer
(full curves left scale) and counting rates for gamma rays of ener-
gy E from hypothetical Al and Pb sources (right scale; see text).

In formula (1.5.1) we replace P.. by P o . n from fig. 3 (this implies
tí. j JU

R = 0.60 m), substitute for to the values of fig. 1, Chapter I, expressed in

radians, and apply ft from formula (1.5.3) and e from fig. 6 to find n as a
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function of E. The result is shown in fig. 6.

The efficiency of the spectrometer now being known, we ask how much

time it will take to measure a diffraction line for an accurate energy de-

termination. In sect. 1.4 we estimated to need 2000 counts at the top, when

scanning the line in about 20 steps. To be able to calculate the measuring

time, we further need to know the source strength I .

We calculated I for a gamma ray transition of energy E occurring for
s

100 percent in the decays of hypothetical Al and Fb isotopes. We chose these

isotopes since the absorption of X-rays and gamma rays in Al is low in com-

parison with the absorption in most of the elements whereas for Pb the oppo-

site is true. The isotopes are assumed to be activated by neutron bombard-

ment; for the neutron capture cross-sections of the Al and the Pb target we

use arbitrarily 0.23 and 0.67 barns, respectively (about 80 percent of the

isotopes has a cross-section larger than 0.23 barns). The quantity I is
s

given by

T In2

I = I = filo (1 - e * ) (1.5.4)
s o

in which I is the strength of the radioactive source, f is the neutron flux,

N is the number of target nuclei in the sample, o is the neutron capture

cross-section, T, is the half-life and T is the time of irradiation. Typical

neutron fluxes are approximately 2.5 x 10 and 9 x 10 neutrons cm s ,

respectively, in the high-flux reactor of the R.C.N. at Petten, Netherlands

and in the BR.2 of the S.C.K.-C.E.N. at Mol, Belgium. For the present cal-

culations we use f « 2.5 x 10

enriched samples. Then we write

culations we use f - 2.5 x 10 neutrons cm s . We start from 100 percent

N Q = Vg p A"
1 N (1.5.5)
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in which p is the density of the sample material, A is the mass number and

N is Avogadro's number. The influence of the absorption of the considered
1

gamma ray in the sample material has been taken into account by using the

effective volume

d " T- ln2di di
Ve = Sh lÚ ° ~ e > (1.5.6)

in which s, h and d are, respectively, the thickness, the height and the

depth of the sample and d, is the half-thickness of the sample material for

the radiation considered. For the sample dimensions we have taken the values

s = 0.06 mm, h = 20 mm and d - s/tgct = 2.4 mm (see sect. 1.3). For the time
m

of irradiation we have used T - 2T..

In fig. 6 we show that the resulting counting rate per minute, except

in the case of Pb at E < 12 keV, is about 10 or more times larger than the

above mentioned value of 2000 counts at the top. Considering that the preci-

sion in 6 is less important at low energies (sect. 1.4) we may conclude

B

that the scanning of a diffraction line in 20 steps will take 2 minutes or

less.

If a transition occurs for less than 100 percent, and if we take into

account the background radiation which, particularly at small Bragg angles

(high energies), can be considerable in spite of the application of a colli-

mator, much longer measuring times may be required. This may set a limit to

the applicability of the spectrometer.

2. THE SPECTROMETER DESIGN

We have realized the DuMond arrangement in a framework in which the

scanning of a spectrum is performed by rotating the curved crystal about the

axis through C1 (fig. 1) perpendicular to the horizontal plane of the focal

circle: the spectrometer axis. Simultaneously the source is moved in the beam
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Fig. 8. Photograph of the spectrometer.

direction and the arm, on which the detector is mounted, is rotated over

twice the angle of rotation of the crystal. These displacements of source

and detector are necessary to maintain the correct geometry.

The construction of the various parts of the spectrometer which have

been build together onto an 800 kg heavy iron pedestal (see fig. 7 and 8)

will be described hereafter.

2.1. The sourceholder and the source positioning

The 20 mm high source is placed in a teflon or aluminium sourceholder

T (see fig. 9) which has been adapted to the form of the radioactive mate-

rial (metal wire or lamina or powder in capillary). This sourceholder is
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Fig. 9. Cut-caJay átatíñng of the soiopaeholder system

(T3CSCH1SJ see text).
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placed in the aluminium cylinder C. In order to minimize the line width of

the diffracted radiation, the cylinder, placed in the cylinder house CH, can

be rotated about a horizontal axis in the beam direction and about a verti-

cal axis. The latter is of importance when a laminate source is used. For

the case of an "extended" source a vertical slit S has been mounted in front

of the source. The width is continuously variable. The source is movable re-

lative to this slit to enable centering of the source.

The sourceholder system is mounted in a lead shield, about 50 mm thick,

with an outside layer of brass, about 5 mm thick, and is placed on a carriage

movable in the beam direction along two polished stainless-steel bars (diame-

ter 30 mm) by means of ball bearings. The translation is effected by means

of a screwed rod driven by a synchronous motor (see sect. 3.1 for control).

Deviations from a rectilinear movement are less than 10 urn.

2.2. The diffraction crystal and the crystal rotation

The plane quartz-crystal plate has been ground by the Dr. Neher Labora-

torium, Leidschendam, Holland. The dimensions are 0.50 x 50 x 75 mm . The

large surfaces are parallel within 10". The optical axis is parallel to the

large surfaces and to the 50 mm edge within 2*. The (310) planes are perpen-

dicular to the large surfaces within 10'.

The crystal plate has been bent to a radius of curvature of R = 0.60 m

between polished stainless-steel blocks (Rochling RNoh, Standard No. 1.4034)

pulled together by spring-loaded screws (see fig. 10). The profiles of the

clamping blocks have aberrations from the intended cylindrical profiles of

less than 1 ym. Crystal and clamping blocks are separated by a film of very

fine lubricating oil (as used in watches) to reduce friction during the

2
clamping process. The free aperture is h x b • 20 x 30 mm .

The clamping blocks have been mounted onto a goniometer table (0 300 mm,
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Fig. 10. The heart of the eurved-erystal spectrometer.

Hauser, Switzerland) by means of a centering system (fig. 10). The adjust-

ment has been performed in such a way that the distance between C', the

centre of the crystal, and the goniometer axis (spectrometer axis) is

|a| < 20 pm (sect. 1.4.1) perpendicular to the neutral layer and less than

0.1 mm in the direction parallel to the neutral layer. The tilt of the clam-

-4
ping blocks is less than 3 x 10 radians which, in combination with the above

mentioned inaccuracy of 2' in the position of the optical axis, results in

a tilt of the diffracting atomic planes of |ó| < 9 x 10 radians (sect.

1.4.1).

An extra worm drive (reduction gearing 180 : 1) has been fitted to the

Hauser goniometer table. The worm is driven by an electronically controlled

electromotor (Servalco TM510; see sect. 3.1). By means of this system, the

crystal can be rotated in steps of approximately 2/3".

The magnitude of a step is not constant due to inaccuracies in the worm-

gear transmission of the goniometer table. Consequently, the number of steps
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cannot be used as a measure for a large angular rotation of the goniometer

table. The angular scale of the goniometer table itself has an accuracy of

only 4". Therefore, the angular position of the table is determined by means

of a theodolite (Wild T2, Heerbrugg, Switzerland) mounted onto the goniometer

table, above the curved crystal (see fig. 7 and 8). The rotational axis of

the theodolite coincides with the spectrometer axis. The accuracy which can

be achieved with this instrument is about 0.5".

The angular position of the goniometer table is obtained by training

the theodolite telescope in normal adjustment on a collimator with illumina-

ted crosslines fixed in the spectrometerroom, and by reading the theodolite

scale. Performing this procedure after each angular rotation in a measure-

ment is, however, impracticle. A system has therefore been designed in which

the measurement of the angular position is carried out automatically (see

sect. 3.2).

2.3. The radiation detectors

Two Nal(Tl) scintillation crystals mounted onto photomultipliers are

available for the detection of the diffracted radiation. Radiation with an

energy up to approximately 55 keV is detected in a cylindrical crystal with

a diameter of 44 mm and a thickness of 1 mm. Higher energy radiation is de-

2
tected in a 30 mm thick, 80 x 54 mm crystal. For detection efficiencies see

fig. 6a. Both detectors are shielded by a lead shield (about 50 mm thick) to

suppress back-ground radiation.

When detecting radiation with an energy above 90 keV a collimator is

applied, preventing the direct beam from striking the detector. The collima-

tor consists of 25 wedges made of a 757. lead - 25% antimony alloy. The thick-

ness of the wedges increases from 1.00 to 1.25 mm in the beam direction. The

plates are equally spaced at a distance diverging from 1.50 to 1.90 mm. The
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Fig. 11. The transmission curve of the collimator

as obtained by moving the detector through the di-

rect beam of a lt2Ta source (67.7 keV transition).

The detector •position is indicated by the angle

between the beam direction (central ray) and the

detector arm.

height of the collimator is 56 mm, the length 300 mm. With the spectrometer

set to diffract radiation of one definite energy, the collimator transmits

50% of the diffracted radiation.

The detector must follow the rotation of the curved crystal. The detec-

tors are, therefore, fastened to an arm movable about the spectrometer axis

(see fig. 7 and 8). The transmission of the collimator varies with its posi-

tion relative to the beam of the diffracted radiation as shown in fig. 11.

From the transmission curve we see that an inaccuracy of 2.5' in the colli-

mator adjustment causes an error in an intensity determination of about the

accepted value of 1%. Thus, the adjustment of the detector arm has to be

performed with an accuracy of 2.5'. The control is described in sect. 3.1.3.
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3. THE SPECTROMETER CONTROL

3.1. Control of moving parts

When operating the spectrometer, a change in the angular position is ini-

tiated by a rotation of the goniometer table. From this rotation the motions

are derived required for a proper adjustment of the source and the detector.

The control mechanisms are described in the following subsections.

3.1.1. The crystal rotation

A disk has been mounted on the axis of the electromotor which drives

the extra worm drive (sect. 2.2). Around the circumference of the disk, 64

equidistant slits have been milled. A rotation of the disk over an angle of

2ir/64 is equivalent to a rotation of the goniometer table over an angle of

approximately 2/3". Such a rotation will be called a step. The stepping con-

18 19
trol is realized in the following way ' ).

The disk interrupts the beams of two lamp-photodiode combinations placed

at the circumference (see fig. 12). When a slit is in line with one lamp-photo-

diode combination the light of the other combination is blocked. Thus, when the

disk is rotated the two photodiodes will be lit alternatingly so that each

of the two photodiodes becomes conductive one time per step. The two corres-

ponding signals are converted into one pulse by means of pulse-shapers and a

set-reset flip-flop (see fig. 12). This pulse (counting pulse) is fed into

a presetable down counter. When this counter has been filled with a prede-

termined number of steps and the voltage of the electromotor is switched on,

the down counting procedure starts.

In order to rotate the goniometer table over large angles within rea-

sonable time the electromotor runs continuously at 2000 revolutions per mi-

nute. At this velocity there is an overshoot when the voltage of the motor
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clockwise

Fig. 12. Block diagram of the crystal rotation control.

a
is switched off suddenly. The last part (2 steps) of large angular rota-

Q

tions, and small angular rotations (< 2 steps) are therefore executed in a

pulsating mode instead of in the continuous mode.
o

With 2 steps left in the down counter when operating in the continuous

mode, the power of the motor is switched off. After a delay of 2 s (to make

sure that the rotation of the disk has stopped) the control system for the
pulsating use of the motor is put into operation. If the down counter would

g
have been filled with a step number less than 2 , the start signal puts the

pulsating mode control system into operation. This system consists essen-

tially of a 5 Hz pulse generator and a set-reset flip-flop. The 5 Hz pulse

sets the flip-flop and thus applies voltage to the motor. After one step

the flip-flop is reset by the counting-pulse and the motor stops. The

procedure is repeated until a zero-indication is obtained from the down coun-

ter.
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The system described above works for both clockwise and counter-clock-

wise rotations. After operating the spectrometer in the clockwise mode,

though, a counter-clockwise rotation of the disk over n steps is not equi-

valent to a rotation of the goniometer table over an angle of n x 2/3". This

is due to a backlash of approximately 2 steps in the transmission. The eli-

mination of the backlash is done in the usual way by approaching the desired

position always from the same direction. This is effected by the following

procedure. Assume that we change from a clockwise to a counter-clockwise ro-

tation. During the counter-clockwise rotation, and-gate C is closed whereas and-

gate CC is open (see fig. 12). When after the desired n steps the zero-indi-

cation is given, the reversing circuit (also constructed of logic circuit

elements) is put into operation. The down counter is filled with an extra

number of counts of 2 and, as the power has not been switched off, the pul-

sating mode control is put into operation and the goniometer table proceeds an

extra 2 steps in the counter-clockwise direction. When the zero-indication is

given, flip-flop B is set in the clockwise state. And-gate C is opened while

and-gate CC is closed. Simultaneously the down counter is filled again with

2 counts. Now the disk rotates over 2 steps in the clockwise direction.

When the zero-indication is given, flip-flop A is set in the stop state and

the power is switched off.

3.1.2. The source translation

Two photoresistors have been mounted on the focal circle above the

edge of the goniometer table, side by side, with their entrance windows di-

rected to the source (see fig. 10). The latter has been effected mechanical-

ly (see fig. 8).

A parallel lightbeam, emitted in the translational direction of the

source, falls on a system of prisms attached to the sourceholder. By means
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of these prisms the lightbeam is deflected over a fixed angle into the di-

rection of the resistors as if it were coming from the centre of the source.

The photoresistors are illuminated equally if the source is positioned on the

focal circle.

When the curved crystal is rotated the light intensity on one of the

photoresistors increases and that on the other one decreases. As seen from

elementary geometry, the source has to be translated until it is again on

the focal circle, in order to restore the illumination of the photoresistors

with equal intensity.

In order to realize the translation, the two photoresistors are

made part of a Wheatstone bridge network. The bridge is balanced when the

light intensity on the photoresistors is equal. The voltage across the bridge

is fed into a differential amplifier. The voltage of the synchronous motor

mentioned in sect. 2.1 can be switched on and off by means of this amplifier,

when the bridge is respectively unbalanced and balanced. The sign of the vol-

tage across the bridge determines the direction of rotation.

The accuracy of the position-finding is better than 0.5 mm which is

sufficiently accurate (formula 1.3.1).

3.1.3. The detector movement

A flat mirror has been mounted above the curved crystal in such a way

that the rotational axis of the spectrometer lies in the reflecting surface

of the mirror (see fig. 10). A parallel lightbeam is reflected by the mirror

and falls onto two photoresistors attached to the detector. The photoresis-

tors are illuminated with equal intensity if the detector is in the correct

position for the detection of diffracted radiation.

When the curved crystal is rotated over an angle e the mirror is also

rotated over this angle, leading to a rotation of the lightbeam over 2E. Con-
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sequently the light intensity on the two photoresistors will become unequal.

The resistors have been connected to a circuit identical to that described

in the previous subsection and, due to the intensity difference, the detec-

torarm will be moved over 2e into the correct position by an electromotor.

The accuracy of the position-finding is better than 0.5' which is amply

sufficient in view of the 2.5' mentioned in sect. 2.3.

3.2. Angular position measurement

The automation of the angular position measurement, mentioned in sect.

19
2.2 is effected in the following way ).

A flat mirror has been mounted on the top of the telescopeholder of the

theodolite (see fig. 8). The rotational axis of the theodolite lies in the

reflecting surface of the mirror. Onto this mirror a convex-piano lens with

a focal length of 4.00 m has been cemented. A narrow vertical slit is placed

in the focal plane of the lens at the same height as the mirror. The light-

beam of a He-Ne laser (5 mW) passes through the slit and is reflected by

the mirror (angle of incidence about 8 ) , forming an image of the slit in

the focal plane. A photopotentiometer (Hilger and Watts FT 9006) placed at

the position of the image is connected to a Wheatstone bridge network. The

voltage across the bridge is fed into a digital voltmeter (Trymetrics, D.C.

range ± 1000 mV). The voltage is the measure for the position of the image

on the photopotentiometer. The position of the image can be determined with

an accuracy of approximately 4 urn, i.e. angular positions with an accuracy

af 0.1". The corresponding variation in the voltage is about 1.2 mV. The

calibration curve of the photopotentiometer showing the voltage as measured

tfith the digital voltmeter versus the angular position is given in fig. 13.

rhe angular range covered by the system is approximately 3'. This is suffi-

ciently large to measure angular rotations necessary for the detection of
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Fig. 13. Calibration curve of the photopotentiometer system.

one diffraction line.

In order to find the Bragg angle for the diffraction line the photopo-

tentiometer scale has to be related to the theodolite scale. As mentioned in

chapter I, the curved-crystal spectrometer has become a special purpose appa-

ratus due to the introduction of the Ge(Li) detector. Consequently the auto-

mation of the spectrometer was not considered necessary. The scales of the

above mentioned devices have been related to each other simply by reading

the theodolite scale at a given voltage. In operating the spectrometer the

advantages of automation were yet sorely missed and therefore the system is

now being automized. The scales will be related to each other as described

below. The automation is described in sect. 3.3.

The upper part of the theodolite with the mirror is held within a small

angular region by knobs. The image of the slit can move freely along the

photopotentiometer over the above mentioned 3', but it cannot leave the pho-

topotentiometer. Once that a diffraction peak has been found (see sect. 3.3),

the theodolite is directed. This happens at the first measuring point of the
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peak. For that purpose the voltage across the Wheatstone bridge is fed into an

amplifier and subsequently into a stepping motor (Philips AU 5035/81; gear-

box 250:1). The motor drives the fine adjustment of the theodolite (range 3°).

The upper part of the theodolite is rotated until the voltage has become

(0 ± 1) mV. Thereafter, the amplifier is disconnected from the Wheatstone

bridge network (see sect. 3.3) and a photograph is taken of the theodolite

scale (camera: Agfa 3907/000 RCB). The photograph is measured with a vernier

microscope afterwards. The angular positions of the additional measuring

points of the diffraction line are measured relative to the position of the

first measuring point by means of the photopotentiometer.

3.3. Automation of the spectrometer

When operating the spectrometer automatically, the following procedure

is applied. The angular region of interest is scanned in clockwise direction

in steps of 25". As soon as, at a certain particular angular position, an

indication is obtained for the existence of a diffraction line (counting

rate exceeding background), the crystal is rotated once in counter-clockwise

direction over the above mentioned 25". Starting from the angular position

then occupied, the following 100" are scanned in the clockwise direction in

steps of 5". After this, the scanning in steps of 25" is continued. The des-

cribed procedure is effected in the following way (see fig. 14).

When the start signal is given to the timer, and-gate T is opened for

the time preset in the timer. The counts from the detector are fed into a

sealer through a single channel pulse height analyser. The start pulse of

the timer is also the reset pulse of the sealer. At the end cf the counting

time, and-gate T is closed and a signal (end of preset time) is given to

and-gate P and to the background comparator. Assuming that and-gate P is

closed, the sealer contents will not be printed. In the background compara-
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Fig. 14. Block diagram of the spectrometer automation.

tor a number of counts has been preset, equivalent to the number of counts

of the background radiation collected in the considered measuring time. As

long as the sealer contents does not exceed the background, a "25 sec of arc

clockwise rotation" command will be given to the crystal rotation control

(sect. 3.1.1), assuming that and-gate C is open, i.e. the down counter is

in the zero-indication state. At the end of the rotation an "end of rotation

signal is given; this is the start pulse for the timer, etc. (DC and D are

closed).

If the sealer contents is higher than the background, a "25 sec of arc

counter-clockwise rotation" signal is given to the crystal rotation control

unit (and-gate CC is open). This signal is also fed into flip-flop A and in-

to the down counter. Flip-flop A is set in the state to open and-gate D. The

down counter is preset with 21 counts, and is set in the non-zero state.

Thereafter, gates C and CC are closed while and-gates P, SR and DC are openec
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If the "end of rotation" signal is given, the number of counts in the

down counter is changed into 20 and flip-flop B is set in the state to open

and-gate TD. The amplifier (sect. 3.2) is connected with the Wheatstone brid-

ge network and consequently the theodolite is directed. If the voltage over

the bridge has become (0 ± 1) mV, the motor stops, the camera-switch is

triggered and the flip-flops A and B are reset. In the meantime the counting

procedure has started, due to the "end of rotation" signal. When now the

"end of preset time" pulse is given by the timer, the number of counts of

the sealer as well as the contents of the digital voltmeter are printed (P

is open). Independent of the height of the number of counts a "5 sec of arc

clockwise" pulse is given to the crystal rotation control, through the or-

gate and and-gate SR. By the "end of rotation" pulse, the timer is restarted

and the contents of the down counter becomes 19. The procedure is repeated

until this contents becomes 0. Then the gates P, SR and DC are closed while

the gates C and CC are opened. When the next "end of preset time" signal is

given by the timer, the 25" clockwise scanning procedure is restarted,

4. SOME RESULTS

4.1. The width of the diffraction line

The width of 35" mentioned in chapter I has been realized with our

spectrometer. In fig. 15 we show how the In K3j and Kg. X-ray diffraction

lines are resolved. The source is an 0.35 mm-diameter capillary, 20 mm high,

in front of which the slit Shas been placed (fig. 9) with a width of some-

what less than 0.1 mm. The width of the lines is about 33". Below we discuss

the contributions to the line-width, mentioned in sect. 1.3, somewhat in

detail.

In fig. 16 we show diffraction lines of the 67.7 keV gamma ray and of

the W Ka. X-ray emitted by an I 8 2Ta source. The source is a circular wire
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with diameter 0.1 mm and height 20 mm, enclosed in a capillary of which the

inner diameter is somewhat larger. Application of the slit with a width of

0.05 mm reduces u from 41" to 24". Applying formula (1.3.2) with u = 0,
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u = 1 7 " (0.05 mm) and ÜL., = 18" we find <o • 25" which is in agreement with

the experimental value of 24". The influence of the natural line width is

demonstrated in the width of 31" of the W Kos X-ray line. With the width

ÜJ being about 14" we find from formula (1.3.2) u> « 28". This is somewhat
L

less than the experimental value but not unreasonably so.

The influence of the distance r from the source to the focal circle is

measured by varying this distance and recording the line width (fig. 17).

a 5oF

610 612 6U

^-DISTANCE TO CRYSTAL IN MM

Fig. 17. Variation of the line width as a func-

tion of the distance to the awroed crystal.

This was done for the above mentioned 67.7 keV line without application of

the slit. Applying formula (1.3.1) with s = 0.1 mm, we find r < 1 mm. In fig.

17 we see that starting from the 612 mm point, a variation of 1 mm in the dis-

stance involves an increase in ID from 41" to 43", which is acceptable. This

measurement showed that the radius of curvature R is about 614 mm instead

of 600 mm.

Cauchois and vertical divergence effect are demonstrated in fig. 18.

2
Using the whole crystal (20 x 30 mm ) the Mo Ka^ X-ray line emitted by a

source of dimensions 0.1 x 0.5 x 20 mm has been recorded: u = 43". Appli-

cation of diaphragms in front of the crystal (looking into the beam direc-

tion) and behind the source (2 mm high, 3 mm wide; and 2 mm high, respecti-

vely) reduces the width to u = 31". Considering that 9 = 17.5 , comparison

of these results with the values of fig. 4f shows good agreement.
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An impression of the imperfect curvature of the curved crystal has betn

obtained by diffracting the 67.7 keV line from three different parts of the

crystal: the area covering about 6 mm on either side of the spectrometer

axis, and areas about 6 mm wide on the outer left and right side. The dif-

fraction lines from the outer areas have been shifted by about 7" with res-

pect to the line from the central part (fig. 19). As the Cauchois effect con-
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the change in position of the lt2Ta 67.7 keV gama ray diffraction line whan
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tributes about 3" to this shift, we conclude that about 4" are due to the

imperfect curvature of the crystal. The resulting line broadening will be

far within the 7" mentioned in sect. 1.3.

4.2. Spectrometer calibration

The carriage onto which the source has been mounted is subject to small

sideways shifts when moved along the stainless-steel bars (sect. 2.1). Thus,

in scanning a spectrum automatically, the position of a diffraction line is

reproducible within about 4" only and the resulting value of 8B is subject

to an error of the same order of magnitude. A value of Q without the above
o

mentioned inaccuracy is obtained by measuring the diffraction line in the

two symmetrical positions on either side of the direct beam without moving

the source. Applying this method, we measured the spectrometer constant

d' -. We discuss the possible systematic errors in the following subsec-

tions.

4.2.1. Systematic errors due to the Delft layout of a curved-cr>stal spectro-

meter

As described in sect. 2.2 the angular position of the goniometer table,

and consequently the position of a diffraction line expressed in angular

measure, is obtained by means of a theodolite. Due to the inaccuracy in the

graduated scale of the theodolite, an angular position measurement will be

subject to a systematic error. The scale has been studied at the Department

of Geodesy of the Delft University. A sinusoidal aberration was found with

a period of 2TT and an amplitude of 0.6".

A second source of a systematic error is the H?user goniometer table.

According to the specifications, the accuracy of tha table is about 4" (the

rotational axis of the table has no fixed position). In order to enable

measurements with an accuracy of 0.7" (sect. 1.4), a calibration is required.
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A combined measurement of the above described effects has been perfor-

med in the following way. The Bragg angle has been measured for a number of

Kaj X-rays (W, Dy, Ce, Ag, Mo, Zr). The X-rays have been excited by means

of an X-ray generator in a similar way as described in chapter IV, except

for W where we used the direct beam of the X-ray generator. In order to eli-

minate errors due to the Cauchois effect and the vertical divergence (sect.

1.4.1), a diaphragm with a height of 3 mm has been placed behind the source

slit (looking into the beam direction) and a diaphragm with a height of 3 mm

and a width of 5 mm has been placed in front of the curved crystal.

20
Using the W Ka X-ray energy of Bearden ), we calculated the d' n

value which corresponds to the measured Bragg angle for W: d' = 1.180047 A.

20
From this value and the Ka. X-ray energies of ref. ) we calculated the

Bragg angles that should be measured for the other X-rays. The differences

A6 of these Bragg angles with the experimental values of Q have been plotted
B

in tig. 20. The curve gives the correction to be added to the measured 9

B

1.180067)

Zr

15 20
— 6 B IN DECREES

100 150 80 60 50 «0
200 100

30 25 20
E IN keV

15

Fig. 20. Correction to be added to the measured value of 8

to correct for systematic errors due to the goniometer table

and the theodolite. The error bars represent the inaccuracy

due to the random error in the angular readings and the in-

accuracy in Ka X-ray energies.

value. Repetition of the measurements showed that the proposed correction is

reproducible within the random error due to the angular readings. Considering

56



the accuracy of the measuring points we may say that the accuracy of a cor-

rection is about 0.5". Some additional measurements have to be performed be-

low 6,, * 5° and above 9^ » 20°.
D a

A representative lattice spacing of the (310) planes of a-quartz as ob-

tained from powder pictures at 25 C is d,._ = 1.18014 A [ref. ¿ )]. Our

measurements have been performed at (21.0 ± 0.5) C. Due to thermal expansion

—f\ 9 9

i n c r e a s e s with 18 x 10 A per degree C of temperature increase ). So

the powder-picture value reduces to d... = 1.18007 A at 21 C. Considering

[1) the possibility of a difference of about 3 x 10 A due to the thickness

)f the curved crystal (sect. 1.4.1), and (?) the inaccuracy due to the sys-

:ematic errors discussed in this section we may say that our experimental

ralue of d' n = 1.180047 A is in good agreement with the powder-picture value.

>.2.2. The Cauchois effect and the vertical divergence effect

If no diaphragms are used the spectrometer constant d' . is less than

he value mentioned above. This is due to the Cauchois effect and the verti-

al divergence effect. Applying formulae (1.4.2) and (1.4.4) we find

= 1.179815 A.

In some experiments the application of a diaphragm may be advantageous,

hen, in general, d' . will have a value somewhere between the two extremes

.179815 A and Í.180047 A. Computation of this value by means of formula

1.4.4) is only possible if the diaphragm is of rectangular shape, i.e. a

nd <f> are well-defined. If this is not the case, a calibration measurement
m

s required.

Operation of the spectrometer with the cylindrical detector at a dis-

ance from the curved crystal larger than required for optimum detection

4 0.20 m) may be advantageous as the influence of the background radiation

rom the source is reduced, particularly at small Bragg angles (é 10 ). An
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increase in the distance is equivalent to the application of a circular dia-

phragm, so that a calibration measurement is necessary. We performed this

measurement with the detector at 0.40 m from the crystal. The Bragg angles

for the six Ka X-rays mentioned in the previous subsection were determined.

From the differences between these angles and those measured in the experi-

ment described in sect. 4.2.1 we calculated the change in the spectrometer

constant. The result is shown in fig. 21. The solid line is the best

straight-line fit and the broken line is the best "of 9 independent" fit.

20
6B IN DEGREES

Fig. 21. The change in the speatrometeroonstant Ad' . due to the
OJ.Ü

application of a circular diaphragm (see text) as a function of
Bragg angle.

No calculations were performed for a circular diaphragm so that the straight-

line fit is hypothetical. Yet, an idea is givan of the order of magnitude

of the possible deviations oí Adi,- (6.,) from a constant value (broken line).

The conclusion seems justifiable that a calibration measurement at only one

Bragg angle, differing from the angular region of interest by about 2° or

less, will result in a reliable value of d' ». In the present geometry o and
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$ are estimated at 75 % of their maximum value (without diaphragms); we then

find from formula (1.4.4) Ad' n « 13.2 x 10 A. This is in good agreement

*ith the experimental result.

t.3. Some concluding remarks

A thorough analysis of the spectrometer efficiency has not yet been

»erformed. Yet we have got the impression that above 25 keV the E

lependence is right. At lower energies no results are available. The abso-

ute value of the efficiency was found to ba about three times lower than

xpected. An explanation could not yet be given.

As for resolution and precision, the requirements are met. In spite of

he lower efficiency, the spectrometer has been applied successfully as will

e shown in the following chapters.
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CHAPTER I I I

THE DECAY OF MMo
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Abstract: The radioactive decay of 67 h "Mo has been studied by measuring internal conversion
spectra, single gamma-ray spectra and gamma-gamma coincidences. Large volume Ge(Li)
detectors, a curved-crystal spectrometer, a sector field beta-ray spectrometer and a fast coin-
cidence arrangement were employed in these experiments. The following gamma rays were ob-
served (relative intensities are given in parentheses): 40.584±0.002, 140.511 ±0.006(100),
142.63±0.03(0.03), 181.06±0.04(7.5), 249±l(0.006), 344 ±2(0.0013), 366.4±0.1(1.6),
380.7 ±0.2(0.011), 409 ±2(0.0016), 411.5 ±0.5(0.027), 458±l(0.006), 528.9 ±0.2(0.06),
620.7±0.2(0.027), 620.7 ±0.2(0.005), 739.7±0.1 (15.4), 778.2±0.1 (5.4), 823.1 ±0.1(0.16),
961.0±0.2(0.12), 988.2±0.5(0.002), 1001.1 ±0.2(0.007) and 1016±2 fceV (0.001). The following
energy levels are populated; 140.511 ±0.006, 142.63±0.03, 181.095±0.007, 509.0±0.1,
671.5±0.2, 761.3±0.2, 920.8±0.1, 1004.2±0.2, 1129.7±0.2, 1142.1 ±0.2, 1169.3±0.5 and
1197±2 keV. The levels at 671.5, 761.3, 1004.2, 1142.1, 1169.3 and 1197 keV have not been
reported previously. The following K-conversion coefficients were determined: ocK(140.5) =
0.104±0.007, ocK(142.6) = 23±6,<xk(181.1) = 0.130±0.012 and aK (739.7) = (1.6±0.4) X 10"s.

1. Introduction

The decay properties of " M o were studied earlier by several groups 1 - 1 3 ) and
more recently by Cretzu and Hohmuth 14) and Crowther and Eldridge 15). There
are discrepancies in energies and intensities between even these two recent references.
It is important to have good gamma-ray energies and intensities for the decay of " M o
because this isotope is often used in fission-yield studies. More recently, the level struc-
ture of " T c has been investigated theoretically by Goswami and Sherwood 16), who
proposed additional levels that were not observed in previous work * 15).

We have investigated the decay of " M o to obtain more accurate energies and in-
tensities and to search for new levels in "Tc .

T Work supported in part by a grant from the National Science Foundation.
ft Work supported by the U.S. Atomic Energy Commission under contract with the Union Carbide

Corporation.
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2. Source techniques

The decay of " M o was studied with sources obtained in two different ways.
At Vanderbilt University, the " M o activity was obtained as a fission product by

neutron irradiation of an aluminium-clad ring of uranium-aluminium alloy ( « 2.5 g,
« 93 % enriched 23SU per 10 g Al). The ring was dissolved in caustic solution, the
solution then made acid with nitric acid, and the 131I removed by distillation. The
" M o remaining in the solution was adsorbed onto an alumina column and washed
with 2 M HNO3 and with water. The " M o was stripped from the column with 1 M
NH4OH and then passed through a Dowex-1 anion exchange column, which adsorbs
the " M o and allows the other contaminants to pass through. The Dowex column
was washed with water and with 0.06 M HCl. The " M o was stripped from this
column with 1.2 M HCl and adsorbed onto a smaller alumina column. The alumina
column was washed with 1.2 MHCl and water, and then, the " M o was stripped off
the column with 1M NH4OH. Sources were prepared by evaporating the 1 M NH4OH
solution of (NH4)2 "Mo 4 .

The activity used at Delft University was made by neutron bombardment of molyb-
denum. Some irradiations were carried out on natural molybdenum, others on 99 %
enriched 98Mo. The irradiations were carried out in the BR.2 at Mol, Belgium, with
fluxes varying from 5 to 9 x JO14 n/cm2s. Each target remained in the reactor for 10 d.

The sources for the curved crystal spectrometer consisted of activated natural
molybdenum foils (dimensions 20x0.5x0.1 mm3).

The measurements with the Ge(Li) detectors were performed with activated en-
riched as well as natural molybdenum. The activity was dissolved in concentrated
hydrochloric acid and some concentrated nitric acid. The solution was reduced by
repeated evaporation in order to remove the nitric acid. The sources were prepared
by applying the liquid deposit method. A mylar foil was used as backing material.

The conversion electron studies of the 140 keV region were performed using a source
of carrier-free 99mTc. A solution of " M o in HCl was brought onto a column of A12O3.
The 99mTc was eluted from the column with 0.01 M HCl containing 0.1 % Br2. About
8 fid of * 37Cs dissolved in HCl was added to the " m Tc solution. Then a source was
made of this homogeneous mixture by the liquid-drop method.

The activity was put onto a zapon foil, which was rendered conductive by evaporat-
ing « 1 /zg/cm2 Al onto it. The source tr ickness was less than 5 fig/cm2.

The other conversion electron measurements were carried out with sources of acti-
vated enriched 98Mo having 0.05 mm gold foil as backing material.

3. Instruments

The gamma-ray spectrum was measured with 5,15,22 and 30 cm3 Ge(Li) detectors
coupled to Tennelec TC 130 pre-amplifiers; the data were registered in Laben and
Nuclear Data 4096-channel analysers.

The low-energy part of the gamma-ray spectrum was studied with the Delft curved
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crystal spectrometer. This spectrometer has the DuMond arrangement. The (310)
planes of a 0.5 mm thick quartz single crystal are used for reflection. The radius of
curvature is 60 cm. The reflected radiation is detected in a NaI(Tl) crystal after pas-
sage through a collimator. A detailed description of the automated spectrometer is
to be published 1 7).

Gamma-gamma coincidence measurements were performed using the 15 cm3 Ge(Li)
detector and a cylindrical NaI(Tl) crystal (diam. 7.6 cm and height 7.6 cm) coupled
to a 9531 EMI photomultiplier. The fast-slow coincidence circuitry consisted of Stur-
rup equipment (models 1410, 1420, 1430 and 1440) and a home-made slow coinci-
dence circuit and routing system. The resolving time of the arrangement was 70 ns.
Lead shields were applied to avoid coincidences due to scattering of gamma quanta
from one detector into the other.

The internal conversion electron measurements were carried out in a sector field
spectrometer with inclined pole faces constructed by Van Krugten 18).

4. Gamma-ray single measurements

4.1. CURVED-CRYSTAL SPECTROMETER MEASUREMENTS

The crystal spectrometer was used to obtain accurate values for the energy of the
Ka2 X-rays and of the 40.6, 140.5 and 181.1 keV gamma rays. The instrument was
calibrated by measuring the 18.3671 keV K.<xt X-rays 19). The results are presented
in table 1.

The resolution of the available Ge(Li) spectrometers was not good enough to sep-
arate the 140.5 and 142.6 keV photopeaks. Therefore, we were forced to use the bent-
crystal spectrometer to determine the relative intensity of the 142.6 keV gamma ray.
From conversion electron measurements (see sect. 6), the energy of the latter transi-
tion was determined to be 142.63 ±0.03 keV. Accepting this value and knowing the
line width of the 140.5 keV peak to be 34 sec of arc at half height [(AEIE)U0.Skey =
4.5 x 10" 3 ] , we scanned the region of the 142.6 keV peak in steps of 10 sec of arc in
such a way that one point was obtained on top of the peak and five points on either
side. Unfortunately, prolonged measurements (total measuring time approximately
l i d ) were required, and therefore special attention had to be paid to minimizing the
influence of possible instabilities in the electronic equipment and to reducing decay
time corrections. This was realized by adopting the following procedure. A first mea:

surement is carried out at a Bragg angle of 6 = 2° 5'48".4; after a measuring time of
40 min, a measurement is carried out at the next higher value of 0 etc., and the first
series of measurements is finished at the 0 - 2°7'28".4 position. The next series is
measured in reverse sequence (0 = 2°7>28".4 first and 8 = 2°5'48".4 last). These
two series complete one run. The run is then repeated as many times as necessary to
obtain statistical errors which are sufficiently small. Between every two runs, the 140.5
keV peak is measured as a reference (40 s per point with steps of 5 sec of arc).

Two sources having an initial strength of « 100 mCi were used. The integral mea-
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suring time of almost 23 h per point yielded a peak height of 3400 counts for the 142.6
keV line superimposed on a background of 1.4 xlO6 counts. The background is
mainly caused by Compton scattering of higher-energy radiation. The high-energy
tail of the 140.5 keV diffraction peak gives only a small contribution to the background.

Fig. 1 shows the results of the measurements. The 142.6 keV peak was constructed
assuming that its shape is identical to that of the 140.5 keV line.

We find for the intensity Ii4,2.6 of the 142.6 keV gamma ray relative to the intensity
A40.5 of the 140.5 keV transition 7i42.6//i4o.5 - (3O+6)xlO~5.

The following-corrections had to be applied:
(i) Decay correction. The adopted procedure described above results in very small

corrections. The maximum correction was 0.36 % per run.

2400

2000

§1600
o
u

1200

800

¿00

U 0.511 keV

- 10 sec of arc

xlO

1.46

1.44

1.42

2°8'33!'O BRAGG ANGLE

142.63 keV

10 sec of arc

187eV

2°6'38W4 BRAGG ANGLE

Fig. 1. The 140.5 and 142.6 keV transitions measured with the curved crystal spectrometer.

(ii) The efficiency of the spectrometer depends on the energy of the gamma radia-
tion. A correction of 3 % was applied to compensate the efficiency difference between
the 140.5 and 142.6 keV gamma rays.

(iii) In order to eliminate possible background variations due to changes in geom-
etry, the source and detector were kept at fixed positions throughout the measure-
ments. These positions were chosen such that optimal performance was obtained for the
142.6 keV gamma rays. Since the 140.5 keV peak was consequently measured in a
geometry which was not quite correct, a correction of 2 % had to be applied.

4.2. THE Ge(Li) SPECTROMETER MEASUREMENTS

The energies of the 40.6, 140.5 and 181.1 keV gamma-ray transitions measured
with the curved-crystal spectrometer and the energies of the transitions occurring in
the decay of 139Ce, 203Hg, 7Be, 22Na, 137Cs, 58Co, 54Mn, 88Y, 65Zn and 60Co have
been used for the energy calibration of the Ge(Li) spectrometers. A least-squares fit
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Fig. 2. The low- and high-energy parts (a and b, respectively) of the MMo-M»Tc single gamma spectrum taken with the 15 cm» Ge(Li) detector.



using a curve of the second order was carried out with the aid of a computer. Devia-
tions between this curve and the actual calibration points did not exceed 0.2 keV.

The intensity calibration of the Ge(Li) spectrometers has been performed with
sources of accurately known strength (139Ce, 7Be, 137Cs, 58Co, 88Y, 65Zn and 57Co).
In addition, a source of 226Ra was used to check the efficiency curve thus obtained.

Single spectra were taken with sources made of activity which was produced by
neutron irradiation of natural molybdenum, by neutron irradiation of enriched 98Mo
and by fission of uranium (see sect. 2). A typical single spectrum of an enriched molyb-
denum source taken with the 15 cm3 crystal is presented in fig. 2. The spectra shown
in the insets have been measured through an absorber of 2 mm lead in order to sup-
press the prominent 140.5 keV radiation. Therefore, higher counting rates could be
permitted, and hence better statistics be achieved for the high^energypartof f.¿ spec-

300 320

CHANNEL NUMBER

Fig. 3. The 411.5 keV peak measured with the 22 cm1 Ge(Li) detector.

trum. The 411 keV peak was taken with the 22 cm3 Ge(Li) detector and is shown
separately in fig. 3.

The results obtained with the three different types of " M o sources are in reasonable
agreement with each other. The average values of the gamma-ray energies and inten-
sities are summarized in table 1. The intensity of the 140.5 keV gamma-ray transition
has been put equal to 100.

We want to point out that the half-life of most gamma rays could be checked; how-
ever, the 249, 344, 380, 409, 458 and 1016 keV transitions, which could not be ob-
served in the single spectra, are ascribed to " M o on basis of the coincidence results
only (see sect. 5). The check of the half-life of the gamma rays revealed that slight
contaminations occurred in our sources. Some of thes contaminations could also be
established from a comparison of spectra from sources of natural molybdenum with
spectra obtained from sources of enriched material. Gamma rays due to contamina-
tions are listed in table 2.
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When interpreting the spectra, one should be aware of the possibility that pile-up
and summation effects may distort the spectra measured. For instance, the 920 keV
peak occurring in the spectrum of fig. 2 is due to pile-up of 140.5 and 778 keV quanta
and to summation of 181.1 and 740 keV pulses; the 880 keV peak arises from pile-up
and summation of 140.5 and 740 keV quanta. The 281 keV peak is to be attributed to
pile-up of 140.5 and 140.5 keV pulses.

All the results mentioned above refer to "Mo-99mTc equilibrium. To study possible
weak transitions occurring in the energy range below 140.5 keV, a spectrum was taken
immediately after extraction of the 99mTc activity from the column. In this way, the
intensity of the 140.5 keV line emitted by the activity left on the column was reduced
by a factor of 10. This spectrum is shown in fig. 4. It appears that there is no clear evi-
dence for the existence of low-energy gamma rays other than those indicated in the
figure.

TABLE 1

Energies and intensities of gamma rays from a MMo-WmTc equilibrium source

Cretzu
and

Hohmuth
")

17

41
140

181

370

410

620

741
780

950

Energy

Crowther
and

Eldridge
16)

41
140

181

372

740
780

930

(keV)

Present work

18.2506±0.0006
18.3671
40.584

140.511
142.63
181.06
249
344
366.4
380.7
409
411.5
458
528.9
620.7
620.7
739.7
778-2
823.1
961.0
988.2

1001.7
1016

±0.002
±0.006
±0.03
±0.04
±1
±2
±0.1
±0.2
±2
±0.5
±1
±0.2
±0.2
±0.2
±0.1
±0.1
±0.1
±0.2
±0.5
±0.2
±2

Cretzu
and

Hobmuth

11 ±6

2.2 ±1
100

6.2 ±2

2 ±0.5

0.17±0.05

0.09 ±0.03

16 ±4
4 ±1

0.15 ±0.03

Gamma-ray intensity

Crowther
and

Eldridge»)

100

7.5

1.4

13.7
4.9

0.44

Present work

100
0.030 ±0.006
7.5 ±0.2
0.006 ±0.003
0.0013 ±0.0005
1.63 ±0.10
0.011 ±0.003
O.OO16±O.OOO7
0.027 ±0.003
0.006 ±0.003
0.060 ±0.007
0.027 ±0.004
0.005 ±0.002

15.4 ±0.6
5.4 ±0.3
0.16 ±0.01
0.12 ±0.01
0.0020±O.O007
0.007 ±0.002
0.0010±0.0005

•) These intensities were obtained from the intensities of ref.") in per cent per decay ofHMo increased
by the correction factor for the •»mTc in the source.
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TABLE 2

Weak contaminations observed in our *»Mo spectra

Ey

(keV)

511
603
646
671
724
758
767.5
891
911.5
912
934

Isotope

annihilation
1MSb
1MSb

1
w 4Sb,"Zr
«Zr
•5Nb,»sZr

?
9

l2Nb
MNb

Ey

(keV)

1000
1044
1068
1100
1115.5
1173
1292
1332
1368
1460

Isotope

?
1MSb?
"»Sn?

MFe
«Zn
•°Co
MFe
*°Co
"Na

5. Gamma-gamma coincidence experiments

In order to determine the position of the gamma rays in the decay scheme, coinci-
dence measurements have been performed.

Coincidence spectra were taken with the window of the single-channel analyser of
the Nal(Tl) spectrometer set to accept the photopeaks of the 140.5, 181.1, 366, 529,
621 and 740-778 keV gamma rays. In the latter four cases, an absorber of 2 mm lead
was placed in front of the Nal(Tl) crystal to reduce the intensity of the 140.5 keV peak.
For the same reason, an absorber of 2 mm lead was kept in front of the Ge(Li) crystal
during all the coincidence measurements.

The coincidence spectra are displayed in figs. 5-8; the results are summarized in
table 3.

We notice that in addition to the gamma rays observed in the single spectra, gamma
transitions having the following energies appear in the coincidence spectra: 249, 344,
380, 409, 458 and 1016 keV.

The 366 keV peak in fig. 7 is due to pulses of the 411 keV transition, which contrib-
ute to the pulses in the gate. The 281 and 321 keV peaks, occurring in the spectra of
figs. 8b and c arise from pile-up of 140.5-140.5 keV and of 140.5-181.1 keV pulses,
respectively.

The 366 keV peak in fig. 8c is due to accidental coincidences and the 380 keV line
to pile-up and summation of 140.5-621 keV pulses falling into the gate.

6. Internal conversion electron measurements

To determine the K-conversion coefficient of the 140.5 keV transition, the activity
of " m T c was mixed with 137Cs (see sect. 2). The 661.6 keV transition in the decay of
137Cs serves as a reference line. By measuring the intensity /y of the 140.5 keV gamma
ray in 99mTc relative to the intensity of the 661.6 keV gamma transition in 137Cs and
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Fig. 7. The coincidence spectrum with the gate on 366.4 keV; not corrected for accidental coincidences.
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not corrected for accidental coincidences.

73



TABLE 3

Survey of gamma-gatama coincidence results

(keV)
140.5 181.1 366(+380) 529 621 740+778

249
344
366
380
409
411
458
529
621
740
778
823
961
988
1002
1016

0

0
85
60
0
60
60

100

0

0

100
0

100
100
100
0

100»)

100

0
60
0
0
0
0

100 a)

100»)

100»)
0.25

100»)
100»)

0

0
0
0
0
0
0

The numbers denote the percentage for which the transitions listed in the column are coincident with
the transitions listed in the row. *) Transition not observed in the single spectrum.

the intensity IK of the 140.5 keV K-conversion line relative to the intensity of the
661.6 keV K-conversion line of 137Cs, the K-conversion coefficient aK(Tc) of the
140.5 keV transition can be calculated from aK(Tc) = (IJI7)ocK(Cs). Here afc(Cs)
is the K-conversion coefficient of the 661.6 keV transition in 137Cs.

The sector field beta-ray spectrometer was set to give a resolution of 0.5 % and a
transmission (top counting rate in a single conversion line divided by the total emis-
sion rate of these mono-energetic electrons) of 0.7 %.

The gamma-ray spectrum was taken with the 5 cm3 Ge(Li) detector (see sect. 3);
the FWHM of the 661.6 keV line of 137Cs was approximately 5 keV.

Figs. 9 and 10 show the internal conversion and the gamma-ray spectra, respectively.
From the measurements, we calculate 7K = 6.84+0.19 and Iy = 6.00+0.35. Accept-
ing the theoretical value 20) of 0.0915 for the K-conversion coefficient of the 661.6
keV transition in 137Cs, we find ocK = 0.104+0.007 for the K-conversion coefficient
of the 140.5 keV transition in 99mTc.

Other quantities which can be derived from the internal conversion spectrum are
the ratio of the K- and L-conversion coefficients of the 140.5 keV transition and the
ratio of the intensities of the K-conversion lines of the 140.5 keV and 142.6 keV tran-
sitions in 99mTc; we find K/L(140.5) = 7.70 ±0.30 and K(142.6)/K(140.5) =
0.072 + 0.003, respectively. The former value agrees with another recent value21)
7.63 ±0.32. The ratio of the intensities of the 142.6 and 140.5 keV K-conversion lines
is in agreement with the result of Amtey 22) of 0.072+0.004 but deviates considerably
from the value 0.097 reported by Mihelich et al 4).
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Fig. 9. The conversion electron spectrum of the 140.5, 142.6 keV (MmTc) and 661.6 keV (13TCs) gamma-ray transitions.
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From the intensity ratios of the K-conversion lines and the gamma rays (see sub-
sect. 4.1) of the 142.6 and 140.5 keV transitions and the experimental value of the K-
conversion coefficient of the 140.5 keV transition, we can calculate the K-conversion
coefficient of the 142.6 keV transition. A correction of about 6 % was applied to the
intensity ratio of the K-conversion lines since the latter was measured on 99mTc in-
stead of "Mo-99mTc equilibrium. The result is aK(142.6) = 23 ±6.

A " M o source (see sect. 2) was used to determine the intensity ratio of the K-con-
version lines of the 140.5 and 181.1 keV transitions. The spectrometer was set at a
somewhat worse resolution. The spectrum is shown in fig. 11. The result of the mea-
surements is K(181.1)/K(140.5) = 0.094+0.004. Combining this result with the in-
tensity ratio of the 181.1 and 140.5 keV gamma rays (see table 1) and with the above-

uo 160 180 v 820

CHANNEL NUMBER
840 860

Fig. 10. The 140.5 and 661.6 keV gamma-ray peaks belonging to the conversion electron spectrum
of fig. 9. The spectrum was taken with the 5 cm8 Ge(Li) detector.

mentioned value of the K-conversion coefficient of the 140.5 keV transition, we calcu-
late a value of 0.130+0.012 for the K-conversion coefficient of the 181.1 keV transition.

After adding some 137Cs to the " M o activity, a source was made with which con-
version coefficients could be measured according to the same method as described
above for the aK(140.5) measurement. Unfortunately, only the K-conversion line of
the 739.7 keV transition was sufficiently strong to be measured. The result is shown in
fig. 12. From our measurements, we obtain K(739.7)/K(661.6) = 0.0118+0.0025
and /y(739.7)//y(661.6) = 0.68+0.08. With aK(661.6) = 0.0915, we then calculate
aK(739.7) = (1.58 ± 0.40) x 10" 3.

Our measurements on the 778.2 keV transition enable us to place an upper limit
to its K-conversion coefficient aK(778.2) ^ 1.6x 10"3.
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Fig. 11. The 140.5 and 181.1 keV K-conversion electron peaks.
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Fig. 12. The K-conversion electron peak of the 739.7 keV transition.
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7. Results and discussion

7.1. MULTIPOLARITIES

Conclusions regarding the multipolarity of several transitions may be drawn from
the results of the internal conversion measurements. Table 4 presents a survey of these
results; the conclusions are listed in the last column.

TABLE 4

The results of the internal conversion electron measurements

Ey
(keV)

140.5
140.5
142.6
181.1
739.7
778.2

Experimental
value

0.104±0.007

23 ±6
0.130±0.012
(1.58±0.40)X
<S 1.6x10"*

K-conversion coefficient

El

0.043

0.021
10-* 0.57x10-*

0.51X10-*

Theoretical

Ml

0.096

0.048
1.50X10-*
1.34x10"*

value

E2

0.306

0.127
1.50x10"*
1.32X10-*

K/L ratio Conclusion
experimental

- valueM4

7.70±0.30
29.5

M1 + <8%E2
M1+(9±5)%E2
M4
E2+<12%M1
M1/E2
El or M1/E2

7.2. THE *»Tc LEVEL SCHEME

The proposed level scheme of "Tc is shown in fig. 13. It is based on the following
arguments.

The 140.511, 142.63 and 181.095 keV levels. The positions, the decay properties and
the spins of these levels are based on previous work M.s-ii) j j o w e v e r ) m o r e accu-
rate values of the energies of the levels in question could be derived from the present
measurements. Moreover, the spin assignments of the levels are now placed on a firmer
basis due to the results presented in table 4.

The 509.0 keV level. Measurements of the beta spectrum of " M o by Cretzu and
Hohmuth 14) have shown the existence of an excited level at 497 ±17 keV. These
authors also established a coincidence relation between the beta rays feeding this level
and a 370 keV gamma ray. Gamma-gamma coincidence spectra with the gate on 140.5
and 181.1 keV (see sect. 5) show that the 366.4 keV transition is in coincidence with
neither of them. Only a level at 509.0 keV depopulated by the 366.4 keV transition
to the 142.63 keV level would explain the above experimental results. The spin and
parity of the 509.0 keV level have been discussed by Cretzu and Hohmuth 1 4).

The 671.5 keV level The 528.9 keV gamma ray is not coincident with the 140.5,
181.1 and 366.4 keV gamma transitions (see sect. 5). It is therefore likely that the
528.9 keV transition depopulates a level at 671.5 keV. The existence of this level is
further confirmed by the coincidence spectrum taken with the gate on 528.9 keV
(sect. 5); this spectrum reveals the occurrence of 249 and 458 keV gamma rays which
fit excellently into the decay scheme if a level at 671.5 keV exists (see below).

78



The log ft of the beta transition feeding the 671.5 keV level is 9.6 and the
Tt (W$-l)ft is 8.9 (see subsect. 7.3) which suggests that this beta transition is

unique, first forbidden and a spin assignment of %~ is preferred, since the spin of
the " M o ground state is probably \+.
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180 KeV 0 001 %<9 3)

207 KeV 0 003%(8 9)
2 34 KeV 0.12 %(7 5)
247 keV 0.01 %(8.6)
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Fig. 13. The decay scheme of **Mo based on the present work. The intensities shown are total tran-
sition intensities and are corrected for the **mTc in the source.

The 761.3 keV level. Most of the 620.7 keV gamma ray is coincident with the
140.5 keV and none with the 181.1 keV transition. (The 620.7 keV gamma ray is a
doublet.) Therefore, it is probable that the 620.7 keV gamma transition has to be
placed on top of the 140.511 keV level, thus establishing a level at 761.3 keV. As
we shall see below, the 761.3 keV level makes it possible to fit the weak 380.7 keV and
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409 keV gamma rays, which are in coincidence with the 620.7 keV transition, into the
decay scheme.

The log// and log -¿¿(W^- O/' values of the beta transition feeding the 761.3 keV
level (see subsect. 7.3) are 9.8 and 9.0, respectively. This indicates that also this beta
branch is probably unique and first forbidden, therefore a spin assignment of |~ is
likely.

The 920.8 keV level. The position of this level is based upon the fact that the 739.7 keV
gamma ray is coincident with the 181.1 keV gamma transition. Moreover, the 920.8
keV level makes it possible to place the 778.2, 411.5 and 249 keV transitions into the
decay scheme. These gamma rays decay from the 920.8 keV level to the 142.63, 509.0
and 671.5 keV levels, respectively. The position of the 249, 411.5 and 778.2 keV tran-
sitions is confirmed by the coincidence results of sect. 5: the 249 keV transition is co-
incident with the 528.9 keV gamma ray, the 411.5 keV transition is in coincidence
with the 366.4 keV gamma ray, and no coincidence relation could be established be-
tween the 778.2 keV and any other gamma transition.

The log// value of the beta branch feeding the 920.8 keV level is 6.2 (see subsect.
7.3); this transition is allowed since the character of the 739.7 keV transition is M1/E2
(see subsect. 7.1). The spin of the 920.8 keV level is therefore restricted to ¿+ and f+.
The character of the 778.2 keV transition should then be El, which is not in contra-
diction to the results of table 4. The intensity of the 249 keV transition feeding the
671.5 keV level suggests that this transition is El. Thus, if the spin \~ of the 671.5 keV
level is correct, the spin of the 920.8 keVlevel should be \+. This result agrees with
the half-life measurements of Stary 1 3) .

The 1004.2 keV level. The position of the 1004.2 keV level is based upon the fact
that the 823.1 keV transition is coincident with the 181.1 keV gamma ray. Besides,
the 823.1 keV transition is not in coincidence with the 366.4 keV gamma ray, thus
the 1004.2 keV level is unambiguously determined.

The log// value of 8.1 (see subsect. 7.3) of the beta transition to the 1004.2 keV
level suggests that its spin is \~ or \~. A spin off" is proposed, since the 1004.2 keV
level decays to the f+ level at 181.095 keV.

The 1105 keV level. Coincidence spectra taken with the gate on 620.7 keV reveal
the existence of a weak 344 keV transition (see sect. 5). We suggest a level at 1105 keV
to explain this experimental result.

The 1129.7 keV level. Gamma-gamma coincidence spectra with the gate on 620.7
keV (see sect. 5) show that the 366.4 as well as the 380.7 keV transition are coincident.
From this result, we conclude that besides the 620.7 keV transition depopulating the
761.3 keV level there exists a 620.7 keV transition which depopulates a level at 1129.7
keV. This level makes it possible to fit the 458 keV gamma ray, which is coincident
with the 528.9 keV transition, into the decay scheme.

The log// and log -¿+{Wl - \)ft values of the beta transition feeding the 1129.7 keV
level (see subsect. 7.3) are 8.6 and 7.3, respectively. This indicates that this beta branch
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is probably non-unique and first forbidden, which suggests that the spin of the level
is i " or | " .

The 1142.1 keV level. The position of this level is based on the coincidence rela-
tions of the 1001.7 and 961.0 keV gamma rays with the 140.5 and 181.1 keV transi-
tions, respectively. In addition, the 380.7 keV transition fits excellently into the decay
scheme, and its position explains the coincidences observed between the 380.7 and
620.7 keV gamma rays (see above).

The log ft value of the beta branch feeding the 1142.1 keV level (see subsect. 7.3) is
7.5, which indicates that a spin assignment of \~ or f ~ is likely. A spin off" is pre-
ferred because of the spin and parity of the levels to which the 1142.1 keV level decays.

The 1169.3 keV level. Since the 988.2 keV gamma r?y is coincident with the 181.1
keV transition, a level is introduced at 1169.3 keV. The weak 409 keV transition, which
is coincident with the 620.7 keV radiation, can now be placed into the decay scheme.

The log/i and log -fáW\- \)ft values of the beta branch feeding the 1169.3 keV
level (see subsect. 7.3) are 8.9 and 7.5, respectively, suggesting a spin of \~, \~ or f ~.
A spin of ¿" can be excluded in view of the feeding to the f+ 181.095 keV level. Of
the remaining spin values, f~is somewhat less probable since the \o%^{W%—\)ft
value is rather low for a unique first-forbidden beta transition.

The 1197 keV level. The position of this level is based on the coincidence relation
of the 1016 keV gamma ray with the 181.1 keV transition. The log/i and log ̂ f
(W%- l)ft values of the beta branch feeding the 1197 keV level (see subsect. 7.3) are
9.3 and 7.8, respectively, which means that a unique first-forbidden beta transition
is most probable. This conclusion leads to a spin assignment of f ~.

7.3. THE ENERGIES AND INTENSITIES OF THE BETA BRANCHES

The beta feedings to each level were calculated on the basis of our improved decay
scheme. The results are presented in table 5.

TABLE 5

The end-point energies, intensities, log// and log £ ( W\—\)ft values of the beta transitions

Level in MTc

142.6
509.0
671.5
761.3
920.8

1004.2
1129.7
1142.1
1169.3
1197

Transition
energy
(keV)

1234
868
705
615
456
373
247
234
207
180

Intensity
per decay *)

\/o)

79.7
1.43
0.042
0.012

18.5
0.14
0.010
0.12
0.0032
0.0009

log/r lc

7.3
8.4
9.6
9.8
6.2
8.1
8.6
7.5
8.9
9.3

.gJL^j-D/r

7.8
8.9
9.0

7.1
7.3

7.5
7.8

») A correction for •imTc in the source was made.
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The beta energies were determined by using the highest beta energy 1234 ±5 keV
as determined recently 14) and our level energies.

To obtain the total transition intensities for the 140.5 and 181.1 keV transitions,
the total conversion coefficients a(140.5) and a(181.1) were calculated. The a(140.5)
was determined from the experimental value (see sect. 6) aK(140.5) = 0.104 and from
the theoretical K : L : (M + N) ratio20) for an Ml transition (M + N = 0.33L);
a(181.1) was determined from the theoretical value of aK(181.1) for an E2 transition
and from the theoretical K : L : (M + N) ratio for this type of transition. The results
are a(140.5) = 0.118 and a(181.1) = 0.149. The total intensity of the 142.6 keV
transition was calculated from the ratio of the intensities of the K-conversion elec-
trons of the 142.6 and 140.5 keV transitions (see sect. 6), from the theoretical aK(142.6)
= 29.5 and K : L : (M+N) ratio for M4 transitions and from aK(140.5) = 0.104.
The total intensity ratios of the 140.5, 181.1 and 142.6 keV transitions thus obtained
are

7(140.5) : 7(181.1) : 7(142.6) = 92.0 : 7.1 :0.9.

To this result, a correction has to be applied for the enhancement of the 140.5 and
142.6 keV transitions from 99mTc. The direct feeding to the 140.5 keV level was also
taken into account. The final result is

7(140.5): 7(181.1) : 7(142.6) = 91.5: 7.6 : 0.9.

7.4. SOME CONCLUDING REMARKS

Crowther and Eldridge 15) point out that the 739.7 and 778.2 keV gamma rays are
relatively intense and convenient for radiometric assay of " M o . From our improved
gamma-ray intensities, the individual intensities per decay of these two transitions
are 13.7 % and 4.8 % respectively, for a sum of (18.5±0.7) % if one uses Nal detec-
tors. This sum intensity is higher than the value of 16.8 % which can be derived from
the work of Crowther and Eldridge. The nearby 823 keV transition, which probably
would be unresolved in Nal work, would make the intensity of the composite peak
18.6%.

The agreement between our experimental level scheme and that calculated by Gos-
wami and Sherwood 16) is extremely poor. Therefore, it is of little interest to compare
both level schemes in detail.

We wish to thank Dr. A. V. Ramayya for his helpful advice concerning the com-
puter program and the experiments themselves. The help of Mr. H. Kennon Carter in
the coincidence experiments and of Mr. J. A. Setaro (ORNL) and Mr. M. de Bruin
(Delft) in performing the chemical separations is gratefully acknowledged.
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CHAPTER IVA

THE Ka» X-RAY ISOTOPIC SHIFT FOR 163Dy-164Dy

AND THE DIFFERENCES IN NUCLEAR CHARGE RADII OF Dy ISOTOPES

C. W. E. van EIJK and F. SCHUTTE1
Physics Department, University of Technology, Delft, Netherlands

Received 4 May 1970

Abstract: The isotopic shift of the K ^ X-rays was measured for 162Dy-164Dy. The result AE =
(58.1 ±3.3) meV was used to normalize optical isotopic shift data. From these normalized data
the differences in the nuclear charge radii of all stable Dy isotopes could be obtained. The
measurements were performed with a curved-crystal spectrometer in the DuMond geometry.

1. Introduction

The isotopic shift of optical spectral lines has been studied extensively for many
years J~3) and is an important source of information on the changes of the nuclear
charge radii in going from isotope to isotope of the same element. However, the
accuracy in the results obtained from optical isotopic shift (OIS) measurements is
rather poor. The relative isotopic shifts due to the volume effect only (RIS) are
obtained after corrections for the normal and the specific mass shift. For example,
in the case of Dy the correction for the specific mass shift introduces an uncertainty
of the order of 10 % [refs. 4> 5)]. The same uncertainty will appear in the relative
changes of the charge radii. In deriving the changes of the charge radii in absolute
measure from OIS data, the results become even worse since additional uncertainties
(up to 20 %) are introduced by atomic screening2»6).

In 1964 the first successful attempt was made by Brockmeier, Boehm and Hatch
to measure the isotopic shift of a Ka2 X-ray line 7). The conversion of K X-ray
isotopic shift (XIS) data into changes of nuclear charge radii has the advantage that
the uncertainties due to screening are practically absent 8> 9) and the specific mass
shift corrections are small and well known 1 0) . In this approach, the conversion
process introduces an inaccuracy, which is of the order of 5% only8>9>11). The
experimental uncertainties are essentially due to counting statistics and can be made
of the same order of magnitude.

From the above it is evident that XIS gives the most accurate values for the changes

t Present address: Physics Department, University of Technology, Eindhoven, Netherlands.
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in the nuclear charge radii in absolute measure. If the XIS cannot be measured for all
the isotopes of the element concerned, because of poor natural abundance, a combina-
tion of XIS and RIS can be used. The results will be less accurate than those obtained
from XIS alone, but still much better than the results obtained from OIS.

In the present paper the XIS will be used to normalize the RIS data 5). The mea-
surement of the Kccj XIS going from 162Dy to 164Dy will be described below.

2. Method of measurements

The measurements have been performed with the Delft curved-crystal spectrometer
in the DuMond arrangement12). The (310) planes of a 0.5 mm thick quartz single
crystal are used for reflection. The diameter of the focal circle is 600 mm. A slit has
been placed on the focal circle in a fixed position. The height of the slit is 20 mm and
the width is approximately 0.1 mm. In front of this slit a disc-shaped sample with a
diameter of 30 mm rotates about its axis of symmetry (15 rpm). The centre of the
sample lies outside the area from which the emitted radiation is transmitted by the
slit for diffraction. The symmetry axis which passes through the centre is parallel to
the central ray of the beam to be diffracted. Thus a ring-shaped part of the sample is
accepted as the source. This method provides the best way to average the intensity of
the fluorescence radiation across the surface of the sample.

Two rotating samples have been mounted in a carriage. By means of this carriage
the samples can be placed in front of the slit alternately.

The sample is irradiated by X-rays from a Philips therapy apparatus (type 11645).
The X-ray tube has a tungsten anode and is operated at 200 kV, 17 mA.

After passage through the slit, the fluorescence radiation passes a diaphragm
(diameter 16 mm) which has been placed close to the curved crystal. After reflection,
the Ka t X-rays pass another diaphragm (diameter 20 mm) which has been placed
close to the detector at a distance of 150 mm from the curved crystal. If brightness
variations in the source still occur, despite the rotation of the sample and the optimum
choice of the source thickness (see below), these diaphragms reduce the aberrational
shift due to the vertical divergence and the Cauchois width.

The measurements are performed in the two symmetrical positions for Bragg
reflection: the right and the left position. By averaging the results, one eliminates the
aberrational shift due to the inexact curvature of the crystal and the inexact crystal
structure (not the shift due to the vertical divergence and the Cauchois width).

The reflected radiation is detected in a Nal(Tl) scintillation spectrometer. The
pulses from the photomultiplier are fed into a single channel pulse-height analyser
which is set to accept the photopeak of the Kaj X-rays of Dy. The pulses from the
analyser are fed simultaneously into two sealers. Duplicate digital data handling offers
a control on proper data transfer. The accumulation is controlled by means of a timer,
which also takes care of the change of the samples and of the reading of the sealers
onto punched tape. The data are processed by means of a computer.
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The isotopes were obtained from Techsnabexport, Moscow. The isotopic enrich-
ment is 94.7% for 162Dy and 97.8% for 164Dy. The chemical form is Dy2O3.
Pictures of the oxide powders taken with a Guinier camera revealed that the crystal-
line structures were identical and consistent with the structure of Dy2O3. The width
of the lines showing on the pictures, however, was different for the two isotopes,
which indicates that the size of the granules is different. In order to eliminate a possible
line shift due to differences in adsorption of H2O to the granules (H2O is found in
gum arabic; see below), the material was annealed in air at a temperature of 1100 °C
during 65 h, after which the pictures were exactly identical. From pictures taken
during the measurements, it was found that no changes were introduced by the irradi-
ation.

Variations of the luminosity resulting from variations in the thickness of the
sample are reduced as much as possible by choosing the optimum thickness for the
Koii X-rays. The optimum thickness was obtained by comparing tablets (diameter
30 mm) consisting of different quantities of oxide powder of natural Dy to which
300 mg of gum arabic powder was added. A thickness of 170 mg/cm2 Dy2O3 was
found as the optimum value which corresponds to a tablet of 1200 mg of Dy2O3.

The samples to be compared were obtained in strictly the same way. After being
ground in an agate mortar, 1200 mg of the oxide powder of the isotopically enriched
Dy was mixed with 300 mg of gum arabic powder during 36 h. The mixture was
poured into a pressform and was pressed under a force of approximately 105 N into
a tablet with a diameter of 30 mm. The tablets were placed in holders with windows
of aluminium foil (thickness 15 ¡xm).

The measurements have been performed in the following way. The profile of the
Kofi X-ray peak is measured for both samples in steps of 5 sec of arc. Only the curved
crystal is rotated; the other parts of the spectrometer are kept in a fixed position.
After each step data are collected for 10 s. The line width (FWHM) is 35 sec of arc
(68 eV) and the top counting rate is 1400 per 10 s with a background of 45 per 10 s.
From the line profile the slopes at half height of the peak are obtained:
+ (2.56+0.13)10~3 meV"1 • s"1. Now, the spectrometer is set in one of the
positions where the counting rate is half the top counting rate (±10%). Data
are then collected for approximately 24 n, alternately 100 s for 162Dy and 100 s
for 164Dy. Next, the line profile is remeasured and data are collected on the opposite
side of the peak, etc. From the differences in the number of counts for 162Dy and
164Dy on both sides of the peak, the line shift AE is obtained by means of the slopes.

3. Results and discussion

A preliminary test experiment was done with two identical samples of oxide powder
of Dy in natural composition. The measurements were performed with the spectrom-
eter in the left and in the right position, resulting in values for AEf^^Dyi—Dyn) of
respectively +(2.7+3.7) meV and — (7.0+5.0)meV. The average value, which is
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an unweighted average since we want to eliminate a possible systematic error due to
aberrational shift, becomes — (2.2+3.0) meV. The errors stated are standard devia-
tions essentially due to counting statistics.

The

Number of
series

1
2
3
4
5

average 1-5

6
7
8
9

average 6-9

average 1-9

TABLE 1

results of the Koci XIS

(meV)

53.2±10
70.2±10
49.5 ±10
59.9 ±10
60.6±10

58.7 ± 4.5

53.0±10
48.7±10
54.7 ±10
58.1 ±10

53.6± 5.0

56.1 ± 3.3

measurements

*Dy) Remarks

left position

left position,
samples inter-
changed

right position,
samples as in
series 4, 5

The results of the actual experiment are presented in table 1. Each series (column 1)
took approximately 6 d. An extra test was performed by interchanging the samples
during the measurements carried out with the spectrometer in the left position. No
significant difference could be observed. For reasons mentioned previously, the
average value AE = (56.1+3.3) meV is the unweighted average of the values obtained
with the spectrometer in the left and in the right position. The positive value of AE
means that the energy EKoci of the Ko^ X-rays of 162Dy is larger than EKai of 164Dy.
After a correction for the isotopic enrichment, using RIS data 5), we obtain AE =
(56.8 ± 3.3) meV.

The isotopic shift due to the volume effect only AEy, is obtained after corrections
for the normal mass shift AENM and for the specific mass shift AESM- Hughes and
Eckhart13) have shown that the normal mass effect results in a shift over —mEjM
of the atomic level (energy E) in going from M = oo to a finite value for M, where
Mis the nuclear and m the electron mass. Consequently, we find AE^ = —1.9 meV
for the Kaj X-rays of Dy in going from mass number A = 162 to A = 164. Chesler
et al.10) have calculated that AESM « — $AENt/l which in combination with the above
leads to 4£NM+,d.E'SM « -1 .3 meV. Thus we find AEV =- (58.1 ±3.3) meV.

The relation between the Ka t XIS due to the volume effect and the change AR
(rather AR/R) in the radius R of a nucleus with a uniform charge distribution has
been derived by Babushkin 9>n). The isotopic shift depends primarily on the change
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y in the mean square nuclear charge radius 14) <r2>. The relation between
<r2> and the equivalent radius R is R = (y)*<r2>*. Using R = 1.2A* fm, where
A is the mass number, Babushkin has calculated the volume shift AEB for a number
of isotope pairs. From interpolation of his data we find for the Dy isotopes considered
here, AEB = 84 meV, which corresponds to A(r2yAi = 0.207 fm2. However, before
comparison is possible with the experimental value AEy, several corrections have to
be applied to AEB for the following effects: the screening by the transition electron
is different before and after the transition which introduces a shift which reduces
AEB by 3 % [refs. 8 ' 1 5 ) ] ; the interaction between the intrinsic magnetic moment of
the electron and the nuclear electric field in which the electron is moving, reduces
AEB by a factor of 0.94 [refs. 1 5 > 1 6)] ; quadrupole polarization of the nucleus by the
atomic electrons gives a reduction of AEB by a factor of 0.983 [refs. 15*17)]. Thus,
the corrected value AEBC becomes 75.3 meV. From

we obtain for the change in radius in going from 162Dy to 164Dy A(r2} =
(0.160+0.009) fm2. This value has been used to normalize the RIS data (table 2,
column 2); the results are presented in table 2, column 3.

TABLE 2

The changes in the nuclear charge radii

Pair of Dy
isotopes

156-158
158-160
160-162
161-162
162-164
163-164

RIS")

1.68 ±0.17
1.08 ±0.11
1.09 ±0.11
0.85 ±0.08
1
0.72 ±0.07

J<r*> ")
(fm2)

0.269±0.031
0.173 ±0.020
0.174±0.020
0.136±0.016
0.160±0.009
O.115±O.O13

A<r2> c)
(fm2)

0.228±0.026
0.147±0.017
0.148±0.017
0.116±0.013
O.136±O.OO8
0.098 ±0.011

•) RIS data from s ) .
b) Using the results of Babushkin with corrections.
c) Using the results of Seltzer without corrections.

While the present paper was being written, a paper was published by Bhattacherjee,
Boehm and Lee 1 8), reporting a value AEy = (55.7 ± 4.3) meV for the Kocj XIS in
going from 162Dy to 164Dy. This value is in excellent agreement with our value
AEy = (58.1+3.3) meV. In combination with their paper, a paper was published by
Seltzer 19) who derived the relation between AEy and ¿<r2> (, J<r4>, Air6}, )
by a method which is different from that used by Babushkin. Seltzer finds values for
AEy which are about 5 % higher than those of Babushkin. He further criticizes the
above-mentioned values of the corrections which have to be applied to AEB: these
values seem to be too large.
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If the correction terms are neglected we find from AEy = (58.1 ±3.3) meV and
Seltzer's results: J<r2> = (0.136+0.008) fin2. Using this value to normalize the
RIS data we find minimum values for the changes in the charge radii (table 2, column
4) whereas the results presented in table 2, column 3, seem to be maximum values.

Until recently it was believed that the inaccuracy in the conversion from AEy to
J<r2> was of the order of 5 %, as mentioned in the introductory part of the present
paper. Now, we see from a comparison of the results in table 2, column 3 with those
in column 4 that the uncertainty is larger. Nevertheless, the XIS is preferred to the
OIS as the uncertainty in the AEy to ¿<r2) conversion also occurs in processing the
OIS data.
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The volume isotopic shift of the Ka j X-rays was measured for 14OCe-1 ' i2Ce. From the result
A£v = 51.4 t-l.U nieV the difference in the mean square nuclear charge radii was derived: A(r ) =
0.274 ±0.010 fm2. By using this value to normalize optical isotopic shift data, the differences in
the charge radii of all stable Ce isotopes are obtained.

Measurements of the Kaj X-ray isotopic shift
(XIS) for 14OCe-142Ce have been performed with
the Delft curved-crystal spectrometer in the
DuMond geometry. The employed experimental
arrangement and the experimental method have
been described in ref. [1].

The isotopes were obtained from Oak Ridge
National Laboratory. The isotopic enrichment
is 99.7% for 140Ce and 92.8% for 142Ce. The
chemical form is CeO2. Pictures of the oxide
powders taken with a Guinier camera revealed
that the crystalline structures were identical and
consistent with the structure of CeO2- Pictures
taken during the measurements showed that no
changes were introduced by the irradiations.

The optimum thickness of the samples for the
fluorescent Ka^ X-rays was determined by com-
paring tablets (diameter 30 mm) consisting of
different quantities of the oxide powder of natural
Ce to which 300 mg of gum arabic powder was
added. A thickness of 152 mg/cm^ of CeO2 was
found as the optimum value which corresponds to
a tablet of 1075 mg of CeO2-

The l4OCe and 142ce samples were obtained in
strictly the same way. After being ground in an
agate mortar, 1075 mg of the oxide powder of the
isotopically enriched Ce was mixed with 300 mg
of gum arabic powder during 40 h. The mixture
was poured into a press form and was pressed
under a force of approximately 10^ N into a
tablet with a diameter of 30 mm.

The measurements have been performed in
the following way. The profile of the Kaj X-ray
diffraction peak was measured for both samples
in steps of 5 sec of arc. After each step data
were collected for 10 s. The linewidth (FWHM)
was 33 sec of arc (36 eV) and the top counting

rate was 1320 per 10 s with a background of 30
counts per 10 s. The slopes of the peaks at half
;.eight were ± (4.74±0.24)x 10"3 meV^-s" 1 .
Subsequently, the spectrometer was set in one
of the positions where the counting rate is ap-
proximately (± 10%) half the top counting rate.
Data were then collected for about 24 h, alter-
nately 100 s for 140Ce and 100 s for 1 4 2Ce. Next,
the lineprofile was remeasured and data were
collected in the corresponding position on the
other side of the peak, etc. From the differences
in the number of counts for 140Ce and 142Ce on both
sides of the peak, the line shift A £ K a was cal-
culated by using the above mentioned values of
the slopes.

The results of the measurements are presented
in table 1. Each series took 6 to 8 days. The
measurements have been performed in the two
symmetrical positions for Bragg reflection.
Three series of data were taken with the spectrometer
in the left position and three with the spectro-
meter in the right position. The results are in
good agreement. The errors stated are standard
deviations essentially due to counting statistics.
After a correction of the average value of
for the isotopic enrichment we obtain
= 50.1 ± 1.9 raeV.

The isotopic shift A£y due to the volume ef-
fect only is obtained after corrections for the
normal mass shift A2?NM and for the specific
mass shift AEgĵ j [2,3]. In going from mass num-
ber A = 140 to A = 142, AENM 4 A£ S M = -1.3
meV. Thus we find A # v = 51.4± 1.9 meV.

The isotope shift of the Kafj X-rays A £ v de-
pends primarily on the difference A(y2) j n the
mean square nuclear charge radius (y2). The
relation between AEy and A(r2), ¿( r 4 ) , A(r6) f^g
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Table 1.
The results of the Kafj X-ray isotopic shift

Table 2.
The changes in the nuclear charge radii

(meV)

left position right position

44.9 ± 4.8
51.3 ±4.5
42.5 ± 4.2

43.3 ± 5.0
44.3 ± 5.1
51.1 ±4.4

average 46.3 ± 1.9

been derived by Seltzer [4]. Older calculations
performed by Babushkin [5,6] are in error by
approximately 6% [4]. In previous work [1,3,7] a
correction has been applied for the interaction
between the intrinsic magnetic moment of the
electron and the nuclear electric field. Since,
however, the calculations by Breit and Clendenin
[8] are incorrect [4,9], no correction for this ef-
fect has been applied in the present work. In ad-
dition a correction has been applied in previous
work [1,3,7] for the effect of the quadrupole po-
larization of the nucleus by the atomic electrons.
This correction was based on the calculations by
Reiner and Wilets [10]. However, their results
are doubtful since they probably overestimated
the effect [4,9]. Therefore, also this correction
has been ignored in the present paper. Correc-
tions for second order screening effects are
automatically taken care of by using the results
of Seltzer's calculations.

From Seltzer's calculations and A£y =
51.4± 1.9 meV we find A<r2) = 0.274± 0.010 fm2.
A correction of 4% has been applied for the con-
tribution to A£y from the higher-order charge
moment variations [11]. The value of A(r2)thus
obtained, has been used to normalize the rela-
tive optical isotopic shift (RIS) data of
Korostyleva [12]. The errors in the RIS data
have been assumed to be 10% [1]. The results
are displayed in table 2, column 3.

From the optical isotopic shift data of Brix
and Kopfermann [13] we find for 140Ce - 142Ce
that A<r2> = 0.287*0.060 fm2. This value is in
good agreement with the present XIS result; the
accuracy has been improved considerably, how-
ever.

The addition of two neutrons to a spherical
nucleus with a uniform charge distribution and a

Pair of Ce
isotopes RISa>

A<r>
(fm2)

136-138
138-140
140-142

0.26 ± 0.03
0.26 ± 0.03
1

0.071 ± 0.008
0.071 ± 0.008
0.274 ± 0.010

a) Relative optical isotopic shift data from ref.[121.

radius R = 1.2 ¿ V 3 fm yields A(r2>std =
0.221 fm2 for A « 140. Comparison of this so-
called standard shift with the present results
shows that the addition of a neutron pair to the
N= 82 closed shell of 140Ce yields a change in
the charge radius which is significantly larger
than A<r*)std.

Data of the muonic X-ray isotopic shift are
not available for the Ce isotopes and consequently
an analysis of the results in terms of a two-pa-
rameter Fermi distribution [11] is not yet pos-
sible.

The authors are indebted to Dr. W. Lourens
for his help in the data processing by means of a
computer.
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CHAPTER V

PROBABILITY OF K-SHELL AUTO-IONIZATION

IN THE if-DECAY OF

So far,values of K-shell auto-ionization probability per 3 -decay, P ,
is.

were obtained mainly from three types of experiments: a) separate measure-

ments of absolute 6 and X-ray intensities, b) X-ray - 3 coincidence tech-

niques and c) comparison of X-ray and gamma ray intensities [see ref. )].
2

As discussed in detail in ref. ), method c) has advantages with respect to

methods a) and b); however, its applicability is limited to a small number

of nuclei. In this paper we introduce a new method also applicable in only

a limited number of (other) cases but with the same advantages as method c).

We compare the intensity of the Kot. X-ray line showing up in the decay of a

parent nucleus with that of the Kot. X-ray line arising after K-dhell

ionization in the 3 -decay of the daughter nucleus. In the case of 143Pr we

start from an 143Ce source. The intensity of l43Pr Ka X-rays arising from

the decay of 143Ce is the measure for the number of 6 disintegrations of

143Pr and the intensity of l43Nd Ka X-rays is the measure for the number of

K-shell vacancies created during the 3 -decay of 1 4 3Pr. It is obvious that

other sources for the creation of K-shell vacancies must not be present. In

the decay of l43Pr this is no problem as the influence of the 742 keV gamma

ray transition is negligibly small. The application of a curved-crystal

spectrometer enables us to separate the two Ka. X-rays without difficulty.

Sources have been obtained by neutron irradiation in the high flux re-

14 -2-1
actor (2.5 x 10 neutrons cm s ) of the R.C.N. at Petten of about 6 mg of
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142CeO -powder (enrichment 92.8%) enclosed in a capillary of quartz-glass

(inner diameter 0.35 mm, wall thickness 0.10 mm, height 20 mm). Two irradi-

ations were performed: one during 14.0 days and one during 9.4 days.

In the former case, the activities of 143Ce and 143Pr at the end of the ir-

radiation were respectively about 150 and 70 mCi; in the latter case, these

numbers were about 150 and 46 mCi. The Kot X-rays of 143Pr were measured as

soon as the source had been placed in the curved-crystal spectrometer. After

about 10 days -in order to reduce the background radiation due to l43Ce de-

cay- the Ka. X-ray line of M 3 N d was measured (see fig. 1).

8*«'40" 5 0 ' 5 2 0 8*22'«0' 2 3 ' 0 ' 23'20*
BRAGG ANGLE

37 «0 .38 36 .34 3 6 06 .04 .02 00
- ENERGY IN keV

Fig. 1. Pr and Nd Ka* X-ray diffraction lines of the
9.4 d experiment. The experimental data (counts per
2 min. and per ** 15 h3 respectively) have been redu-
ced to counts per hour at the point of time of the
end of the neutron irradiation. The background radi-
ation (respectively 20,000/h and * 1300/h at the
time of the measurement) has been subtracted. The
error bars in the Nd-line give the standard devia-
tions due to counting statistics; in the Pr-line

the errors are negligibly small.
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In evaluating the data we have used half-lives of 33.7 h and 13.6 d

for respectively 143Ce and 143Pr ). From the decay scheme of 143Ce ' ) we

deduced that 0.65 K-vacancies are created per decay. We have used for the

fluorescent yield of Pr and Nd respectively 0.915 and 0.920 ) and for the

ratio of Ka. X-ray intensity to total K X-ray intensity 0.518 and 0.515 res-

pectively ). The difference in detection efficiency and source absorption

for the two Ka. X-ray transitions has been obtained by measuring the inten-

sities of fluorescent Ka. and Kg X-rays of Ce (the Kg X-rays of Pr

being just above the K-edge of Ce) and comparing the intensity ratio with

that known from literature ). Applying linear interpolation a reduction of

7% to the Nd Ka. X-ray intensity was found necessary. Corrections of less

than \7<, had to be applied for the contribution to the 143Pr Ka. X-ray inten-

sity of 141Pr Ka X-rays arising from the decay of 141Ce present in the

source. The values of P (not corrected for shake-up) obtained in the 14.0

d and 9.4 d experiment are respectively, P = (3.15 ± 0.29) x 10 and
K.

-4
P = (2.62 ± 0.27) x 10 , resulting in an average value of
K.

-4
P,. - (2.88 ± 0.20) x 10 . The errors stated are standard deviations essen-

tially due to counting statistics.

Table 1.

Experimental and theoretical values of P for the $ -decay of 143Pr
K

experiment

PKx 10
-4 ref. and method P K x l 0

-4
theory

ref. and comment

4.25±0.85

2.95±0.30

), a)

b, b)

2.77

2.90

1
) shake-off only

) direct collis-
ion included

2.88±0.20 present work 2.43
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Daughter atoms of 143Pr being ionized by 8 -particles from 143Pr give

rise to fluorescent Nd Kot. X-rays which contribute to the Nd Ka. X-ray in-

tensity. No correction has been applied for this contribution. We have cal-

culated that in our case it can lower the experimental P -value by at most

4 percent.

Q

As shown in table 1, our result agrees with the P -value of ref. )

which has been obtained by means of an X-ray - fj coincidence technique, and

with theoretical values of Law and Campbell ). Unfortunately the long time

necessary to do an sxperiment limits the precision of the experimental value,

so that no information is obtained about the reliability of the direct col-

lision term. The higher and less accurate experimental value of Langevin-

Joliot ) is judged less reliable. The atomic matrix elements used in the
9

calculations of Mord were evaluated in an approximate way ). This may explain

why the difference with our value is slightly outside the experimental error.
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Summary
,?*

We—have~truii-t 4 small curved-crystal spectrometer for the detection of

X-rays and gamma rays/'A detailed description of the spectrometer1 and of its

dimensioning and control is given in chapter II. The spectrometer is of the

transmission type and it is operated in the DuMond arrangement. For diffrac-

tion we-use the (310) planes of quartz, The radius of curvature of the crys-

2
tal is 0.6 m, the thickness is 0.5 mm and the free aperture is 20 x 30 mm .

We have chosen a framework in which the crystal is rotated about a fixed ver-

tical axis. The source is moved horizontally and rectilinearly in the beam di-

rection. The arm on which the detector is mounted, is moved in a horizontal

plane over twice the angle of rotation of the curved crystal. The angular po-

sition of the crystal is obtained by means of a theodolite. The energy range

of the spectrometer is from 10 to 400 keV. The line width which can be achie-

-5 2
ved is u a 4 x 10 E (<u and E in keV) and the precision of an energy de-

-7 2

termination is AE * 7 x 10 E (AE and E in keV). The efficiency of the spec-

trometer varies from about 10 at 20 keV to 10 at 400 keV. Applications of
the spectrometer are described in chapters III through V.

i

In chapter III we—pxesent a study'óf the decay of 99Mo. The crystal spec-

trometer, Ge(Li) detectors, a beta-ray spectrometer and a fast coincidence

arrangement were employed. Gamma-ray energies and intensities and some inter-

nal conversion coefficients were measured. The level scheme of 99Tc was de-

duced and spin and parity assignments were made.

In chapters IVA and IVB the measurements of isotopic shifts of the Kot

X-rays of I62Dy - 164Dy and 140Ce - 1 4 2Ce, respectively, are described. From

the results AE = (58.1 + 3.3) meV (Dy) and AE (51.4 ± 1.9) meV (Ce), we ob-

tained the differences in the mean square nuclear charge radii of above men-

tioned isotopes: A <r > = (0.136 ± 0.008) fm2 and (0.274 ± 0.010) fm2, res-

pectively. These values were used to normalize optical isotopic shift data.
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The differences in the charge radii of all stable Dy and Ce isotopes could

then be determined.

In chapter V we describe how the K-shell auto-ionization probability in

the 3 -decay of 143Pr is measured applying a new method. A value of

-4
(2.88 ± 0.20) 10 was obtained for the number of K-shell vacancies per

g -decay. This result is compared with previous results and with theory.
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Samenvatting

Voor de detectie van röntgen- en gammastraling is een spectrometer ge-

bouwd waarin de energieselectie plaatsvindt met behulp van braggreflectie aan

een gebogen kristal. De beschrijving van deze spectrometer en van zijn dimen-

sionering en besturing wordt gegeven in hoofdstuk II. De spectrometer is van

het type DuMond. Hierin wordt gebruik gemaakt van een vertikale lijnbron; de

roostervlakken waaraan braggreflectie plaatsvindt, staan vertikaal en lood-

recht op het oppervlak van het kristal. De gereflecteerde straling wordt ge-

detecteerd aan die kant van het kristal die van de bron is afgewend. Voor dif-

fractie maken wij gebruik van de (310)-vlakken van kwarts. De kromtestraal van

het kristal is 0.6 m, de dikte 0.5 mm en het oppervlak van het kristal dat

2
voor diffractie wordt gebruikt is 20 x 30 mm . Wij hebben gekozen voor een

opstelling waarin het kristal wordt gedraaid om een vaste vertikale as. De

bron wordt rechtlijnig verplaatst in de bundelrichting en de arm waarop de

stralingsdetector is gemonteerd, wordt in het horizontale vlak gedraaid ever

tweemaal de hoek waarover het kristal wordt geroteerd. De hoekmeting gebeurt

met behulp van een theodoliet. Het bereik van de spectrometer loopt van 10

-5 o
tot 400 keV. De breedte van een diffractielijn is u « 4 x 10 E (ta„ en E

E E

in keV) en de nauwkeurigheid waarmee een energie kan worden gemeten is

-7 2 5
AE «» 7 x 10 E (AE en E in keV). Bij 20 keV wordt ongeveer 1 op de 10 door
de bron uitgezonden röntgen- of gammastralen gereflecteerd terwijl dit bij

Q

400 keV nog slechts 1 op de 10 is.

In de hoofdstukken III tot en met V worden enige toepassingen van de

spectrometer beschreven.

Hoofdstuk III bevat een studie van de desintegratie van " M o . Bovenge-

noemde spectrometer, Ge(Li) spectrometers, een magnetische spectrometer voor

S -deeltjes en een opstelling voor het meten van snelle coïncidenties zijn

bij dit onderzoek gebruikt. De energieën en intensiteiten van gammastralen en
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de interne conversiecoëfficiënten van enkele van de in het niveauschema voor-

komende overgangen zijn gemeten. Het niveauschema van 99Tc werd aan de hand

van de gevonden resultaten geconstrueerd. Voor een aantal niveaus konden de

spin en pariteit worden bepaald.

De verschillende isotopen van een element worden onder andere gekarakte-

riseerd door een verschillende ladingsverdeling in de atoomkern. Dientenge-

volge hebben ook de door deze isotopen uitgezonden Ka -röntgenstralen een

iets verschillende energie. Deze energieverschillen zijn door ons gemeten aan

de combinaties 162Dy - 164Dy en 140Ce - I 4 2Ce. De metingen worden beschreven

in hoofdstuk IVA en IVB. De resultaten zijn AE__ = (58.1 + 3.3) meV (Dy) en
Ka,

AE = (51.4 ± 1.9) meV (Ce). De met deze waarden samenhangende verschillen
KOj

in de ladingsverdeling worden beschreven door respectievelijk

A <r2> = (0.136 ± 0.008) fm2 en A <r2> = (0.274 ± 0.010) fm2.

Met behulp van deze waarden zijn de resultaten van de verschuivingsmetingen

aan optische spectra genormaliseerd. Hierdoor konden de verschillen in de af-

metingen van de ladingsverdeling voor alle stabiele Dy- en Ce-isotopen worden

bepaald.

In hoofdstuk V wordt beschreven hoe de kans op ionisatie van de K-schil

tijdens B -desintegratie van 1 4 3Pr is gemeten. Wij hebben voor deze kans on-

geveer 2.88 x 10 per 3 -desintegratie gevonden. Dit resultaat wordt ver-

geleken met resultaten verkregen door toepassing van andere meetmethoden en

met theoretische voorspellingen.
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Stellingen

1. Sumbayev en Mezentsev beschrijven een methode om aan te tonen dat een

meting van een chemische verschuiving (of isotopenverschuiving) niet

wordt beïnvloed door een verschuiving ten gevolge van spectrometer aber-

raties. Deze methode geeft echter over de invloed van deze aberraties

geen uitsluitsel.

0.1. Sumbayev and A.F. Mezentsev, JETP (Sov. Phys.) 2J_ (1965) 295.

2. Door af te wijken van de conventionele opstelling van de spectrometer

met een gebogen kwarts kristal wordt de tijd, nodig voor het meten van

een isotopenverschuiving, met een faktor twee gereduceerd.

3- De normale correctie voor de invloed van de intreevensters bij het meten

van hoekcorrelaties leidt bij gebruik van een sector-veld beta spectro-

meter tot onjuiste resultaten.

J.W.E. Vos, C.W.E. van Eijk, W.H.G. Lewin and F. Schutte, ïiucl. Instr.

60. ( 1967) 285.

k. Voor toepassing van de theorie van de beta desintegratie op éénmaal ver-

boden overgangen (niet uniek) verdienen de formules van Bühring de voor-

keur boven die van Morita en Morita.

W. Bühring, Nucl. Phys. Uo (1963)

M. Morita and R.S. Morita, Phys. Rev. J09 (1958) 20U8.



5. De door Manthuruthil èn Poirier gegeven matrix-elementen voor de 3 des-

integratie van 13OAu zijn onjuist.

J.C. Manthuruthil and C.P. Poirier, Nucí. Phys. A1 18 (1<?68) 657-

C.W.E. van Eijk, Nucí. Phys. A169 (1971) 239-

6. Von Oertzen's interpretatie van de ontstaanswijze van de door hem geme-

ten satellietlijnen is onjuist. Dat de door hem gegeven vaarde voor de

kans op auto-ionizatie van de K-schil tijdens de desintegratie van 71Ge

via K-elektronenvangst overeenkomt met de door de theorie voorspelde

waarde berust op toeval.

W. von Oertzen, Z. Physik J_82 (I96U) 130.

7. De medewerking die de overheid verleent aan commerciële instellingen

door het verstrekken van gegevens uit het register van geboorte, van

huwelijksaangifte en van overlijden is afkeurenswaardig.

C.W.E. van Eijk

Delft, 26 september 1973


