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1.1

1 SUMMARY

From data obtained from direct experiments it has been established

that a Pm bremsstrahlung source is no match for an X-ray tube for fluor-

escence spectroscopy, when resolution is achieved with conventional crystal

spectrometers. If for reasons of the price per curie and of the tolerable

area of the sample to be radiated (20 cm2) the upper limit of activity be

set at 1000 curies, then the photon gathering power of the spectrometer

geometry requires to be increased 100 fold over that of the GE XRD-5

instrument. That instrument utilizes plane crystal geometry requiring the

use of collimated radiation thereby to exhibit a low efficiency of photon

gathering power. The design of a spectrometer with the requisite improve-

ment presents a substantial challenge, but it is one within the realms of

possibility.

Improvements to the specific activity for Pm147 and to the efficiency

of the bremsstrahlung yield by the use of admixed targets could give an im-

provement factor of 2. This would reduce the required gain to a factor of

50, and this is considered to be a practicable possibility.

The development of appropriate target-source mixtures would improve

the fluorescent yield from elements in the periodic table between Ag .(47)

and V (23).

147
A Pm source requires to have a thickness no greater than 0.02 cms

and at this value a 1000 curie source with a specific activity of 400

curies/gm would have an area of 20 cm2, and this a convenient one for the

handling and preparation of samples.
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2 OBJECTIVES

Analytical Spectrochemistry has become a technique of great importance

to industry. It yields quantitative data on the chemical constitution of

materials in minutes and seconds, and as a result, it is practicable to

spot check or provide analytical control of a process by the analysis of

samples with the use of a spectrograph or spectrometer.

Optical and X-ray Spectrochemistry are complementary in the analytical

concentration ranges for which each is best suited, although an overlap in

the applicability is increasing. Each technique enjoys advantages not

shared by the other, but each at its present stage of development is a lab-

oratory based procedure. Several important extensions of applicability

would ensue if either technique could be developed to become an "in situ"

analytical procedure. The X-ray method offers greater promise, since the

generation of a fluorescent yield from a material requires no physical con-

tact to it, when in Optical Spectroscopy such contact is a general require-

ment for the achievement of an emission spectrum. On the other hand, the

generation of a primary source of X radiation to be used for the stimulation

of a fluorescence yield requires high voltage generators and control appa-

ratus that limits "in situ" analyses to certain favorable circumstances,

and the use of X-ray spectroscopic methods for the continuous process control

of metal film gauging is a well known exemplification of this.

Further practical advantages, however, would be gained for some appli-

cations if the required primary X radiation could be given by a radioisotope

in place of an X-ray tube. In this circumstance the absence of electrical

generators and control equipment would reduce the size and weight of a spec-

troscopic system to the point at which field survey work for mining and

mineralogy would become practical. Moreover, when semi-quantitative data

will suffice, photographic recording of X-ray spectra, resolved by a spring

driven scanning crystal spectrometer, could be utilized, and such a system

would be wholly independent of the availability of electrical services.

Dimensionally such a system could be contained within a cube of 1.5 foot

length of face and weigh less than 50 lbs. It is noteworthy that the in-

herent stability of a radioisotope bremsstrahlung source would confer a

great convenience to the precalibration of a spectroscopic system for semi-

quantitative analyses.
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If feasibility could be established for the use of a radioisotope source

that maintains its photon output at elevated temperatures, then some appli-

cations for spectrochemical control would become possible where the use of a

conventional X-ray tube source of primary photons is impractical. An example

is that of a bremsstrahlung source fitted with a specific X-ray K series

spectrum radiator and maintained in the flu gas at the mouth of a metallur-

gical furnace. The K series radiation chosen would be that for which the

specific component of the flu gas to be monitored is the K component filter.

In this case the attenuation of the K and K components will be a function

of the gas density and the composition of the gases, but the ratioof the

intensity of the K and K components will be a function of the concentra-

tion of the specific K a sorbing gas alone. Considerations of the problems

attendant upon the use of an X-ray tube photon source at the elevated tem-

peratures of flu gas conditions indicate impracticability when like consid-

erations for the use of a radioisotope bremsstrahlung source limit practi-

cability to the achievement of an adequate photon flux.

A requirement for the general practice of analytical spectrochemistry

is that the system be capable of resolving photon frequencies that stem

from neighboring elements of the periodic table. Such capabilities are

common to crystal spectrometers, but not to electronic resolution systems.

Thus, for example, the use of pulse height discrimination provides an in-

adequate technique for the analysis of Mn and Co in ferrous alloys. On

the other hand, an efficiency gain of approximately 1000 is provided by the

latter system over crystal spectrometers, thereby to render a radioisotope

fluorescence spectrometer suited to the measurement of coatings on metal
I 2

plates and the analysis of Fe and Ca in ores2.

Apart from the examples quoted above, where the establishment of fea-

sibility for the use of a radioisotope spectrometer proffers an extension

of applications not otherwise achievable, feasibility would confer other

advantages. These are:

a. A simplification of apparatus by reason of the absence of high

voltage generators, rectifying apparatus and control gear with an

1 Cook, Mellish and Paine, JACS. 32 550 1960

2 Seibel, Institut de Recherches de la Siderurgie Report Met. Sp. 69
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attendant improvement to apparatus reliability.

b. A superior steadiness of photon output than is realizable with an

X-ray tube thereby to give an improved accuracy when the compari-

son of the analytical specimen to the standard is made sequenti-

ally.

c. An improved facility to design smaller and more mobile analytical

systems.

d. The successful use of a radioisotope source would constitute an

important step to the wider applications of process control

analytical spectrochemistry.

Consideration was given to the photon yield given by an X-ray tube

and that to be expected from a radioisotope. The photon power leaving the

anode of an X-ray tube is given by:

P = (6 x 10 ) ZV21 keV/second, where

Z = atomic number of target element
V = operating tube voltage in kV
I = tube current in mA

This total energy however, is not usable for the generation of fluores-

cent X-rays since only those photons the energy of which exceed any given

energy Va are convertible. The X-ray tube target output of photons and

energies that exceed Va is given by

V K(V - V )
P = V0 0 a dV
a V V a

a a

P[ = K Vo 2 - (Vo - Va) photons/second

Vaa

where K = 1.2 x 10 ZI

These photons leave the target approximately isotropically within a

solid angle of 21Y , but the limitations of dimensions of the usable window

of an X-ray tube cause the number of photons of energy exceeding Va to be

expressed

1 A
P = P AR
a a 2 7r

where A = area subtended by the usable window at a point on the target.
R = mean distance from the target to the window.



If Va corresponds to the main absorption edge of a specimen to be radi-

ated, then a maximum number of photons will be absorbed to be converted into

the specimen characteristic X-ray line with the efficiency given approxi-

mately by the Auger coefficient (fluorescence yield). Accordingly, the

number of "monochromatic" photons from fluorescence is:

" 1 1
P = P w -
a a 4 fl'r

where w = fluorescence yield of the specimen
r = distance of specimen to analyzing crystal (or detector)

If the above equations are combined, then

V 210ZI V - V-V A-W 1 photon/cm /sec
2x0o V o-V a 2 R - 47r2

To quantitate this expression, values may be assigned to each of the

terms. Thus assume:

Z = tungsten anode, 74
Va = iron specimen, 7.1 keV
Vo = X-ray tube operated at 20 keV
I = X-ray tube current at 20 mA

W = fluorescence yield, 0.3
A = 1 cm2

R = 2 cms
r = 6 cms

Substitution of these numbers gives a flux of 2 x 1010 photons/cm2/sec.

These photons are available for crystal diffraction and detection. When say

1% of the specimen comprises Fe, then the available photons is 2 x 108

Crystal diffraction reduces the intensity by a factor approximately 10.

Then assuming a detector efficiency of 50% a counting rate of 1 x 104 should

be realizable. This in practice is achieved.

It is therefore possible to say the yield of X-rays generated from a

radioisotope source is required to be 2 x 1010 photons/sec, and consideration

may be given to possibilities for achieving this.

Of several radioisotopes considered, Pm47 offers the greatest promise.

The bremsstrahlung from a Pml27 (WO) 3 complex exhibits a peak intensity at

approximately 67 keV and this is well suited to the excitation of a K series

fluorescence yield from elements Ti (Z22) to Ag (Z 47). In addition Pml47

has a useful half life of 1.76 years and is obtainable at an economic price
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($3.50 per curie) in a pure form with an activity close to the theoretical

limit of 400 curies/gm. for the pure metal. As shown above the photon flux

requirement is

2 x 1010 photon/cm2/sec.

Laboeuf and Stark in GE report # HWB1961 show that when Sn is the

target material, the yield is

3 x 10O photons/disintegration

Accordingly the source activity requires to be

6 x 10
13 disintegrations/sec. or 1600 curies.

This requirement is that of the effective activity for a thin source

of a maximum limiting thickness of 0.02 cms. In practice, however, it is

difficult to manufacture a source to these specifications, and it was

agreed that the Union Carbide Corporation at Oak Ridge National Laboratory

would undertake the fabrication of a Pm203 source of dimension 12-92 mms

and approximately 1 mm thickness with a nominal activity of 500 curies. It

was decided that the approach be an experimental one since with the appa-

ratus a direct comparison of the fluorescence yield from a material ir-

radiated by a Pm source and by an X-ray tube could be made. If the

effective activity of the Pm source employed is known or can be deter-

mined, then the required activity to achieve feasibility can be established.

Accordingly the following experiments were designed:

Experiment 1 -

Experiments 10

9.

& 12.

Experiment 11.

Experiment 13.

Experiments 15 & 16.

Experiment 14.

Familiarization experiments with a GE XRD-5 system.

Fluorescence yield of unresolved and characteristic

radiations from selected pure materials with Pm

irradiation.

In association with Experiment 10, to evaluate the

efficiency of fluorescent yield.

To define the Pm Ka intensity dependence with Z.

To evaluate the geometrical loss factor for a spec-

trometer employing plane crystal geometry.

Direct comparison of the fluorescent yield stimu-

lated by an X-ray tube and by the Pm source.

With the assessment of the data from these experiments it was possible

to establish the conditions required for feasibility.
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3-- EXPERIMENTAL PROCEDURE

3.1 INITIAL EXPERIMENTS

The experimental approach to the feasibility study was the direct
comparison of intensity of the fluorescent yield of metals when ir-
radiated separately by an X-ray tube and by the extended Promethium
147 source of nominal 500 curies activity. A General Electric XRD 5
X-ray Fluorescence Spectrometer was used and this afforded a ready
facility for the replacement of one primary source for the other.
On the XRD 5 the X-ray tube is mounted in the horizontal plane with
the X-ray window directed downwards and abutting the top of the sample
holder. A reproducible register of the tube with respect to the sam-
ple chamber is achieved through location fits of mating shapes of the
top plate to the specimen chamber and the window area of the X-ray
tube housing. This arrangement permits the X-ray tube to be removed
from the spectrometer and replaced reproducibly. The top plate to the
specimen chamber is itself a separate entity dowelled and screwed to
the main body. An alternative top plate was machined with replicate
details for attachment to the specimen chamber, but otherwise designed
to accept the encapsuled promethium source. Accordingly, either source
could replace the other without interference to the geometrical rela-
tionship of the sample with respect to the spectrometer. Indeed, the
transposition could be made without disturbance to a located sample.
It is desirable that each source be as close to the sample as practi-
cable, and for the X-ray tube a limitation to the minimum dimension is
imposed by the glass envelope which limitation does not obtain for the
radioisotope source.

The X-ray source, a radiating area of approximately 10 mms. x
1.5 mm, was about 40 mms. above the sample, and for the promethium
source, the area of radiation was 20.3 mms. diameter maintained at ap-
proximately 20 mms. above the sample.

The initial experiments were designed to gain familiarity with the
capabilities of the XRD 5 instrument, and the accompanying list of ex-
periments is followed by a tabulation of the experimental data.

EXPERIMENT 1. RESOLUTION OF THE K DOUBLET OF THE FLUORESCENT YIELD FROM CU.

Resolution of the two components is not achieved and the peak in-
tensity for the unresolved doublet occurs at an angle corresponding
to the weighted mean of the components. From this and from check
experiments not recorded here it is clear that the angular cali-
bration of the spectrometer is within 0.020 of optimum. (Figure 1).

EXPERIMENT 2. PRECISION DEPENDENCE ON SAMPLE POSITIONING.

The precision of relative intensity measurements is not adversely
affected when the sample is successively re-introduced into its
receiving chamber with the same orientation relative to surface
grind marks. Furthermore, no significant intensity change occurs
when the sample is mounted with grind marks parallel to or cross-
wise to the spectrometer. A poorer precision, however, is a-
chieved when the sample is rotated through 900 on each successive
re-positioning. (Table 1).



3.1

15,000

10,000

5,000

0
SA L l a-

45.0
c n e-luu~

45.544.6

A

c.

0

46

RESOLUTION FOR Cu IN FLUORESCENCE

Figure 1.

Experiment 1

LiF2 Crystal

Tube Volt 50 kV

Tube Current 5 m

Count Time 10 se

a
Peak Intensity 45.06

0
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Sample 581

LiF2 crystal

Tube voltage

Tube current

50 kV

5 mA

10 sec. count

A. 10 consecutive runs.

1)
2)
3)
4)
5)
6)
7)
8)
9)

10)

15,142
15,119
15,162
15,162
15,182
15,167
15,192
15,116
15,160
15,123

B. Sample removed & put back
between each run

Total 151,525

X = 15,153

a- = 26.5

% ' = .174

C. Sample holder removed and put
back between each run.

1)
2)
3)
4)
5)
6)
7)
8)
9)

10)

15,074
15,038
15,023
15,058
15,082
15,072
15,088
15,104
15,091
15,040

15,265
15,259
15,239
15,220
15,240
15,259
15,293
15,252
15,235
15,246

Total 152,508

X - 15,251

0' 3 20

% d = .130

D. Sample rotated 900
(i.e. across grain)

Total 15Q,670

- 15,067

d' = 26.4

% ' = .175

15,154
15,158
15,192
15,109
15,274
15,243
15,152
15,144
15,187
15,244

Total 151,857

X = 15,186

a' = 52.7

% d - .347

E. Sample rotated
each run.

1)
2)
3)
4)
5)
6)
7)
8)
9)

10)

H
V
H
V
H
V
H
V
H
V

15,512
15,901
15,625
15,487
15,484
15,428
15,544
15,625
16,144
15,608

900 between

Total 156,358

= = 15,636

d = 221

% = 1.41

TABLE 1.
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EXPERIMENT 3. FLUORESCENT YIELD DEPENDENCE OF Cu ON THE APPLIED VOLTAGE
AND CURRENT OF THE PRIMARY X-RAY TUBE.

The fluorescent yield is a function of the total photon flux of
the primary radiation of energy greater than the energy of the

Kabs edge of the fluorescing material. An increase of applied
voltage to an X-ray tube operating at a given tube current in-
creases the flux density of photons of a given frequency and
yields photons of a frequency higher than previously were ex-
citable. An increase of tube current at a given applied voltage
Increases the photon flux density without extension to the spec-
tral range. An improved yield of fluorescent photons in the
ratio approximating 3:2 is given by increases of applied voltage
for the same tube current over equivalent increases of tube cur-
rent for the same power at given tube voltage. The calibration
was made for applied voltages between 26 kVp and 50 kVp at tube
currents between 1 mA and 50 mA. (Figure 2 & Table 2).

EXPERIMENTS 4 & 5. CALIBRATION CURVES (% CONCENTRATION VS. RELATIVE
INTENSITY) FOR Cu IN FLUORESCENCE UNDER PRIMARY RADI-
ATION OF 50 mA, 15 mA and 5 mA AT 50 kVp.

The experimental data plotted on a log/log basis yields a straight
line function over a concentration range, probably extending be-
yond that of the standards at hand, at 80% of unity for Cu in an

Al matrix. For Cu in an Fe matrix a straight line function at
70% of unity is preserved to a concentration of 0.2% Cu below
which background radiations form an increasing proportion of the
total signal to make a concentration of 0.02% Cu the lower limit-
ing concentration for an X-ray tube operated at the 15 mA level.

No change of the shape of the calibration curve occurs when the
tube current is reduced to 5 mA. (Figures 3 & 4).

EXPERIMENTS 6 - 9. CALIBRATION CURVES FOR ELEMENTS CLOSE TO Cu IN THE
PERIODIC TABLE AS WELL AS FOR A HEAVY ELEMENT Mo AT 42
.AND THE LIGHT ELEMENTS Cr AT 24 AND V AT 23.

The calibration slope, or unity factor, for the elements Ni, Mn and
Cr In the same matrix are similar to Cu and the increasing air ab-
sorption of the softer radiation is noticeable from the diminished
count rate. In the case of V the slope function is less than for
Cr, and this is attributed to the greater absorptivity in air of
its characteristic radiations. For Mo the slope is also substan-
tially reduced and it may be inferred that the fluorescence effici-
ency for that element from radiation of a peak applied voltage of
50 kV is reduced. A higher voltage is probably desirable. (Fig. 5).

The experience gained from these experiments may be applied to
those using the Promethium 147 source in place of the X-ray tube
in the following manner:

a) The position of the sample as provided in the XRD 5
instrument has little or no effect on the fluorescent yield.

b) For an X-ray tube operating at 50 kVp the fluorescent
yield from Mo, 42 is lower than that for elements down to Cr, 24.
Since Pm 147 yields a bremsstrahlung approximating to 70 kVp, the
relative fluorescent yield from the heavier elements may be ex-
pected to have a higher efficiency.
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A. Sample 581

LIF2 crystal

Tube voltage - 50 kV

Tube current - as noted

10 sec. count

1imA

- 4034

cr'- 17.1

Of- .424

- 15312

d " 124

%d- .813

X - 35884

d 61

% ds.17

X - 54039

' 83.3

% d'- l154

- 87584.

o'- 9717

%o'- .112

B. Sample 581

LIF2 crystal

Tube voltage - as noted

Tube current - 50 mA

10 sec. count

Tube voltage kV

50 kV

45 kV

40 kV

35 kV

30 kV

26.3 kV

Counts

88,370

77,930

66,928

54,470

41,372

30,788

TABLE 2
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Alcoa Standards

Cu 1.541 A

1000000

100000

% Concent ration

502 503 504 581
. . . .

10 100

Figure 3.

slope 400

Experiment A+

Calibration curve for Cu
1.541 A

Tube voltage 50 kV

Tube current 50 mA

Angle 45.060

10000

4-1

0
v

1
i 1 L a

a I
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NBS STEEL STANDARDS

Cu 1.541

Slope 350

5 mA

mA

Experiment 5

Calibration curve for
Cu 1.541 A

Tube voltage 50 kV
Tube current 5 mA

5 mA

Angle 45.060

% Concentration

I I I 11111
62 68 61 63

I I " L t -r " I
.10 20 26 34 47

Figure 4.
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1,00 Q

6?

.01 .019
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NBS STEEL STANDARDS

Experiments 6 - 9

Tube voltage 50 kV

Tube current 50 mA

.V

Cr

I-

Mn

% Concentration

a a i i a 1

.1 1.0

Figure 5.
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3.2 EXPERIMENTS WITH.AN EXTENDED Pm SOURCE.

The source made available for the experiments.by the Atomic Energy
Commission was prepared at Oak Ridge National Laboratory and was de-
livered in a capsule of dimensions to fit the recess of a machined
holder. The holder formed the top plate to the sample chamber of the
XRD 5 Spectrometer to replace the one supplied with the instrument.
With the source in position on the spectrometer the distance between
it and the sample approximated 2 cms.

The parameters for the source were:

147
Nominally pure Pm2 03 1.371 grams

Pm specific activity 364 c/grm

Rated source activity 429 c.

Density 6.49

Diameter 12.92 mms.

Thickness 1.61 mms.

Be window thickness 0.25 mms.

147Since the range of the beta particle for Pm is approximately
0.1 mms. (R = 50 mg/cm2) and the mass absorption coefficient for
Pml47 to K photons of 27 keV energy is high (:16.8), the thickness

of the source provided at 1.61 mms is 10 to 16 times greater than op-

timum.

EXPERIMENTS 10 & 12 TOTAL FLUORESCENCE YIELD FROM Fe, Zn, Ag, Cd, Pb &
Bi WITH Pml4 7 IRRADIATION.

The yield was measured for each element in turn when the crystal
was removed from the spectrometer thereby to permit unresolved
radiation collimated by. the soller slits integral to the spec-
trometer, to be received by the detector. In the accompanying
tabulation of the data each count rate has been corrected for
background.

Z. Counts per Second

Al #132 122.4
Fe #26 124.0

Zn #30 141.0

Ag #47 383.5

Cd #48 350.0

Pb #82 147.6

Bi #83 148.0

A value for the mass absorption coefficient for Pm 4 obtained by
interpolation of figures given for other elements for radiation
of 27 keV energy yields a value of 16.8, and this is so high
that radiation emitted from the source will be limited to the
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thickness equivalent to twice the effective range of the beta
particle, namely, 100 mg/cm2 or 0.2 mm.

The effective activity of the source is therefore
m. S

Pm Photons per sec = 3.6 x 1010 N
s

where m = effective mass of Pm 47 = volume x density = (.026)
(6.49) = .168 gm.

Sn = specific @ctivity = 364 curies/gm.

Ns = photon yield for disintegration = 1 x 10-O

Therefore the effective activity of the source for 4 ff geometry is

102
3.6 x110 x0.168 x 3.64 x 102  9

1 x 10 = 2.2 x 10 photons/sec.

From this yield, however, there is both a geometrical loss and
a loss associated with the generation of a fluorescent yield from
the sample. The geometry of the soller slits to the spectrometer
is conditioned by the acceptance angle of 1.7 x 10-2 radians. If
the fluorescent yield is consi-deted to have a 10% efficiency, then
the number of fluorescent photons may be expected to be

2.2 x 109 x 1.7 x 10-2 x 1 x 10 = 3.64 x 106

With a detector efficiency of 50% then the count rate per second

may be expected to be

1.87 x 106 counts per second.

The optimum experimental count rate for A , however, of 3.8 x 102
is lower than the anticipated value by 1 . e

147EXPERIMENT 11. DIRECT RADIATION FROM Pm SOURCE WITH SIMILAR GEOMETRY TO
EXPERIMENT 10.

For this experiment the source itself was set in such a relation-
ship to the soller slits of the spectrometer that the total effec-
tive radiation reached the detector. The use of a sample in
fluorescence was omitted, but in other ways the geometry of the
experiment was similar to that of Experiment 10.

The count rate was measured to be

1.04 x 10 counts per second.

In addition the crystal was repositioned in the spectrometer to
permit a scan of the Pm K spectrum. This is shown in Figure 6
where the K( intensity is 5 x 102 counts/sec.
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The measured figure of 1.04 x 10 counts per second may be com-
pared to an expected value of3..64x.10 counts per second since the
fluorescence yield loss does not obtain. Indeed the ratio of
these two values, namely,3.5x 102 c/s is the apparent loss of
photons for a fluorescence yield together with the internal ab-
sorption of fluorescent photons in the radiator for the geometri-
cal conditions that obtain in the XRD 5 Spectrometer.

EXPERIMENT 15. REMOVAL OF SOLLER SLITS FROM SPECTROMETER.

With the plane crystal geometry of the XRD 5 Spectrometer a
parallel beam of radiation is used. This attenuates the effect-
ive use of the available radiation from a fluorescing material by

a large factor. The desire for a beam of parallel radiation is
to preserve resolution of the spectral components. To define a
factor for the attenuation the slit system was removed from the
spectrometer. Accordingly the geometry for the experiment was a
source of approximately 1 cm. square at a distance of 30 cms.
received by a detector of approximately 1 cm. The count rate,
however, exceeded the resolution of the measuring system.

The opportunity to evaluate the geometrical factor, however, was af-
forded when Mr. R. S. Presley of Oak Ridge National Laboratory brought to
our laboratory an Am241 source previously calibrated by him. The Am
source exhibited the following characteristics.

Am241 of 21.2 mg.

Activity 63.6 mC for monoenergetic photon of 60 keV.

Window: 0.010" stainless steel.

Diameter 25.0 mms.

Measured activity at ORNL with PHD system for 21 geometry,
2.67 x 100 photons per second.

EXPERIMENT 16. Am241 SOURCE USED IN GEOMETRY EMPLOYED FOR EXPERIMENT 11.

The Am 4 source was set in line with the detector and the crystal
to the spectrometer, set at the zero angle, attenuated half the
available beam. Soller slits limiting the cross-section of the
beam to 1.3 cm2 were used.

Measured activity = 595 counts/sec.

Beam cut off 50% - Full beam 1190 c/s.

Detector efficiency 50% - 2380 p/sec.

Area of source used to available area = 2 x 2380 = 9.5 x 103 p/sec.
= .30

Ratio ORNL Measurement = 2.67 x 108 = 2.8 x 104 = Geometrical loss factor.
GE Spectrometer 9.5 x 10=

From this experiment it is evident the geometrical loss factor for the
spectrometer is 2.8 x 10 . For the considerations of Experiment 10, how-
ever, a geometrical loss of 1.7 x 102 only was allowed. In addition, the
yield of fluorescence photons for the evaluation of Experiment 10 was given



3.13

as 3 x 10 in place of the measured 5 x 10-2. The corrected values for
these two loss factors may, therefore, be re-written into the considerations
of Experiment 10.

The effective activity of the Pm source is computed to be

2.2 x 109 photons/sec.

Using the loss of factors experimentally defined,

Geometrical = 2.8 x 104

Fluorescent yield and internal absorption in the radiator - 2 x 102

Detector efficiency = 50%.

then the anticipated count rate is

2.2 x 109 2.2 x 109 2
= l.6x0 1.9 x 10 = 190 c/s

2.8 x 10 x 2 x 10 x 2 1.16 x 107

Since the measured count rate was 350 c/s., good agreement has not been
achieved. The most probable source of error is in the experimental evalua-
tion of the geometrical loss factor. For this the area of the Aml47 source
used for the experiment was difficult to measure, and the value of 1.3 sq.
cm. of the area available would require to be reduced to an effective area
used of 1.1 sq. cm. to achieve close agreement between the theoretical and
experimental values.

EXPERIMENT 14. COMPARISON OF Pm TO X-RAY TUBE (50 kVp) AT 1 mA) FLUOR-
ESCENCE EXCITATION.

For this experiment Ag was used as the fluorescent radiator and
measurement of the intensity of both the unresolved beam as well
as of K. radiations was measured separately for Pml47 and X-ray
tube excitation. All other experimental conditions were main-
tained. The X-ray tube was operated at 50 kVp at 1 mA. For the
experiment a pre-set count of 20,000 was chosen and the measure-
ment wa.s of time. Background count correction was made by sub-
traction of the summed count for the appropriate time interval.
For total radiation: -

Pml 47 source - Background corrected 20,000 counts = 149.2 sec.

X-ray source - "1 "11"1 .94 sec.

Ratio X-ray to Pm1 47 = 149.2 = 159 to 1

For Ag Ka photons

Pml47 source - Background corrected 20,000 counts = 556 sec.

X-ray source - ""1" = 3.57 sec.

Ratio X-ray to Pm = 3 = 156 to 1

The good agreement in the ratio values is to be expected since it was
possible to conduct the experiment without interference to the sample--
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spectrometer - detector relationships when the one primary source was ex-
changed for the other.

Almost all analytical X-ray fluorescence spectroscopy can be success-
fully and conveniently practiced with X-r tube operation at 50 kVp at 10
mA. Accordingly the efficiency of the Pm source would require to be
increased by a factor of 1500. Discussion of this occurs in subsequent
paragraphs.

EXPERIMENT 13. TO DEFINE THE Pml4  K INTENSITY DEPENDENCE WITH Z.

With the Pm source in position the selected samples were ir-
radiated and the spectrometer angle set appropriately for each
sample to receive the K emission. In addition a background
count was made consecutively to each analytical measurement. A
measure of the total radiation was also made with the detector
at the zero angle and the crystal removed. The data for this Is
also quoted under Experiment 10. All figures given are back-
ground corrected.

Z Total Radiation c/s K A radiation c/s

Al #13 122.4 -

Fe #26 121.4 -

Zu #30 141.0-

Ag #47 383.5 55

Cd #48 350.0 40

Pb #82 147.0 -

Bi #83 148.0 -

It is clear that the yield of the Pm source as used with an XRD 5
Spectrometer is so low that outside the region of the periodic table that
the efficiency of generation of fluorescent K photons is a maximum, no
useful data can be gathered.

The count rate for an Al radiator equalling that of Fe is not easy to
explain. The characteristic radiation of Al at 8.2A is totally absorbed in
the air path of the spectrometer. The geometrical arrangement of the Pm1 47
source to the sample and the detector was such that no direct radiation from
the source entered the detector, and indeed when the sample was removed from
its holder, the radiation received by the detector was the level of the
background count. Background counts were obtained when 2 mms. of Pb was
positioned at the mouth of the first soller slit, thereby to permit radi-
ations emanating from any other area to reach the detector. The areas of
the sample chamber surrounding the sample are made from Al, and, therefore,
cannot contribute to fluorescent radiation as the surroundings could were
they made from a heavier metal. The supporting member to the first Soller
slit that also forms a part of the specimen chamber and machined in brass
could be a source of such fluorescent radiation. With the presence of such

a radiation, however, the good experimental agreement achieved in Experiment
14 for the case of unresolved Ag fluorescent radiation and for the case of
the Ag Ka photons would have been unlikely.
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4 CONCLUSIONS

4.1 The effective bremsstrahlung photon flux of the Pm' 203 source used

for the feasibility study, the parameters of which are given on

page 3.10 was determined from direct experimentation to be

2.2 x 109 photons/sec.

Since the photon yield may be considered as 0.001 photon per dis-

integration, then the effective activity of the source is

2.2 x 1012 disintegrations per second or 60 curies.

The nominal activity of the source is 429 curies.

The very low efficiency of the source results from the high internal

bremsstrahlung absorption, consequent upon the source thickness

being 0.162 cms in place of the optimum value 0.02 cms. A source

of this thickness exhibiting an activity of 429 curies would have

an area of approximately 10.5 square cm, in place of 1.3 square cms

for the given source, and the larger area would not diminish the

convenience of usage for the radiation of an analytical sample in a

spectroscopic system.

4.2 The experiments established that the fluorescence radiators uti-

lized when set at an angle of 45 0 both to the bremsstrahlung source

and to the entrance slits of the spectrometer provide a yield of

one fluorescence photon per 200 incident photons. This value com-

pares unfavorably with the one usually accepted for the Auger co-

efficient of 0.3. No experiments were designed to disclose causes

for the discrepancy.

4.3 Under the conditions of use, the plane crystal spectrometer employed

for the experiments accepted a beam of fluorescent radiation limited

in its angle of divergency to 10 of arc, thereby to attenuate the

effective use of the available fluorescence yield of the radiator.

A direct experiment evaluated the photon loss from this cause to be

2.8 x 104.

The GE XRD-5 spectrometer was designed for the use of slits 1.5 cm

long, and when the spectrometer is used with a conventional X-ray

tube, the dimension is close to an optimum. When, however, a



radioisotope source replaces the X-ray tube, the length of slit may

be increased. The limitation is given by the maximum convenient

size of specimen to be analyzed, the practicability of using a

large crystal, and the availability of large window X-ray photon

transducers. Consideration of these indicate that 6.0 cms is a

practical maximum slit height, and the geometrical loss for a plane

crystal spectrometer may be reduced by a factor of four.

4.4 A direct comparison of the fluorescence yield stimulated by an

X-ray tube operating at 50 kVp at 1 mA to that stimulated by the

Pm source was established to be

156 to 1.

It is clear that this presents an interesting challenge to design

engineers that calls for a new approach to the solution of the

design problems. Nevertheless, the required gain is within the

realms of possible achievement. A curved focusing crystal spec-

trometer accepting a beam of 200 of arc, and employing slits,

crystal and detector window of 6 cms, would have a photon gathering

power 80 times that of the plane crystal spectrometer utilizing an

acceptance angle of 10 and a 1.5 cm crystal employed for the exper-

iments.

4.5 The controlling factor to the effective bremsstrahlung yield of the

source is the thickness. The internal absorption is total when the

thickness exceeds 0.02 cms. Considerable practical difficulties

attend the preparation of a thin wafer by the briquetting and sin-
147tering of Pm 2 03 powder with and without the use of a substrate.

When a substrate may be practicable, it is desirable that it comprise

one or more of the elements Ag to In, for then a conversion yield of

bremsstrahlung suited in photon frequency characteristics to analyti-

cal fluorescence spectroscopy from the substrate would add to the

yield of the source.

4.6 Improvements in source design are of importance. Thus an increase

in the specific activity from 364 c/gm to the theoretical limit of

400 c/gm would produce a 10% gain in the over-all efficiency. The

development of source target mixtures may also provide another ap-

proach to the improvement of the effective yield. If a gain of two
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could by this means be realized, then a commensurate mollification

of the problems of the spectrometer design would ensue.

4.7 The experiments reported were carefully conducted but not refined.

When the first experiment with the Pm source disclosed so low

an effective activity, it was considered to be within the spirit

of the contract to establish numerical values for the required

activity, with expedition at the expense of refinement. The ex-

periments directly comparing a Pm147 source to an X-ray tube pro-

vided data of the improvement factors required for a radioisotope

source to be useful for analytical fluorescence spectroscopy

employing crystal resolution. The realization of them would confer

to spectrochemistry advantages that no other known technique can

provide, and it could form a material step towards the practice

of process control spectrochemistry,
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