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CHAPTER 1
INTRODUCTION

During the past few years, technological developments in
the area of hich resolution solid state x ray detectors have
allowed x ray fluorescence spectroscory to become an imnortant
method for the determination of the amount of trace elements
in various materials. Several studies have been made to deter-
mine trace element concentrations in blood, water and industrial
wastes, and in meta]s_using X ray 1°1ucvr'es,¢:ence.]’2’3

In cooperation with the Department of Grain Science and
Industry, we have apnlied the technioue of proton-induced x ray
f1u0re§cence to the problem of determining the amount of trace
elements in wheat flour using the Kansas State University tandem
Van de Graaff accelerator.

The original motivation for this study was to find an alter-
nate method to determine bromine residue in flour. The United
States Department of Agriculture requires a chemical analysis
that is reliable to concentrations of a few parts per million.
Since fumigation of aqrain siloes with methyl bromide is a commen
practice, an analvsis of the bromine concentrations is an
annronriate concern. Ordinary chermical analysis of bromine levels
in thr recion of parts rer million is a time consuming and
nainstaking endeavor. Using nroton-induced x ray fluorescence
we have been able tn detect bromine concentrations of one to

ten parts per million with relative ease in a time preriod of



thirty minutes to one hour.

Another advantage of x ray fluorescence analysis is that
during the thirty minutes to one hour analysis, not only bromine,
but nearly all elements from phosnphorous to lead are simul-
taneous1y detected and the concentrations can be determined.
Since multi-element analysis is possible using x ray fluorescence,
we have determined the concentrations of rhosphorous, calcium,
sulfur, chlorine, potassium, iron, zinc, and bromine in twenty
four flour samples taken from various stages of nrocessing in
the flour mi11 at Kansas State University. By identifying these
and any other elements that may be nresent in the flour, the
Department of Grain Science and Industry can determine whether
the flour is suitable for commercial uses such as haking, cereals,
and an{maT foods. Some of these elements are detrimental to
health if they are present in large aquantities, and they also
affect the baking nronerties and suitability for processing

the wheat flour for cormercial uses.



CHAPTER II
EXPERIMENTAL PROCEDURE

In this exneriment, the techninue of proton-induced x ray
fluorescence was emnloved to determine the concentrations of
various trace elements in wheat flour. As a source of eneraetic
nrotens, the Xansas State University tandem Van de Craaff
accelerafor was used. A proton enerov of four YeV was found to
he the optimum enerav at which to rerform this exreriment.

The princinle of x rav fluorescence is relatively simnle.
The process consists of ejecting an inner shell electron in
an atem by hombarding it with eneraetic nrojectiles such as
nrotons, electrons, alnha narticles, or x rays. Electrons and
X ravs, when used as incident nroiectiles, aive a larae back-
grourc¢ to neak ratio, thus making data analvsis quite difficult.
An x ray source, nroduces a hiah backaround due to scatterina
off of other materials in the target area. The larae amount of
hackeround radiation when using linht oroiectiles such as
electrons, is a result of the projectile slowina down in the
taraet material. This nrocess is known as Prehmsstrahlung
radiation. 'then nrotons or alnha narticles are used as a
nrojectile, Dremsstrahlung radiation is reduced due to the lower
velocities of these rarticles as comrared to electrons for a
qiven enreray. Thus the reduced backaround radiation makes data
analvsis somewhat simnler.

The ion source at the tandem Van de Graaff is not eauipred

to produce alnha particles, se nrotons became the loagical choice



for a nrojectile. Other projectiles such as oxygen ions have
been tried but did not prove to he as suitable as four MeV
nrotons for this type of exneriment.4 tthen the inner shell
electrens of an atom are ejected by incident nrotons, electrons
from outer shells fall into the shell in which the vacancy was
nroduced. The resultant eneray loss in this process is given
off in the form of nhotons with wavelenaths in the x ray reaion
of the snectrum, These photons are termed characteristic x rays
since their vvavelennths, hence their enerqies, are determined
bv the level snacings of the atom from which thev were nro-
duced, If the vacancyris nroduced in the ¥-shell of the atom
the x rays aiven off are termed K-series x ravs and if the
vacancy occurs in the L-shell these x rays are termed L-series
X rays; If a K-shell vacancy occurs, civira rise to a K-series
x rav, this is necessarilv followed by x ravs of the L-series,
M-series and hiaher order series. In this exneriment K-series
and L-series x ravs were observed. X-series x ravs were oh-
served for detection of elements from rhosnhorous to strontium
and L-series x ravs were observed for elerments from strontium

te Tead. The ¥a x rav for rhosrhorous is 2.7113 keV and the
[~

~

K x rav for strontium is 14,123 keVY. X ray enerqgies for
elements of higher atomic number than strontium are in the
range such that the detector efficiency is minimized. The

X x rav for zirconium is 2,07 keV so that by observing the

L- series x ravs of the elements of atomic numher areater than
strontium, one may stay in the range of x ray eneraies which

5
allous for rcasonable detector efficiency. A tahle of K«



X ray enerqies and l& x ray enerqies for elements from 1ithium
to lead is shown in table 1.5 A calculation was made to deter-
mine the absorrtion of various K x rays nroduced at a depth

X in the target and the result is shown in the aprendix.

The taraets that were used in this experiment were flour
samnles obtained from the Department of Grain Science. The
targets vere nrepared in the following manner. First, a few
drons of distilled water were added to the flour and mixed
until a %1our nraste consistency was achieved. The paste was then
anplied to an aluminum taraet backinn and allowed to dry for
twenty four hours. After the mixture had dried sufficiently,
it was easily remgved from the aluminum backina and reapplied
with a dron of polyvstyrene. The reason nolystyrene was selected
to aff{x the flour wafer to the aluminum backina, is that the
heaviest element in polystvrene is oxvoen and the K-series
x rays from oxvaen are helow the limit of detectahility of
the 1ithium-drifted silicon detector used in this exreriment,
The target was allowed to remain in air for anproximately
twenty four hours to allow the polystyvrene to dry. The target
was then placed in a vacuum dessicator fer another twenty four
hours. After this three day nrocess, the targets were ready to he
rlaced in the chamber and data were able to he taken. If the
targets were dried at a faster rate, it was found that they
would crack very badlv.

Calibration targets were also prepared to test the limits
of detectability and to determine the x rav nroduction from a

knowm amount of contaminant. To orenare the calihration tarqgets,



Table 1 X Ray Enerqgies

Element KX x rav enerqy Element lx x ray enerny
Li .0543 keV Y 1.947 keV
Be . . 1085 keV Ir 2.070 keV
B . 1833 keV Nb 2.196 keV
C L2770 keV Ho 2.327 keV
M .3924 keV Te 2.462 keV
0 L5249 keV Ru 2.600 keV
F1 6768 keV Rh 2.743 keV
Ne .8486 keV Pd 2.889 keV
Na 1.041 keV Ag 3.040 keV
Mg 1.252 keV Cd 3.195 keV
Al 1.487 keV In 3.354 keV
Si 1.740 keV Sn 3.444 keV
P 2.013 keV Sb 3.605 keV
5 2.307 keV Te 3.769 keV
Cl 2.622 keV I 3.028 keV
A 2.957 keV Xe 4.110 keV
K 3.313 keV Cs 4.28¢ keV
Ca 3.690 keV Ba 4266 keV
Sc 4.089 keV La 4,651 keV
Ti A.509 keV Ce 4.840 keV
v 4,950 keV Pr 5.034 keV
Cr 5.412 keV Hd 5.230 keV
Mn 5.895 keVY Pm 5.432 keV
Fe £.400 keV Sm 5.636 keVY
Co 6.925 keV Eu 5.846 keV
Ni 7.472 keV Gd 6.057 keV
Cu 8.041 keV Tb 6.273 keV
In 8.631 keV Dy 6.485 keV
Ga 9,243 keV Ho £.720 keV
Ce 9.876 keVY Er 6.949 keV
As 10.53 keVY Tm 7.180 keV
Se 11.21 keV Yb 7.416 keV
Br 11.91 keV Lu 7.656 keV
Kr 12.63 keV Hf 7.899 kev
Bb 13.37 keV Ta 8.146 keV
Sr 14.14 keV W 8.398 keV
Re 8.652 keV
0Os £.912 keV
Ir 9,175 keV
Pt 9.442 keV
Au 9.713 keV
Hq 9,989 keV
T1 10.27 keV

Pb 10.55 keV



a known amount of flour was weighed on an analytical balance
and mixed with an anpronriate weiaght of a soluhle comround
containina the desired contaminant. To determine the weight of
comnound needed to aive a one part in one hundred contaminant
to flour ratio the following formula was used:

amount of comnound needed= .N1am contaminant x atomic weight comround

atomic weight of contaminant

The desired amount of contaminant was thorouahly mixed with
the flour and the drving process was rermeated. Targets of cne
part in one hundred and one part in one thousand contaminant
to flour ratio were nrenmared for several different elements.

Nuite often these taraets, pure flour and calibration,
would crack very badly when nrenared in this manner. It was
found that when a severely cracked target was used, the data
vere not alwavs rerroduceahle. Another nroblem came when the
targets were not comnletely dry. If the tarnets were wet, they
would outoas when nlaced in the taraqet chamber, thus ruining
the vacuum needed to nerform the experiment. This was the best
method of taraet preraraticn that was found for this experiment.

A schematic of the exnerimental setur is shown in fiqure 1.
Four MeV protons were allowed to strilie a thick target of flour
paste inclined at an anale of forty five dearees with resnect
to the axis of the beam line. The x ray detector, a Kevex
1ithium-drifted silicon detector with anproximatelv 200 eV
resolution, was nlaced at an anale of ninetvy deqarees with resrect
to the axis of the beam Tine. The chamber was insulated from
the x ray detector and the heam current was-intearated from the

entire taraet and chamber. A tantalum collimation slit was
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Fiaure 1, Schematic of exnerimental setun.



placed anproximately three feet upstream from the taraet chamber.
The taract holder is desifqned to accomodate twelve tarecets, thus
reducing the time reauired to chanae taraets, A retractable one
sixteenth inch Tucite absorber was nlaced in front of the Si(Li)
detector so that two spectra could be taken from each tarqet.
With the lucite ahsorber in nlace, x rays from the liahter
elements such as phosphorous, sulfur and chlorine were absorhed
and a cleaner snectrum for heavier elements such as bremire and
zinc was ohtained.

A block diaoram of the electronics used in this exneriment
is shown in fiaure 2. A high resolution x ray detector is
needed for this rarticular exneriment. The Si(Li) detector has
a resolution of anproximately 27 eV. The hiah resolution of
the Si(Li) detector is obtained with circuitry that carefully
maintains D.C. bias levels. There is an occasional long reset
pulse durinag which time the detector is cut off and a larqe nulse
occurs in the amplifier. Durina this interval, the data collecting
aoparatus must also be cut off, and the integrated beam current
must be corrected for this "dead time". The amount of dead time
in the detector was measured by gating scalers on or off with
the "detector busy" pulse from the amnlifier provided by the
Si{Li) detector manufacturer. The scalers used to measure dead
time were countina pulses from a sixty Hertz nulser. The entire
tarqet chamber served as a charae collection reaion, The beam
current on the tarnet was collected and routed to the inteqrator
circuit, which nave a diqital rulse nroportional to the collected

charne.
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CHAPTER 111
EXPERIMENTAL RESULTS

The data obtained in this experiment were taken on twenty
four flour samples obtained from the Denartment of Grain
Science at Kansas State University. Two senarate snectra were
taken for each sample. One spectrum was taken with the lucite
absorbeé removerd and another with the Tucite absorber in front
of the x ray detector. A tynical spectrum with absorber out
is shown in figure 3. Elements such as nhosphorous, sulfur,
chlorine and potassium are readily identifiahle. In fiqure 4,

a spectrum with absorber in is shown. The nresence of heavier
elements such as iron, zinc and bromine hecome apparent in this
spectrun when the absorber is in place. Calibration targets
vere also prenared and two snectra were taken, one with the
absorber in and one with the absorber out. The spectrum of a
copper bromide calibration taraet is shown in figqure 5.

As a first step in determining the amount of x rav pro-
duction due to a known contaminant amount nresent in the calib-
ration tarqget, the area under the peak must be determined.

This was accomplished by a least squares fit program. This proqgram
was adanted from Bevington.G A Digital Equipment Cornoration

model PDP-15 comnruter located at the tandem Van de Craaff

facility was used to fit the hackaround of the neak under
observation. By annropriate settina of markers on each side of

a neak, the backaround on each side of the peak could be fit.
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By subtracting the hackqround, the area of the neak could be
determined. This process is indenendent of the shane of the
peak. A first, second, or third-order fit to the backaround
could be made, enahlina one to determine the best fit for each
neak. A result of this method of determining reak area is shown
in the anpendix.

Nnce the area under a neak and the amount of collected
charne were known, a aqranh of peak area/ microcoulomb of charqge/
narts nér millien of contaminant versus atomic number could
be drawn. frarhs of ¥&X x ray production from a known amount of
contaminant versus atomic number with absorber in and out are
shown in fiaures @ ahd 7 respectively. The YX x ray production
from a one nart ner million concentration can be read off the
qranh for elements frem phosphorous to strontium.

The flour samrles were also analyzed to determine the areas
under the neaks of all of the elements nresent in the samnle.
The amount of collected charae was also determined and a cal-
culation was made to obtain the peak area/ microcoulomh for
each element nresent in the flour samnle. By dividinag the
reak area/ microcoulemb for a given element in the flour
sample by the peak area/ micrncoulomb/ one part per million of the
same element as determined by the calibration granh the amount
of a rarticular element in the flour samnle was obtained. The
concentrations of nhoschorous, sulfur, chlorine, notassium.
calcium, iron, zinc and breomine for each of the twenty four
flour samnles is shown in table 2. The cafibrntinn chemicals

used and the contaminant studied are shown in tahle 3.
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Sample

3M

2MT
1MT
3BK
Suc
CST

Bk.Ped

CSB
20

FSB
61

118
5BK
17T

PBK
4BK
BSD

St.Gd

2BK
213
1BK
aM
5

Sample

M

2MT
MT
38K
Suc
CST

Bk.Red

CSB
20
FSB
En
M8
5BK
17
PBX
ABK
BSD
St.
2BK
218
16K
M
5M

Gd

Table 2 Flour Samnle Concentrations

P ppm

26,790
13,000

4,140
4,290
2,10n
2,030
805

1,820
177

2,029
£9n

3,450
2,520
1,670
1,820
5,359
54k

1,390

2,049

3,319
1,140

Zn opm

2.57
21.706
8.56
13.44
42,56
27.8
7.37
8.25
17.6€
13.8
14.9
4.23
16.N€
o 50
11.56
9.44
53.5
15.18
26.6
8.87
21.8
17.75
26.1

S ppm

1,470
2,780
573

2,780
7,680
5250
6,100
1,430
2,950
5,150
2,430
2,140
7,370
5,030
1,800
4,430
5,20
2,200
3,100
15840
8,120
14995
3,310

Fe ppm

3N
18.3
43.1
2h.7
151.85
58.7
18.8
123.1
18.7
Be.6
h.28
e1.2
335.2
116.8
88.1
2352
143.5
4e8.8

74.81
142.4
383.3
e1.1

C1 ppm

382
840
427
€03
1,920
1,360
1,120

K ppm

817

1,130
678

1,290
4,800
2,940
2,600
883

1,750
5,460
2,570
1,160
3,680
3,460
9,970
1,140
6,290
1,290
2,740
5,470
4,210
€,28n
1,300

Ca ppm

151
195
163
182
770
£33
a1n
147
254
940
445
287
673
680
114

713
458
920
£56
9€5
1,240
25230

17



Tahle 3 Calibration Chemicals

Chemical Compound
Arsenic Trioxide
Cupric Bromide
Calcium Bromide
Chromic Chloride
Cupric Bromide
Potassium Iodide
Strontium Chloride
Tungsten Sulfide

Titanic Cxide

Contaminant
Arsenic 7=33
Bromine 7=35
Calcium Z=20
Chromium 7=24
Copper 7=29
Potassium 7=19
Strontium 7=32
Sulfur 7=16

Titanium 7=22

18



The concentrations of nhosrhorous, sulfur, chlnrine, calcium,
and potassium are on the averane in the one hundred to one
thousand narts ner million range. Bromine and zinc concentrations
however, ranae from one rart per million to one hundred pnarts ner
millien. Iron shows higher concentrations than either hromine
or zinc, but this is mest probably due to elastic scattering
of the incident protons into the stainless steel taraet chamber.
Such scattering would result in x rays nroduced from the iron
present ﬁot only in the flour target, but also the iron nresent
in the taraet chamber. Aluminum foil was used to line the
chamber but some secqndary scattering nrobably occurs.

The Department of Grain Science and Industry analyzed the
twenty four flour samnles for ash and prrotein content. The ash
content is determined by heatina a flour samnle at five hun-
dred and fifty deqrees Centiqrade for twelve to nineteen hours
and then weighing the residue. Cne would exrect the nrescnce
of heavy metals such as zinc to be related to ash content if the
zinc compounds in the flour were non-volatile. A zinc-ash cor-
relation was made and the result is shown in fiqure &.

Protein content is measured by nitronen concentration. The
twenty four flour samples were correlated for rrotein-bromine
concentrations and the result is shown in figure g,

A numerical correlation coefficient was also determined for
ash-zinc and nrotein-bromine concengrations. This correlation
coefficient r, is aqiven by:7 r=?5jk;5j5k where

Sik= 1/n-1% (i i-53) (Xik-TF)
2 ’

?
ST = 1/n-12(Xi-X3) § Sk = 1/n-1Z(Xik-

19
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and n is the number of samnles, Xii and Yik are the sums of the
individual concentrations Xi and Y&, and Xj and Xk are the means
of the individual concentrations. The correlation coefficient r,
for nrotein-bromine was .411 and the coefficient for ash-zinc
was .8n?,

This says that the flour samrles known to have a hiah ash
content, also showed a high zinc content, thus substantiatina
the assumntion that the nan-volatile heavy metal content of
the flour samnles is reflected by the ash content.

The low deqree of correlation hetween protein and bromine
imnlies that one cannot decisively say that a flour samnle
with a hiah protein content also has a high bromine content.
Perhars the most effective method of detectina the nresence
of bromine in various flour samnles is by x ray fluorescence
since neither ash or pretein content seem to give an indication

of the presence of bromine.
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CHAPTER TV
COMCLUSINY

The techniaue of x ray fluorescence analysis has hbeen shown
to be a reliable method for detectina the nresence of trace
elements in a variety of materials. Experiments have been done
on taraets such as water with a high deqgree of success.1
Concentrations of parts per billion have bee? reported be these
workers usina x ray fluorescence techniques. We have shown
that bioloaical materials can alsc he effectivelv analvzed for
the presence of several trace elements with relative ease.

The major advantages of this technique are that simul-
taneous multi-element analysis is attainable in a short tire
period, data reduction and interpretation are relativelv simnle
and that the samrle is not destroyed during analvsis. Also, it
arpears that with respect to flour samples, the standard test
of determininn the ash content, also indicates the presence of
heavy metals such as zinc.

The majer disadvantanes we found in this particular experiment
were the nreraration of targets and the need for lona dryina
reriods to ensure an adeauate vacuum, Ye were also limited in
that with the present experimental setun, we could not test
liquid samnles, nases or dry samnles such as flour without
alterina its natural state.

Preliminary experiments have heen done which have allewed us

to feasihly use liguid samnles and dry samnles for analvsis by
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x ray fluorescence. Such experiments do not require nuttina the
tarqet under vacuum, but allow us to susrend the taraet outside
the beam line by bringing protons throunh a thin mylar foil,
thus striking the taraqet in air. The results from these prelim-
inary exreriments seem to be a very rromising nrocedure to
analyze a variety of samples usina oroton-induced x ray fluores-

cence analysis.
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APPENDIX

The x ray nroduction from the trace elements present in
the flour tarnet occurs at varyina dentgs qoverned by the
range of protons in the flour tarqets?,ﬁélﬂa four !"e¥ proton
in carbon, the ranqe is 27.2F2 mc/cmz. By determinina at what
enerqy for the pnroton inside the flour taraet does the ratio of
the cross section at-a denth x in the target to the cross section
at the surface fall to 1N%, another value of ranae is determined.
This was found to be for phosnhorous .77% mq/cmz. Thus by this
process, a ranae for the protens was determined. If a Kx x ray
is produced at this denth in the taroet, the x rav will lose
intensity in nassinag throunh the target. The ahsorntion coef-
ficient for Ka x rays in carhon frem nhosnhorous, zinc and
bromine were determined and also the loss of intensity of the x ravs
passino through the target usina, I=Io e:ﬁx, where x is the
depth in the tarqet at which the x rav is rroduced, 4 is the
absorntioh cnefficient for a narticular Y& x rav in carben and
I/1o is the ratio of the intensitv. For a Ka % rav of nhosphorous
at a range of ,7132 cm, I/Io was 2x1ﬂ_6, I/To for a Y& x ray
of zinc was .899 and I/Io for a ¥& x ray of bromine was .9f1.
From this it is seen that the ohserved x rav nroduction for
liaht elements such as rhosnrhorous occurs mainly at the tarqet

surface. while observed x ray production from heavier elements

such as zinc and bromine may occur at varyina denths in the taraet.



To obtain the area under a neak in 2 spectrum, a least
squares fit nroqram was used. A tvrical neak with backaround
markers and a fitted backqround line is shown in the fiaure
on the following nage. The area is determined by subtractina
the background from the number of counts in each channel of
the peak. A first, second, or third order fit could be made,
to ensure an anpronriate fit to the backaround. This nrocess
is independent of the share of the peak and is a relatively

simple method of determining the area under a neak.
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ABSTRACT

Using proton-induced x ray flueorescence, twenty four flour
samples were analyzed for trace element concentrations. Heavy
elements, such as bromine and zinc, were detected and found to
be present to extents of one to one hundred parts per million.
Lighter elements, such as phosphorous,sulfur, chlorine, calcium
and notassium, were found to he present with concentrations from
one hundred to one thousand parts per million. Correlations
between bromine and protein content and zinc and ash content
were also made. This technique of x rav fluorescence aralysis
has proven to be an efficient method for analyzing the trace

elements in wheat flour.



