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":ig01ﬁg to 11ve in a world ;hat is much more d

R . INTRODUCTION

Many colléges and universities ;hrough@ut!the'Un;téd States have -

.recognized the importance of Ehe’étudy of nuclear sciéﬁcé’and radio-=
, o T

for this reali-

isotopes in -the uﬂﬂargfadgate curriculum. The reasons

zation are twofold: First, tomorrow's cditizen is, without question,

ndent .on - ﬁuclear

energy and téphn@l@gy thah most-of us realize at this time. Many of

actical and economical solution to the energy

crisis is through nuclear energy at least until well after the year

EODD_ The ultimate energy needs -of the Unlted States will most likely

be §rav1ded by a combination of numerous . types of- energy sources:

nuclear fission and fusion, breeder reactors, solar and geothermal .

U’.I

enerqgy, as well as fossil fuels
/ A secorid reason for studying radioisotopes lies in their applica—

»

tion to certain analytical problems in chemlstry phy51cs, b;ology,<

neutron acﬁivation

e Lt
-=

medicine and environmental science. As an example,

analysis is for many elements one of the" most sensitive analytical
techniques known. With the proper jselection of pre and post chemical

3

s, Sensitivities of the order of one nanoqzam may

preparation techniqgues
” ~ !%; - . i . '( . _ ’
be obtained by this technique for many elements. xaray fluorescence 1is

other good example of a strong quantitative and qualitative technique

that has re:ently been employed quite extensively for trace element

analysis of env;raﬁhéﬂtg;; geological, aﬁd biological samples. These
ée hniques have been aéﬁlieé!qﬁite sucgeséfully not only to.the areas .
of physies and chemistry but algg%to'the éfeaszaf biology, geology,
environmental science, and médlcine It is clear thgt today's science
student needs a rking -knowledge of these "state of tﬁe art" tech-
niques. ' This is the first of a series of manuals to be pub;ished in the.
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as Df phys;es and chem;Stry, blal@gy, geglagy, and énv;rgnmental

science. : .

The experlments th$t are 1ncluded 1n thlE manual far the mé't

part reé;esent state of the aft" technlques which’ shculd be Wlthlﬁ;

the budgetafy canstraxnts of a,slnglé phy* cs or chemlstry departmént,

%

~-~For smaller calleges Gf’UﬂlVEIEitIES; it may péfﬁaps be” advantageaus'}jﬂ

for a chscrt;um of depa t t . share equlpmént casts The experl—

ments presented in the manual wauld probably be termed advanced héwever
*7' ;'F

graduates at various 1nst1tut1@ns 1nauquratlng this - text. A number-of

other f;;e texts and labaratory manuals have been wflttén on what m;ght

be termed basic radiation measu reme ,ts, For your :Gﬁvenlence we have ;

listed a number of tﬁssé n the general blbllOgraphy, Append;x VIII;:
The laboratory manual QDhtalnS a c@llectlon of five m@d 1 each
of which consists of one or more related or similar exPeriménts,: Thér‘
_moéulat approach allows one to present theoretical or iﬁtr§duct§:y
‘ﬁaterial in much greater detail for a collection of related experiments.
In general, each module willscantain a one or two page intfadugtion
concerning the usef%lness of the experiments and teahniques:tpibe Sﬁudigd
.and a qulde to the different types of éxéeriments to be-encountéréﬁ in

learning objectlves of the module; and. a prerequisites

joly

he module; breoa

—
rt

h

pte

on

e
k)

t ch will contain a list of those necessary skills which avery

o
m
(9]

dent

i
rt
bt i
T
i

L hould have before attempting the experiments in the module.

ssary prerequisites are given in the form of pre-test questions

‘Th

]
'D’.I

nece

i

with answers to be‘found in the back of the module. FEach module also

Ry

contains 'a theoretical section which presents broad discussions of

o

A
opics which are common to all of the experiments in the module.

i

lowing this introductory material are a number of similar experiments.

EO

s

L]
3




<y

.

ijectivesi an intréduétiOﬁ,

Each experiment centalﬁs .Speci f

experlmental ﬂata aecu%ulatlnn

1ist of necessary and cﬁt; al equlpment
. ‘ A

fand analy51s pr@éedufes, dlSCUSSlGﬂ gf results, post test que;tlans

t, é'ti uateé the 5tu§Ehts comprehénsion, computer pro grams vailéblei

an extension of the Fxperlment and.

used by ‘the student ta develép the

&

@pt}bnal work which may be done as

‘additional references which ﬁé& be

ﬂEi?éfiméﬁt into a senior search progect
Following ‘the callect;on of related experlments are the

r*SGlHtanS to the pre-test and pos t st guestions for .all of thé_expérié

méhts.
perform all of ,he

" 'One should not necessarily xpect a student to

expleriments in a particular module but rather to do those experlments

can51stént with the qgals of the institution's advanced laboratary

course and the equipment available. The experiments are genérally
. 2 #

of' 2 or 3. f'i

B

designed for a 3-4- hour labor atory period for student groups
For 5ome experiments, more than one laboratory period may be required.
R L)

The authors wish to acknowledge the 6aluableaassistance rééél’e§;

many :onhultants that have made thls project po lblé. We

also wish to thank the fifty or so rev;ewers of the earlier VEfSLOH

their valuable time and éff@rt in evaluatlnq these

While we have attempted to correct all errors in typing and

i

proce d res, some invariably will occur. We assumé complete responsi-
. . = * £ -

that future readers of this

bility for any and all such errors and hope
, -

manual will inform us of them.

Jerome L. Duggan

Floyd D. McDaniel . )
- ) 1
Jack G. Hehn . . -
o
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- - & Module on Photon-Excited X-Ray Fluorescence -
INTRODUCTION - 4 X - . . .

e . : " ,
L ray fluorescence is a very powerful analytical tecdhnique
which™is used for the detection of trace impurities. Basically,
the method involves bombarding a sample with photons from a radio-
active source or other ‘sourcés of photons while observing the
characteristic X rays from the sanmple. , The X_rays produced in
‘the sample are counted with a high-résolution X-ray detector and
are characteristic of the elements present in the sample. " With
this method it is now possible to do quantitative analysis on a
sample containing as many as twenty elements. The method has wide-
application in the fields of biology, chemistry, physics, geology,
‘and environmental sciences and has also been used quite extensively
for industrial prablems and pollution aﬁalysis{ At. present, the
detection limits are fairly well established at approximately 1.0
part per million. .In additioh to the sensitivities found in X-ray
fluorescence studies, the method has the added advantage that it
is a nondestructive type Gf‘aé@lysisp i.e. the samplés may be
‘used again. '

]

by €he student. ' In the first three’ experiments the student will
bE'introduceg to the different®detectors and techniques used in
X-ray fluorescence'studies. The advantages and disadvantages af
the various detectors will be emphasized. The 4th and 5th experi=
ments are more advanced and are designed for the student who has
completed either Experiments 1 or 2 or has had some experience with
Si(Li) or Ge(Li) detectors. Experiments 4 and 5 have environmental
and geochemical applications. The 6th experiment is a tube-excited
X-ray fluorescence experiment whichmrepresents the_ "state of the
art" in photon-excited X-ray fluorescence. Sensitivities available
with this technique are about a factor of 10 better than with
source-excited methods but require a larger capital iqvestment_

The module consists of six g;pﬁriments which may be perfprmed

{ . .

Following this'introduction are the obfectives for the modﬁﬁe,
a list of desirable prerequisites for-the student to have before
attemptifig this module, and a theoretical section which fliscusses
some of the basic physical concepts and the nomenclature used in

X-ray fluorescence studies.

OBJECTIVES -
L8 . _

The objective

“with the detectors,
excited. X-ray fl
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7
rbe emplayed to measure- the Eﬂérgles of X rays prcduced in var;aus*
samples. These.energy spectra will be calibrated with X-ray
sourtes of known energy. ., The calibrated *spectrum will then be
used to determine the energieés of X rays from unknown 5GUICES, o
and. hence, to identify the unknawn élements present. ’

ﬁ . , » . : ™~
% _ PREREQUISITES WITH PRE~®EST QUESTIONS AND PROBLEMS R
e 1. sChafaeterisﬁigs of Electromagnetic Radiation: _— .

£

! a) wave 1angths of different types, .
" o 'b) relag h;p between wavelength, frequency, and vel%éity, and
: c) rel:t;anshlp betzeen energy and frequenﬂy of railat
Planck's constant.

o 1.1 What is the frequency of electromagnetitc radiation that has
R  a wavelength of one angstrom (1078 cm)?

1.2 what fs the energy in keV of a photon of this frequency?
¢
, (

2. Electron Volt: (eV)., keV, MeV: o
2.1 “What is the definition of‘an electron volt?

2. How ig the eV re elated to the muitiples kev, Mev, GevV?

[¥)]

.3.  Postulates of the Bohr Theory ©of the Atom: » i !

3.1 State the‘%ostulates;@f the Bohr thepry.

3.2 An X-ray photon is emitted in an electronic transition between

' the K and L shells of an atom with a frequency of 8.45 x 10 18
oscillations per second. What is the total energy difference.
between the two electronic orbits?

4. Coulomb Force: “
i .
., 4.1 What is the magnitude and direction of the coulomb force
between two electrons 5.0 cm apart? . -

4.2 What is the nuclear couloﬁb barrier height in MeV for a 10 Mev
alpha particle 1nc1dent upon an atom of zinc of mass number

A = %647 i
5. éﬁélusion Principle y
H
5.1 How does, the exclusion pflnc E;# pply to ato’s, '
!




- ' —;
% P - = *‘
"~ 6. Interaction of Ele ctromagnetic Radlatldn w;th Mat%erf Ve B
; a) photoelectric effect S -‘E U .
=b)t£bmptan effect & .

o) §a;r proauctlon
# kinet

6.1 hat is the’ maxlmum kinetic ‘energy of an ‘eledtron ejected 4,
from the surface of a met; by the photoelectric process lf

the work required to free the electron from the surface is’

"~4 eV and, ultraviolet light of. frequency 1016 gy:lﬁs/sec.;5ﬁ$x;:;bwﬁ,«

4 used to 1l;um1nate the surface? _ v -
o~ '

’ 6.2 Show that for the Campton effect it is not possible to con- ) .
. _ ( serve 'both total relativistic energy and momentum if an )
essentially frege electron absarbs all of the energy Q@ an

-‘;n21dent quantum. fg , s
7. ElectronaCapture'and Intérnalyéonversion: ' , N
¥ * R 7
7.1 Explain the differences between ele ctron capture and internal
conversion, . - : ®

7.2 The ground state. of 3%y decays by electron ;apture 70% Gf_
the tHhme to the first excited state of 59T7i at 1.55 MeV.
How much eserqgy 1§ ava;LabLg for electron capture?
! ) A 7 . LY .

THEORY , DI =~ Y

The,thr Atom! ) , , .

\ X rays-.are electramagnetlc radlatlﬂn of wavelengths in the
range from 10-% to 10*? cm. The origin of X rays can best be
explained by referring to the semiclassical picture of the atom
as’ proposed by Bohr. In this model the atomlcqglectrons are
assumed to move about the nucleus in well-defined, clrc;é
orbits under. thg Thfluence of the -coulomb attraction beteen i

the electron andi-the nucleus. 7

tion of the atomic nucleus and the
The orbits which are closest to the %

" Figure 1 nta
e - .

bre negative energlég. Electrons in these
tl

1
first few electro
Fnuflgua correspot
inner shells are y bound to the nucleus than those in
outer qrb%tsi ) @ ‘ _ . j -
§ -

Electromagnetic radiation’ is emitted if"an electroni. initially

moving in a circular orbit of energy, E;, discontinuously changes
.its motion so that it moves in an orbit of energy, Eg. ‘The fre-

quency of the em%tted radiation, v, is equal to the quantity (E{ - Eg)
divided by PlancKk's constant, h. The radiation is clagsified asi ..
: opt%cai radiation or X radiation depending on its energy with no
J prC%ﬁE boundary separating the two. The ptlcal radiation is
lower'in energy than the X radiation.and ir Qludeqkthe visible
%pz-_g:trum. ‘ N - i )
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-~ Figure 1 -

A diagram depicting the
atomic nucleus and the
first few elect{ronic .
} orbits.

! , oy
Electronic Energy Levels .

& .- . I . :

The total energies of the electrons im the different orbits

-(i.e. E., Eg, etc.) may be-found by solving Schroedinger's equa-

% .

tion using the nuclear coulomb 'potential as the interaction potéen-

/

tial between the negatively~-charged electron and the positively-
charged nucleus. For an atom of charge +Ze with a single electron,

.tHis potential is just Y %

. ‘ -
, ~ze?
: v E

=

) ’ -~

" and one finds that the energy of this electron is just a function
of the principal quantum number, n. The quantum number, ny may
have the values n=1,2,3 and correspond to. the major electronic shell
K, L, M,. . ., respectively. The solutions of Schroedinger's equa-
‘tion also identify two other quantum numbers labeled &, m, which
" correspond to the relative orbital angular momentum between the
electron and the fucleus and its z-component. 4 may have the
_ values 2=0,1,2,. % .,n-1, and n may have ‘the values m=-2,~g+1,
=042, . L0,. o gBR=2,+0-1, 4. A —r
. ‘ % - o . N
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“3&£1tt1ng of Energy Louels : . Co
. = - ‘ - i e ’ . ) %‘%\ % : .
n .a onec-electron atom the total cnergy of the elociron docs
ot - dtpund on V,Gr m since the potential is just the nuclear .

-coulomb potent;nl and is EXictly pr@porflundl to 1/r.

E

- ¥ &

. -In a multl—eléétfén atom the potential as seen by each elec-
tron is affected by the other- electrons” in the atom and is not
exactly proportional to 1/rf. This is called the residual coulomb.
interaction. The .total energy of-the electron will depenﬂ on ﬁ
as well as n and the result will be that the total ener 5 C
the electrons in the same shell will not be the same.
reason, it is convenient to speak of each shell as bein
of a numher of subshells, one for each value of £. Ea:, ] =
has a capacity of 20 + 1 since the electrons may have Z=-componen
of orbital angular momentum my = -, (=-0+1)h,. . .g-Dg (L-1)A,.
The exclusion printiple requires that these guantum numbers be
different for ‘electrong in the same subshell.

. ) ) . ] ) 4

i

If we further consider that electrons have aﬁ‘lntllnalg’sgin
angular momentum, S, with z-components, Mg, of +4%h and =%h, twice
as many electrons may occupy each subs hell and not viollate the
exclusion principle since each electron may have spin--"up" or
"down." The total capacity §fieach subshell is therefore 2(27+1).
The energy ordering of a few of the subshells are given in Table T
for different values of n and ¢. The capacity of each subshell is
given,in the last ‘column. The configuration of the atom is given
by specifying the subshells occupied by the various electrons.
Electronic configurations for a few atoms in the ground state
are given below. . -

In the (?f!llﬂ
such a way as 'to minimize
to exceed the capacity
subshells are filled in

Figuroe 2 s
the low energy subshells. Th@re are an infinite number of

cnerqgy levels with E_ <0 -and z

ure & shows a typical energy level diagram and a fow
~— L.f

= i
a continuum ot cnergy levels witl

. Y
E_ 0.
ny
"Any further splitting of atomic enerqgy levels is produced by
‘the spin-orbit interaction between the magnetic moment of the

21d of

]::'

electron spinning about-its own axis and the magnetic fie
the atom produced by the charged electron orbit ing the nucle

i

O

RIC
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- Table 1 : .
;’?'\‘ ’ N
Erergy Qrﬁer;qg of Electronic Subshells ’

. - ‘ R ‘
Quantum Number '~ Subshell DPesignation 7 Capacity of Sybshell
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. This type of coupling is called JJ coupling. -

The cncergy levels produced by either type
spond to total angular momenta, J, which has

and z=-componeont
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The atomic cnergy levels are thus specified by the quantum
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diation. :The very ‘high energy quanta that farmlﬁhe
ic X-ray spectrum of the atom are emitted when an
.the second type has taken place Thﬁ muﬁh 1ﬁWFF
'ttad when an atom Letu1n; i

£

The major difference b&tween X-ray "and DPthdl spectra 1s
that the cnergies of ¥ Iayﬁ'lncreaee unlfnzmly fro element to
element as the atomic number, 2, increases an as no abrupt
changes in energy from one element to the next as in optical
spectra. The reason being that the energies of the character-
istic X rays depends on the binding energies of the electrons
1n the inner shells. With increasing atomic number, Z, these

rgies simply increase uniformly due to. the increased
rge, and arc not affected by the periodic changes in
of electrons in the outer shell. The atomic energy
ylved in the emission of X rays are shown in Figure 3
" .the innermost major shells. The energy levels are
by the quantum numbe¥s n, 2, j which are giver/ adjacent
2ls in Figure 3. The various possibilities {for the K
lines are also shown. .
photoelectric effect occurs and removes a K glectron
-h = . € lectron will fall
c lu £l istic K radiation
n the le. Fo 1e radiation pro-
a electron falls %into a K vacancy is called the
1 er ¢ X ray. If an Myyy/electron falls into the K
giell vacan g X-ray 1is Er@duceél Fow light elements (i.e.
below Tin)gthL mos % prominent X ray§’/ freom an element are the
K, and the K; lines. '

Not all transitions are possibles.in Figure 3. There - is a
sct of gselection rules governing the changes in quantum numbets
for the allowed transitions. TQe selection rules arve:

&l ‘
i A7 = 0, £1 .
Some of the possible transitions which obey these rules are shown
in Figure 3 for the K and L-X rays. The X-ray line spectrum of the
atom condists of these allowed transitions plus a few which are
observed to be emitted very infrequently in violation of these rules.
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would sec from Zn is the K, line at 8.638 keV. The K, line from
copper 1s 8.047 keV. {These ;nprgieﬂ are liateﬁ in Appundlx vV of
this manual: X-Ray ical 5
The 50,
ir a
d

If the student makes a careful calibration curve in accordance
with thé instructions in this report, he will easily be able to
identify the unknowns that are provided in tHe latter part of:the
i _ £

m-Drifted Silicgn X-Ray Detector and Pré—amplifiﬁ

1. Lithiu er
(f:SOlutlDD 200 ev)

3 Low Nolse Spectroscopy Amplifier

4. Multichannel Analyzer (“500 channels)

5 Excitation Source: 25 mCi of !79Ca 1The source must be speciall
prepared for fluorescence applications. ' See, for example, New
England Nuclear Corporation Radioactive Source Catalog, 36 Pleas

¢ Street, Watertown, Massachusetts. Note: sources of this activi
' anulze state licensing.) : !

6:v Oscilloscobe’ (optional)

7. Various Materials to be Fluoresced (for example:r titanium
foil, copper foil, arsenic powder, and yttrium metal)

~F
8. Nuclear Pulsé Generator (optional)
Procedure :
— — ko
K]

1. Ssample Preparation for Calibratibn

The materials to be used for samples can be standard reagent
grade chemicals. Usually these chem*ﬁ!ib are 95-plus percent pure.
Metallic foils can be mounted directly above the fluorescing appa=
ratus or in an inexpensive sample holder. Powder samples are g’
usually placed in these plastic sample holders. These holders or
cups are designed so that the part of the holder that faces the
X-ray detector is a 1.25 * 1077 c¢m Mylar film. The cups are plas-
tic cylinders that have Mylar stretched over the bottom of the
cylinder. 2 ’

The Mylar offers very little attenuation Elth&r to ‘the exciting
photon comipng into the sample or the fluorescence X rays coming out
the medium. - The plastic cups and the Mylar .are neafly free of trace

o )
r .
Ve
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materials and hPﬂCP quite good for trace analysis work. Thesg
sample cups can be DbtdlﬂCd from any of the companies that provide
suppliecs for X-ray analy515 studiég, One such company is: Somas
Ldbﬂ]itnll 25 Inc., 54 EFEast 11th Strect, New York, NY 10003,
Many manufacturers gﬁpply cups that can handle either sclid
or liquid samples. 1In gefleral sample preparation for calibration
1s quite simple and offers no real problem for the student.
The samples to be used in this experiment can be prepared-by
the students before the laboratory period begins. :
2, li? ronics o~
Set up the electronics as shown in Fique 1{ Actually nuclear
modular ClUEtFODlES is guite egsy to "hook up. Inputs and outputs
are usually>clearly labeled and’ the lengths of connecting cables are
in general not important. Make sure the instructor approves the set
up before turning on the high voltage power supply. -CAUTION On some
Si(Li) detectors the hlqh voltage must be slowly turned to the
recommended value. A wise practice is to take about 1 mlnute to
go from zero up to the recommended voltage.
COLLIMATOR /
r FOWER
) SUPPLY
RIMG SOURCE . ‘
] CHARACTERISTIC o . '
© X BAYS - - o
qu 5 =>Fxxx :
- - . ; MULTH
Sl;}l?ﬁ —f— —m( PHEAMP —=] - AMJ =— —] CHANNEL i TELETYPE
— - 7 % ANALYZER
‘ﬁ SEMI CONDUCTOR ™ .
DETECTOR - - —
o 51 (Li) READOUT
EXCITING —
A RADIATION
Cd=109 (] - ' FULSE
. Source GENERATOR 4 O5CILLOSCORE
Figure 1
Electronics for Source Excite d X ray fluorescence.

y '@“ &

urchased from the manu-
d fit snugly
1ce the sour

» ;QL;dure 1s
ruc¥ion manual. Car
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¢ s .
verrylium window that llD the X rays to pass into the sensitive
region of the de 2tector. .

These windows are of the order of 2.5 107* em or thinner;
hence, they will definitely break if they are touched, even
lightly, ; :
3. Calibration . / ' *3
a. Place the highest atomic number sample to be used in the sample
position (Figure 1)=-in odt case, this is yttrium.Z = 39. The
sample should physically be about 2.0 cm or closer from the

face of the detector. Adjust the gain of the amplifier so

that the 14.933 kev Kn line from yttrium appears about midway

in the multichannel analyzer. This roughly calibrates the

system to 30 keV full scale. )

b. Accumulate an yttrium spectrum in the multichannel analyzer

for a time period long enough to have 1000 peak counts in .the

Ky line. This should take about 3 minutes. Readout the multi- |

channel analyzer on the teletype and record the channel position

of the K, and K; lines. Note, a computer program.written in P

BASIC LANGUAGE (GAUSS-6) is included at the end of this manual £

which will find the centroid of a GAUSSIAN peak to an accuracy

of 0.1 channels. Actually for the purposes of this experiment,

a visual ecstimate of the centroid from the multichannel will

‘usually suffice. , .

C. Accumulate spoectra of arsenic, copper, and titanium, and deter-
mine the centroids of the K, and K; lines in the same manner

ag (b). i
d. Plot a curve of energy vs channel number to establish the cali-

bration curve Table I shows typical calibration data that were

obtained by a group of undergraduate environmental students from

Stockton State College, Pomona, New Jersey. Figure 2 shows the

corresponding calibration curve for this data. In Table I theé

column labeled "Peak Channel from Readout" is the rough estimate
of wherce the peak is from the teletype output. * The column
labeled "Gayssian Fit"” was obtained from the computer program

GAUS5=-6.

Il Obtain the unknowns instruc ulate their spectra,
coentroids lines, ass es from the 11
' letermine ents are présen
and 5 shc compounds -
ember for he K, and
r at leas 00 eV of the
aluv‘i 1 same is true fc s, which are
JhUWHJJlFqulP 6. L , L, , and Lg must have the proper

cnergices.

wt



v Calibration Data )

ak Channel Peak Channel
) Sample _ rom Readout Gaussian Fit
=d — - . — — -—
Titanium | K, - 4.508 75 75.2

Titanium « Ko ° - - 4.931 . 83 ’ 83.17

opper K 8.041 143 0 143.29

]

—— i - - 7 — —
Copper K 8.907 160 . 160.0

o
|I—M
i
7

sen i

e
F
i

rsenic

=
]
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=
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~d
[
W, ‘ME‘ 1

Lt

Yttrium - K. 14-.933 277 277.41

Yttrium Kg 16.754 =+ 312 . 312.4
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-~ Figure 3 . - " e
2000 7 s
P%}S: height spectrum of Mn
showing K, and Kg -
L] 1. N . =
‘ ; A
s_t - —'ff i - B} qéé
= B0 , §
v LR
g. ¢ \%*s,,_
V] .
y .
EJ
g 1000/~ -
500 7
: 69 K eV j
B \:;,J__,. ;,l,i,Tj
w0 240 —-—
In general, if-one is careful in making the calibration curve,
1t is difficult to make a mistake on what elements are present
in the sample.

]

This method of qualitative analysis is a very strong analytic
technique. The student is urged to fead References 1, 2, 4, 5, and
6. Most of these are short articles which are written in a manner
such that an advanced undergradu ate student will understand most

" of the content of the articles.
After reading the articles and having done this laboratory

2 XE

T
>eriment, the student will have a better appreciation for the
wide dppll;abillty of this technique. ' -

In order to do quantitative ana]

1 an unknown sample, the
pLDble is a b;t more dlff L.cult. Cal 2

o]

g

atipns can be made that will
e > from a given

ot
SDUILE tarqet canflquratlc n; but in general, they are qguite involved.
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) K X=vay spectra from typical chemical

O

ERIC

Aruitoxt provided by Eic:

e ort”

’L’zﬁ



) L]
!
. "
T ; * ;j [
. 14
; ¥ ,‘"_i

- 10

) TARGET - KCI ON Cu FOIL
li{!.‘z*l{ﬁ ’ Ef) = 35@ keV -

x ' -,. \ -
g. ¥ R o e ._
Lo S P : J
? g [ 2
£ ;oo
¥ a . 7 - .
-8 = al .,
‘f!“ - “Qi R
:“1 ‘éé - A _
g lﬂgzus - - !‘a,. Cu Kx;z
: P 8.0
! ”
® . ,"!
' LI
. . =
10 1! e L | L [ = o - |
0 40 80 120 « 180 200 240 280 320
_ CHANNEL NUMBER
105 — - B ) §
L i o v K: :  7 o _ _ .
- ¢ X4 TARGET-Sc ON Cu FOIL
;7 Ep =350 kev
104+
- - #8c Kg
w o wd.5
= » Cu K,
- . - 8.0
- I T H M - ]
210 ¥ . X ¢
[72] N 2.
= . . .
% é. : ‘cu K.
S Ji% > * : 8.9
7 ’ e o8
‘ Py oe . . »
10+ p ‘\‘y . v .t
\ €
' ¥ .
1olb— L 4 1 i i 1 | <
10 (4] 40

80 120 160 200

CHANNEL NUMBER

240

Figure 5

K X-ray spectra of mixed unknown samples
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7+ " The flrst problem is calculat;ng how many exc;t;ng phatcns get 1nta
_the samﬁle and how deep; next, the question is how many character-
istic X rays get -out of the: sample and’ into’ the detector. There are
at least six parameters that one must :Gns;der fcr a Elngie element
target. > v

e ) S
Resclution of the Detector

i

=

Shown in Figure 2 is the slope of the calibration curve, . This
was obtained by determining the quantity (dE/dc) where dE is the.
difference in/ energy between the Y Kg and the Ti Ky , dc is the
carrespandlng channel difference. : The resolution of the detector
is the channel spread across the peak 1 ult;plled by the SleE*Gf
the .calibration curve. Detector resolution is usually given in . =
terms of the Mn K, lineé. For example, Figure 3 shows a pulse
height spectrum that was obtained for Mn with .a system that had .
a calibration slope of 30.18 eV/channel The channel spread across
the peak (Kqy) in Figure 3.is about 5.5 channels. Note, it takes 6
plotted channels to give g 5-channel spread, or- full width at half

~maximum (FWHM) as it is sometimes called.

| 1
Hence, for Figure 3:

Resolution = (5.5 channels)(ED 18 eV/channel)

166 eV g

Determine the resolution of your detector by.ghe method
outlined above. ’ :

hY

Determination of an Unknown
At this point the student is ready for the unknowns. 1In

the instructor will have these samples prepared and ready
to give to the students. These unknowns can be single elements,
chemical compounds, or solutions., he student should remember
‘that both K and L lines can be excited from the sample. If the-
unknown contains K lines, a spectrum 51m1lar to Figure 3 will be
obtained. The K, peak has approximately Feven times as many
counts as the Kg. For L lines.the groups usually observed are
the Ly , Lg , and L, . For example, Flgu£e & shows typlcal L

lines from a gold foil.

general,

An easier method to do quantitative analysis with fluorescence
is by thevecomparative method.' In using this method, "all samples
must be thin. This means that X rays made at the aeepest portion
of the sample must not be attenuated appreciably in gclng thrcugh
the sample to the detector.

For example, let us assume that we have a dried water residu
that contains iron. We fluoresce a thin sample of the residue
(~0.008 cm thick) and obtain the iron peaks. Next a thin (known
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mple of iron sulfate is studied. By comparing the number

weight) sam a
of counts under the Fe- Kg peaks for these two samples; a good estimate
of. tr quantity -of iron 1n the water residue can be determined by using
-the racio méthod Other environmental samples can be studied .in the
S me way. ’ ' )

Q :
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rather uniformly with

1.1 Why;écbthe energies of X ray; increase
atomic number 2, Mhlle th Enérgies of optical lines are so .
non-uniform even for adjacent elements in the periodic table?

1.2 How many disintegrations per second are there from a source

of 0.1 mCi activity?

1.3 wWhat is the function of the CDlllm tor in Figure 172

oo
o
’




1.4 Roughly estimate thé number of counts in a éaussiénvﬁéak
which is 6 channels Wldé-(FWHM) and contains 3000 counts_"
in the peak:* channel - .

1.5 Obtain the slcpe -of ‘the calibration cutve in Flguré 2 usiﬁg;
TR the data given* in"Table I for -a) the Titanium Kg and Arsenic
' Kg\ lines, and b) the CDpPé: K and the Yttrium K, lines.
i :f’lgE IffL radioactive source of lntenglty 1:G has a half- liféigf
s? How many

128 days, what will be the ;ntenélty in 640 aay
half-llves is this? 7

1.7 TIf the spectroscopy. amplifier shown in Figuré-l is a linear
amplifier, does that mean that the calibration curve shown

' Qamputer Ptrgrams

This
on

lbl']

LlNEAR=6 dOES 11near léast squares fit t@ calibration data.
‘program can be used to very accurately establish the calibrati
curve. ~Students have used this program to identify unknowns to

Optional Work

Obtain radioactive sources from the instructor that have X rays
in their decay scheme. Determine the energies of the X rays froém
these sources. Any radioactive source ("1 uCi) that has either
electron capture or internal conversion in its decay scheme will

show X rays from the daughter atom. The student is urged to review

these two simple nuclear processes. For this experiment the 1039¢cqg

source is removed and the source card containing the source is
placed about 1 cm away from the detector. - :

Figure 7 shows decay schemes for 55Fe, 57Co, 5YMn, and ®5zn..
These radioactive sources can be purchased from many of the vendors
thatare listed in the' appendix of this manual. It should be noted
that when ordering sources for X-ray work, it is necessary to indi-
cate to the manufacturer that the sources should have a thin Mylar
window for this application. Table II gives a tabulation of common
X«ray sources and the energies that are emitted by the sources.

Th’ @fficiency of the SifLL) detect@r can be determined;by

This
ga;nt w;ll bacama more lmportant to the student whg is trylng to
do both qualitative and quantitative analysis on samples. Most of
the manufacturers will supply standard activity scurces for X-ray
The problem is then to measure the efficiency of the detector

work. 7
Figure 8 shows-

at a fixed distance from the face of the detector.

JREY
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24Mn (303d)

) Figure 7
Decay schemes for 57Co, °“Mn, °°Fe, and ®5zn.
: , .
Table II V i }
Common Sources for X-ray Calibration

(kev)

Nuclide|Daughter | = Half-Life Radiation Photon Energy

57Co 57Fe 271.6 .4 KyiKg X rays 6.40
54 Mn secr | 312.6 4 | Ko, Kg X rays

a8y B85y . 106.6 d Ky Kg Xr 4
SelAm | 237Npe | 1.58 x 105 a4 |ParDfrg rays | 13,

) L
M X tays 3.3

g
o
A
3
)
[
]
2
o

1
Dol
LS
—
pows
[l |
¥
L |
bt

26.4

ITl 46.59 d | K., Kg Xrays | 70.821, 69.894
55Fe .55Mn ‘ 2*7,3 Ky Kg X rays 5.895, 6.492
©"Zn t5cu 243.7 4 Kq,Kg X rays | 8.
“ler Sly 27.8 d | K,,Kg X rays | 4.949, 5.427

u:l
k..
L

o



typ;cal eff;clenéles of a Si(Li) detector: w1th varléus thickness

entrance
standard
that was
lines in

- shown in

w;ndcws This experiment can . easily be done if the

dources ‘are avallablei FPigure 9 shows a. .typical speétrum

obtained from an 2%1Am source. The ;ntEﬂsltles of the
Figure 9 are shawn in Table III. The platinum peaks
Figure,_ 9 are from flucrescénce of the source backing.

- . ~ 'ENERGY (keV) c )
R 124 62 31 - 21 1612.4 6.2 3.1 2.1 1.6 1.24
~100 - T T V2 _ — -
> .
%
E ) ) .
-5 80 |-
ll:-; Imm THICK
W ool SIDETECﬁﬂ;%;
z ’ '
i ; ok - (S M|H
=
=
o 0.05mm__—
L " 'I 7
X 20 _ (2 mi)
<
o SPECTRAL RESPONSE OF 5: DETECTQR
= ] ] S R )
o 0 - - — N N a 1
I o. 0.2 9.4 0.6 0.8 n 2 4 6 8 10

WAVE LENGTH (A)

Flguré 8

Spectral response Df a 5i(Li) detector.

Table III
Intensities of 2%lAm Lines

Photan Energy (kev)

Relative Intensity %

11.89 Np 1L, | 2.2 7

13.90 Np Ly - 37.5 . »
‘ 17.80 Np Lg . 56.3 .

20.80 Np L, : 13.8

26.35 Am~y 7.0

59.50 Am-y X | 100.0

. -
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<*1Am X-rdy -spectrum taken with a Si(Li) detector.
Additional References
For students that wish to develop this téahnlque into a student
research type pr@blem, the following references will be helpful.
l. F. S. Goulding, J. Walton, Nuclear Instruments an@fMg;hgég,
vol. 71, p. 273 (1969). ) ) \
2. D. A. Landis, F. S. Goulding, and R. H. Pehl, IEEE Trans. on
Nuc. Science, N5-18, No. 1, pp. 115-124 (197l) §
3. L. S. Birks, XiR@XﬁSEEthDLhEmlcal Analysis, John Wiley and
Sons, Inc., pp. 71=-79 (1969).
4. . W. Fink, R. C. Jopson, H. Mark, and C. D. Swift, "Atomic’
uo

>nce Yields," Reviews of Modern Physics, Vol. 38,
40 (1966). - )

/
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M. Ledere;, J. M. Hcllander,’ and I., Perl}nah, Table of
o

R. D-. Giauque, "A Radiﬂlsétapé Source Target Assembly for
X-Ray Spectrometry,"” Anal Chem., Vol. 40, pp. 2075=2077
(1968). v
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R ~ . Experiment 2_ -7
I S » 'A:K"%“
" X-Ray Fluorcscence with a ithium
Qriftgdfge:mag;um DEFECEGE -
. (Source Excited) * .

¢ Objective

i

) To study the basic properties of a 1ithium drifted germanium,
; G e(lri), detector; to construct a calibrat on :urve with known X-ray - <
and, gamma-ray lines from radioactive sources 4nd to study source- ‘
je %ted X-rdy fluorescence in the&gnérgy nge from 15 to 100 kev; -
de termlne the elemental camgg51tlan in unkﬁown samples,

References S
1.0 G, Dearnalgy, and D. C Narther, Semlccﬂduﬁtar Caunters for
Nuclear Radiations, 2nd edlt;@n, Wlley Publishing Co., New
‘York, 1966. _ -
N ' N ~v = * B ‘ . . & =0 .
2. W. R. French, R. L. and J. L. C rran, %"Lithium Drifted:
Germanium Detecgors n_Journal @f Phys;csf Vol. 37(1),
p. 11, 1969 -

2n and S. E. Moore, "Measurement
air Production Cross Sections

of Photoeleétfié;_CDmptéi
i of Physics, Vol. 37(4), p. 291, .

in Germanium," American

4. F. S. Goulding, "SPmlﬂondUCth Detectors--Their Properties and
Applications,” Nucleon;ca, VQl 22(5), p. 54, 1964.
5, " J. C. Russ, Elemental X Ray Analysis of Materials, avallable
m

\ EDAX International, Inc., 4500 Creedmore Road, Raleigh,-

f
North Carolina, 1972 (35)
)

F &
Introduction

: L

In this experiment we will use a Ge(Li) detector to study
source-excited X rays. These detectors are perhaps more versatile
than the Si(Li) detectors :because they have ‘a breoader energy range.
In general, they can be used to look at X rays in the range from

.5 keV to 130 keV. From the Critical Absorption arld Emission X-Ray
Chart in the appendix of this manual, it appears that with these
detectors it is possible to study K lines of elements from 7 = 23
(Vanadium) all the way through the end of the periodic chart. '
Ultra-thin-window devices have also been manufactured that will

measure energies down--to 2 keV, The resolutions of tht;— Ge (L1)
detectors are usually not as good as ane will find for Si(Li)
devices. Typical values aré“BDD eV at an energy of 6 kev.
- Fiooe
Jo
i + e
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Nevertheless, they represent the "state of the art" for looking

at K lines for intermediate to heavy elements. Fortunately,

nature is with us here in that as the atomic number of the sample -
- increases the K X-ray energy difference between adjacent elements

also increases; and, hence, 300 eV resolution is adequate for '

most measurements. 1In any case,, .ohee the student has per formed

this experfment, he will certainly appreciate the -usefulness of

these detectors. In a later experiment we will discuss the use

of these thin-window Ge(Li) X~-ray detectors in the solution to

pollution problems.

1. L;thlum Erlfted Germahlum,Ge(Ll),Earylilum Window X-Ray
:Detectcr (IESDlutlDﬂ 400 eV or better at 6 kev)

e -

2. Detector Bias Supply

;
x

3. Low Noise Spectroscopy Amplifier
4. Mq;tichannel Analyéér (v500 channels)
5. Radioactive Saursés for Calibration as follows:

a) 10 puci 57co -
b) 1 ucCi 2%lanm
c) 5 uCi 137¢cs
d) 2 uci 109¢cqg

6. Radioactive Source for Exciting the Samples 10 mCi 57¢o

8. Various Materials to be Fluoresced (for example: silver, tin, -
iodine, tantalium, gold, mercury,; lead) .

=

* ' 9. Nuclear Pulse Generator (optional)

Procedure
1. Electronics

Set up the electrgnics as shown in Figure 1. Note, care should
be used in adjusting the bias voltage to its recommended value. The
' collimator shown in Figure 1 is a lead sleeve that’ fits over the end
cap of the detector. The sleeve has a solid end on it which faces
the sample. A hole (v1.25 cm) 1s drilled in the solid end which
allows the emitted X rays to pass into the detector. Usually the
schematic drawings that come with the excltatlan source (10 mCi
37Co) will clearly.indicate how the source can be adapted to the
.detector. The radioactive sources are usually deposited in ring
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" geometry directiy on the collimator.. The amples to be studied
should be placed abcut 2 cm from the excitation source.
COLLIMATOR WV . o _—
- POWER
TT . SUPPLY .- Q ’
RING SOURCE ’ : s
‘ CHARACTERISTIC — '
; X-RAYS
" MULTI-
SAMFLE PREAMP CHANNEL i TELETYPE |
g - ANALYZER
SEM)-CONDUCTOR
. DETECTOR - -
Co--57 Source Ge(Li) - REATOUT
EXCITING -
RADIATION
PULSE
1 GENERATOR OSCILLOSCOPE
Figure 1
Electronics for X-ray fluorescence with a Ge(Li) detector.
2. Calibration
In this experiment we are going to study X rays in the energy
range from 10 to 85 keV; and, hence, the multichannel analyzer must
be calibrated in this range. This calibration will be made with
X-ray and gamma-ray lines from radioactive sources. THe sources
used and their characteristic energies are shown in Tablé I.
& ‘ h
‘able I /
Radiocactive Sources Used for Energy Calibration Fé(Ll)
Source Half-Life " Photon Energies (KeV)
27co . 270°d@ 14.37, 121.94, 136.31
- 24lap ‘ 458 vy - 26.36, 59.57
137¢cs 30.0 y j 32.191, 36.376
Ludcd 453 4 87.7, 22.162, 24.942
7/
A )
3

I
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Figures 2 and 3 show the characteristic decay modes of these sources.

S7Co (270d) ¢

— > Ect100%) | -

1362Mev |
01439 MeV ? ‘ g ’

EC (100%)
0877 MeV

1 ﬂgAg : . [

- .662 MeV

Deca% schemesg for

5th(.159)

Figure 3 -~

- 4th(.103) _
3rd (076)
2nd (.060) :
Ist (.033) — i

GROUND
STATE
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Figure 4 shows a high resolytion spectrum of *7Co. In.this experi-
ment we are not interested in'the Fe’K} and Kg lines since they ate
below our '‘calibration range. They are shown only to indicate that
the electron capture process ylelds characteristic X rays from the

daughter atom which in this case is iron. 2"!Am is a little more

3 = T =F T T =T T T P*T*’ ==
E B I l;
3 K L L
lB-F 4 L 1;;%[3_ kev-y _| — _
L ) a 4 -
Fee K. h
:, l |
T . : 136. 31 ke=7
gw [‘ e ‘Fe Ky 14.36 kev-y ] ] I SRR '
. ' i g ; ;
& ! i
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t
RIS z
’ e 4
.
;,7,_,_4.-,,77,},, - b ! N _ [ ST ET S B b
40 R} L.n 160 200 240 80 1700 1R: 1) XE’F lpoan
CHANNEL WUMBER
=
Figure 4
2/Co spectrum with a Ge(Li) detector.
=

complicated. Figure 5 shows a spectrum of 24!Am which indicates
some of this complexity in the lower enerqgy range of the detector.
In the spectrum the I X rays come from the strong internal conver-
sion coefficients for the levels in 237Np, = The Pt L-1Yhes origi-
nate from fluorescence of the Pt blank that served as a backing

. for electrodeposition of the source. Figure 6 shows a composite

“spectrum of “’Co , 6%n , and 8%Sr. This figure illustrates the
re ,,lutlan capabilities of a Ge(Li) detector at low energies.

With the lines indicated in Table I, make a plot of energy
vs channel number. From the plot, determine the slope of the

Py

O

RIC

Aruitoxt provided by Eic:
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calibr§ti?g curve. Fiqure 7 shows a similar plot that was made
for a Ge(Li) detector us Ln i S
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K

K
Ky | 27.382
n K 25.193
Ag K, cd K, , S n Ky 28 601

In K . ki
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and Sn with Ge(Li) detector.

Fy
>
Il
jof

Combined spectrum of

s is easy to do since the K, /Kg ratios are well
ion of the Kg group is also accurately known.
11 show K lines from three popular samples that
ied. Note the separation of the K., and K.,
ents. For light elements the K,; and K.,

as one group. - .
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fLi@ef . Enefgy {kevV)
Hg Ko, 68.894
Hg K, 70.821
Hg Kgy | 80.258
Hg Kg, 82.526
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Figure 11

K X-ray spectrum of mercury.

. Table II

Resolution from Calibratimﬁ Data

I — - T 1 ] i
Photon Energy (keV) . _Y_ Resolution of Line (eV)
o 14,37 - -
22,162
32.191 - B S
- g;f37 7 B o - B
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xperimental and Theoretical Ky

Sample Enerqgy (KeV)
(Theory)

Ag K, 22.104

Ag Kjp 24.987

Cd Ky 23.109

In K, 24.13¢

In Kg 27.382

Sn Kg 25.193

Sn Ky 28.601
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-Cqmgptgr Programs

(See the Appendix of this manual.)

GAUSS-6 and LINEAR-6 can be used t@ accurately establish the
calibration curve shown in Figure 6. th the aid of these pro-
grams, students have been able to deter mine the energies of K

50 eV which is quite

lines for heavy elements to an accuracy of *
‘good for these detectors.

Additional References

For students who wish to use a germanium detector for senior
etc., the

researc Betype projects such as pollution analysis,

‘following additional references will be helpful.

1. J. A. Cooper and J. C. Langford, Pacific Northwest Laborato
report No. BNW-S5A-4219 (May 1972). :

2. E,,G. Flocchini, P. J. Fenney, et gg_, Ngg;gg: Instr. and
Methods, Vol. 100, p. 397 (1972).

3. R. D. Giaugue and J. M. Jaklevic, Advances in X-Ray Analysis,
Vol. 15, K. F. J. Heinrich, editor (Plenum Press, N. Y.: 1972),
p. 1l64.

4. W. H. McMaster, N. Kess, et al., University of California
Lawrence Livermore Laboratory Report UCRL-50174 (May 1969).
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Experiment 3

esaenéé Using a Gas Filled

X-Ray Fluor
Prpp@rtlanal Caunter

Objective

To study the basic properties of gas-filled proportional
counters for X-ray measurements; to become familiar with the elec-
tronics used with proportional counter X-ray measurements; to
construct an energy calibration curve; to X-ray fluoresce known
and unknown samples in order to determine the ChafaCtEflSth ener-

gies of the K X rays from these samples ‘and thus, to “Tdentify the
unknown elements; to study escape peaks present in Xsfay spectra
taken with proportiondl counters and their causes; to measure the

efficiency of a proportional counter as a functlon of X-ray energy;
and to identify unknown radioactive sources from their X- ray spectra.

References

l. W. J. Price, Nuclear Radiation Detection, McGraw-Hill Book
Company, New York, 1964. '

2. R. E. Lapp and H. L. Andrews, Nuclear Radiation Physic §—‘Prenﬁi§e
Hall, Inc., Englewood Cliffs, New Jersey, 1963.

tQP,,
967.

P—" ‘ ]
[Te] ‘ C

L. Rabinowitz, Principles Deridl
s ubll%hlng Company, Minneapolis,

5. Radiological Health Handbank U. 5. Department of Health,
Education, and Welfare, PHS Eublicatién 2016, Washington,
D. C., 1970.
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iments can be done with rather inex-

X-ray fluorescence experime
pensive gas-filled proportional counters. 1In general, the resolu-
tion that one finds with a proportional counter is perhaps a factor
of 5 or 10 times worse than would be observed with a high resolution
Si(Li) detector as described in Experiment 1. For example’ (see
Figure 1) the resolution of a typical proportional counter is 15%
at an X-ray energy of 10 keV, while the corresponding Si(Li) reso-
lution is about 3% Nevertheless, proportional counters for this
application cost around $300 while the corresponding Si(Li) detector
costs at least a factor of ten more. 7
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Figure 1
Gas proportional counter
resolution compared to
Si(Li) and scintillation
detectors.

PULSE RESOLUTION [FWHM), percent

SE

ol - 1o+ L Ll C aer il v0 L 4L

! 10 100

X-RAY ENERGY, keV

e

It will be shown that proportional counters can be used to
identify elements, provided the samples are chosen such that the
elements present in the sample are far enough apart in atomic num-
ber to allow separation with the proportional counter. For example,
let us assume that our sample contained arsenic and rubidium. The
K, line from arsenic is 10.543 keV, and the corresponding line from
rubidium is 7,394,  These lines are about 1.8 keV apart and our
detector will resolve lines which are 1.5 keV apart in energy; and,
hence, we would obsérve two distinct groups.

H

At a K, energy of 50 keV the proportional counter, would have
a resolution of about 3.7 keV. If the sample contained holmium
whose K, energdgy is 47.52 keV we could easily see lutecium
(K 54.06 keV) in the same sample.

It

In summary, the principles¥of X~ray fluorescence can easily
be taught with a gas filled proportional counter and for some
applications standard analysis can be made on, for example,
pollution samples. :
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10 mCi °7Co Source for Excitation with Lead

L
o
|.—l-
Lo ‘m‘
w._ﬂ
Qu

Radioactive Sources for Calibration as follows: 1 uCi, 2%!Am;
10 pwci, ‘!?7Ccs; 10 uci, 97co -

Fa T, . .
(for example: copper, zirconium, palladium,
all be thin foils.)

4

Set up the electronics as shown in Figure 2 without the biased
amplifier Be careful not t@ t@ ch the beryllium window on the
prup@zt;anil counter. These window ws are usually 0.0125 cm in

thickness and can be broken qu1te easily. Sct the high voltage

X-RAY FLUORESCENCE USING PROPORTIONAL COUNTER

R HIGH |
. |VOLTAGE
10 MIL Be WINDOW SUPPLY
PROPORTIONAL COUNTER| " \wp || MAIN ] [BIASED | [MULTICHANNEL
S AMPLIFIER] |AMPLIFIER || ANALYZER
METALLIC
FoiLs

- $157CO EXCITATION SOURCE with LEAD SHIELD

Figure 2

Uu
m

Ju
tlectronics ror proportional counter X-ray measureoments,

et

by
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the tube yDu are uglng Rem@ve the 57CD source shown in
Figure 2 and place the 10 uCi !37¢cs source abdut 1 cm from
the face of the detector. Adjust the gain of the main ampli-
fier so that the output pulses for the !37Ba K, X rays are .
about 5 volts in amplitude. Since the Ba Ky X rays have an
energy of 32.19]1 keV, the instrument is now roughly calibrated
for 60 keV full scale. This is true since transistori%ed
amplifiers usually put out maximum pulses ‘of around 1Q\vcltsi

\ 2. Accumulate a spectrum in the multichannel analyzer f@r a long enou
period of time to get good statistics in the Ba Kg rgroup. :
Readout the multichannel analyzer and replace the !97Cs source
with the 10 uCi >7Co source. Accumulate for a peridd of time
long enough to get good statistics under the 6.4-keV line. ,
Readout the multichannel analyzer. Repeat this same procedure
for -2"lam. F; ure 3 shows a typical Erogortlcnal counter '
spectrum for Co. Figure 4 shows 1Am with xenon filled
proportional counter. .

PROPﬁRTIONAL COUNTER X-RAY SPECTRUM FROM %Co
14.4 KeV

Ty
INTENSITY

V.
. 7 _ . _ /
e —_— ——————
, ENERGY {
. B - Y
Figure 3
Proportional counter spectrum for -/Co.
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2""AM SPECTRUM USING XENGN FILLED PROPORTIONAL COUNTER

15— 2 — 2 .
by :
) SR i B N N 3 o
Q 1] ~
o 3 3
=
2 7,
= =] o
3 s -
o = el
S — — 33— =
3
o
é l L
D S —— Wi - - — F == — —
() 100 200 300 400 500 600
CHANNEL NUMBER
i

Figure 4
<%lam pulse -height spectrum.

3. Construct a calibration curve by making a plot of energy vs
channel number for the sources used in this experiment. Saurc
other than the ones mentioned above may be available for this
calibration. Table I gives:information in regard to convenient
X-ray sources and corresponding energies.

) Table I

Low Energy X-Ray Sources (1 pCi or gréatEf)
X-Ray Source - . Main Energleg (kgV)
*1Am 59.6, 26. 36 20. 77 17.74, 13.95

’ i rgf 32.2

Liign 24.2
1hSr 13.5
i els: 14.4, 6.4
in g.05
b hge 4.5
B
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jure, 5 shows an energy calibration curve that was made with ) )
Co and !37cs., Shown on the same spectrum are the conver-

ion X-ray lines from <2%4%cm. 24%%cm has L X-ray conversion

ines which result from alpha decay to 240py.

/s

m

"ig
57

kam mw T

CONVERSION X-RAY SPECTRUM FROM >Cm SOURCE ,

o

'

i
¥

“——-— - ENERGY CALIBRATION CURVE

COUNTS (RELATIVE)

Elséﬁ’ RGY (RELATIVE)

Figure 5 ]
= . 3 =
Calibration curve and X-ray spectrum of <%"“Cmg

4. Replace the °’/Co source to the configuration exactly as shown
in Figure 2 and excite the first sample which was supplied to
vou by the laboratory instructor. Accumulate a spectrum until
the K group has good statistics and readout the multichannel

analyzer. Figure 6 shows a pulse height spectrum of a thin

piCCt of cadmium that was used for a standard sample with a

xenon filled proportional counter. As expected, the most

pronounced high energy group is the cadmium Ky group at 23.1
keV. Figure 7 shows a pulse height spectrum of ‘cadmium with

a krypton filled proportional counter.’ R

V’

From the calibration curve, determine the en&g
pronounced lines in each spectrum acéumulatedf

6. Obtain three unknown samples from the. laboratory instructor.
Accumulate spectra for the three samples and £ill in Kg.
measured in Table II for these samples. Figure 8 shows a

old silver quarter that was sandwiched between
9

spectrum of an
two pieces of cardboard and used as an unknown. Figure

B LA
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Figure 7

| Source excited spectrum of cadmium with a
B " krypton filled proportional counter.
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Aruitoxt provided by Eic:
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Figufégs
%7Co excited
spectrum of a
silver quarter.

—Ag-Kq-22.1 KeV

SILVER QUARTER
X-RAY SPECTRUM

e  — Fg-Kg- 6.8 mv\

—BTCo-Gamma-I4.4 KeV
I

RELATIVE COQUNTS

" RELATIVE CHANNEL NUMBER ]
“ > ==
) o e__ i _
} ¢ O
6w
X ¥
v 3
uw O
b
Figure 9
*7Co spectrum 2  CLAD QUARTER
of a modern % X-RAY SPECTRUM
clad gquarter. = <
« =) N
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e :
> 3
= o
< O
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RELATIVE CHANNEL NUMBER




Table II

e
~l

Tabulation of Theoretical and Measured Energies (keV)

for Proportional Counter X-Ray Spectra

Sample | Ky Theory K, measured . (Rgggigépe) (ggggéizgé)=
iﬁéﬁeriif é_Ddi o 7 o N o
Zirconium |  15.746 T ] N )
Palladium | 21.123 | o )

Cadmium |  23.109 B B )
Silver 22.104 | - Ty
MolybMenum | 17.443 | 7 -

unknown a | | T
, Unkni(rim;n B ) ) 7 7 ] 7 i
5hkﬂ0§; c Iri B - o . 7 7

shows a spectrum of a modern clad quarter that was given as

an unknown in the same

type of cardboard configuration.

Fill in the measured energies in Table II for the samples that

you have studied. Note that the entry in
theory is the weighted average of K,; and K,,.
of the gas filled

Table II marked K,
o The resolution
pProportional counter does not allow separa-

tion of Ky; and Ky, for the elements listed; and, hence, the

average value 1is used.

The position of the escape peaks and

other features of the spectrum will be discussed later in

this experiment.

7. In the figures that are shown in this laboratory report,
and krypton filled proportional counters are used.

xenon
There is

a problem inherent with proportional counters associated with

their construction. This problem is mainly
in regard to
energy.

In ge
the escape energy of the K, X ray,
gas.

<

L

7 one of efficiency
generating an output pulse at the full X-ray

neral, pulses will be Produced at incident energies of E-
where E; is the incident X-ray energy and E, is
associated with the counting
In the proportional counter an X ray comes in and makes
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- line which corresponds to the cadmium K, ener

phct@elect ri

c
1atcm in .a krypt n fllléd pr@PQrtlgnal ccunter. The prqggr- 

tional counter generates an output pulse whose magnitude is’
composed of several parts. ' These are: fs% o

A +B +C

v
]

ignitude of the electrical pulse generated from the
pr@gartiaﬂal counter,
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- the energy of the X ray produced as a result of the
vacancy in the K shell of the krypton atom, and

o
Hl

C = the tatal energies of other X rays and Auger electrons
produced in the resulting rearrangement of the krypton
atom.

g
]

If the X ray B which is the K, X ray for krypton (12.630 kev)
is” captured in the proportional counter, the pulse P will
generally be the full energy pulse; and, hence, proportional
to the incident X ray. (In this d;s;usslcn it is assumed that
the initial X-ray energy from the source is high enough to
remove the K electron from krypton.) It is possible, however,
that the krypton X-ray energy B will escape from the counter.
If this happens, the pu;se generated w111 ‘have an energy

the K, Kiray Enérgy fDr kryptcn.

Figure 7 is an excallent example of this phenome
that we see are the cadmium K, line at 23.1 keV
gy

inu
line from krypton energy, which gives a peak at 10.5 keVv. The
cadmium L, line at 3.2 keV doesn't suffer from the above prob-
lem since the L X Fays which would produce the problem with L
spectra are so low in energy that they are usually captured.

Figure 6 shows the same cadmium K, line measured with a xenon
filled proportional counter. The escape peak is not present
since the initial X-ray energy is not great enough to produce

a vacancy in the K shell of the xenon atom. The interactions
were in the L shell of xenon; and, hence, no K escape peak.

The chromium peak shown in Figure 6 results from the iron and
chromium bricks that were used to shield the °7Co excitation
source.  The °>7Co 14.4 kev gamma line shown in Figures 8 and 9
are fromMoherent scatterlng in the sample.
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Data Reduction ) ' o T

Exercise (a)

From the callbratlcn curve plétted in Procedure 3, determine
the resolution of the proportional counter for the 6.4 and 14.4
-keV lines from 57Co and for the 32.2 keV K, line from Ba-137.

|._u

/o f + &

Ide
in Table II. F;ll in the measured and thea:ét;cal values for c@lumns
4 and 5 in Table II.

Exercise (c) (optional)

Obtain an unknown radicactive source from the instructor and
determine the energies of its X rays. Are there escape peaks?
What is the source?

Exercise (d) (optional)

Obtain standard radioactive sources whose activities are known
from the instructor. These might be any of the sources listed in
Table I. Place the first source at a distance of 3 cm from the
face of the detector and count for a period of time long enough
to get 4000 counts under the K, group of interest. Readout the
spectrum and sum under the K, group. Continue for the other
sources provided by the instructor. Fill in the entries in data

Table III.

Energy Photons/sec Photons/sec £%
Source (keVv) Theary Measured Efficiency
570 6.4 | ’ -
Ciico | 1443 o o ’
65zn B,Déiiiiigi; o 7 I 7
T li7cs | 322 ”’/" S n ’
essy 1.5 | - o o
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. -;;. . : o ' * o= ) - : S B -
RS The theoretical photons/sec listéd in'column 3 is the value
% - "~obtained from the standard .activity printed on the source. The

measured photaﬁs/sec is determined by dividing’ the sum under the
Ky group by the time in seconds. The efficiency is determined
_+by taking the ratio of measured activity to theoretical activity.
Usually this value is put in percent by multlplylng by 100. Plot
a curve Gf eff;clency,g, ver5us energy. ’ |

T
PQ§§;Tésﬁ ® g
3.1 Expla;n single escape and double escape peaks. sometimes found

in gamma-ray energy speat:a. ' g

3.2 What is an Auger electron?

Computer Programs &
A

The programs GAUSS-6 and LINEAR~6 in the Appendix of this
manual can be used to find the centroids of the peaks in the pro-
portional counter spectra. The program LINEAR-6 ‘will also give

the slope of the calibration curve which is used in the resolution
measurement,

L

Additional References

l. G. L. Clark, The Encyclopedia of X-Rays and Gamma Rays, Reinhold

Publlshlng Co., New York, 1963.

2. J. C. Russ, Elementai X-Ray Analysls of Materials, available
from EDAX Internatlanal Inc., 4509 Creedmore Road, Raleigh,
North C “Tina (85).

. Wolds: ¢h, D. E. Porter, and R. S. Frankel, "The Analytii
!Ray"Industrlal Research Magazine (February 1971).

>

der, and I. Perlman, Table of the

derer, J. M. Ho lla L
i iley & Co., New York, 1967.
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s < Experimeﬁt 4 ’ _v, st

Source Excited X-Ray Flu orescence Applleﬂ to
Environmental and Geoc hemléalugamples
- , (S iL;) det ectar)

Objective N

To study the appllcat;ons af source—-excited X-ray fluorescence
to enVLIQnmental samples and. geochemical spe¢1mens, to study the
effectiveness of various excitation sources in stimulating K
flugrescence fér dlffeEent ranges of elements, to callbraté a-

B curve to determlne the “unkhewn elememtai CDmpGElt;Gn of the environ=
mental and geochemical samples, to lnvestlgate the qualltatlve and
quantitative sensitivities of the method.

=5t

References

1. J. R. Rhodes, et al., Pr
(~Ray and GammngourEes
ORNL-11C-5, 1965.

gfgﬁdlngs of the Symposium on Low Energy'
and Appllcatlons, U.S.A.E.C. Repart

.'M:

]
M'm

- S. Goulding and J. M. Jaklevic, "Trace Element Analysis by
-Ray Fluorescence,” UCRL-20625, UC=4 Chemlst:y, TID-4500 (57th
edltlan) reports a similar technlque using a transmission anode

tube.

("
=

. C. Russ, Elemental X- -Ray Analysis of Materials, available
from EDAX Interratianal, Inc., 4509 Creedmoore Road, Raleigh,
orth Carolina .55).

wa

4. R. D. Giauque and J. M: Jakleviec, "Rapid Quantative Analysis
by X-Ray Spectrometry," Advances in X- -Ray Analysis, Vol. 15,
Plenum Press, New York, 1972, p. 266.

5. R. Woldseth, D. E. Porter, and R. S. Frankel, "The Analytic
XsRay," Industrial Research Magazine (February 1971).

6. F. S. Goulding and Y. Stone, "Semiconductor Radiation Detectors,"
s e, 170, 280 (October 1970).

umed that the student is familiar with the basic
i (Li) detector. X-ray fluorescence with a Si(Li)
pplicability for "trace analysis" in the fields
of biology, chemi St;y, physics, geology industrial problems, and
the whole CQmplL f eld of pollution analysis. Under the best of
conditions at thi oint in time, the technigue is sensitive to

i
il
l"m [




appfoxlmateLy one part in a mlll;@ﬁ.

The teehnlque,

therefore,

doesn't even compete in sensitivity with neutron activation analy—
"sis which is sensitive for many elements down to the nanogram- reglan.
It is possible to determine,.

as you will see, as many as twenty ‘elements simultaneously from some
If you will take
a piece of ordinary filter paper and place it over the hose of a
vacuum cleaner and let the machine run for two hours. in a metro-
politan area, you will quickly convince yourself that, for some

What it does offer,

samples in a time period as short as ten minutes.

samples,

nanogram sensitivities are not necessary.

however, is speed.

-

The electronics and physical arrangement that will be used
The sample can be a

for this experiment is

solid, liquid, or gas.
COLLIMATOR HV
u POWER
SUPPLY
RING SOURCE .
CHARAETERISTIC
EAAYS

shown in Figure

PREAMP

SEM).CONOUCTOR

OETECTOR
EXCITING S1(L1i)
AADIATION
1 =Nl
109¢g
Source
E:leic:t;figf]iizg

require a chamber that fits over the top- of the detector.
low energies of excitation

PULSE
GENERATOR

for X-ray fluore

T

igu ure 1

1'

Gas samples offer a special problem and

OSCILLOSCOPE

(vBelow 25 keV)

MULTI-
CHANNEL |—e=! TELETYPE
ANALYZER
READOUT

scence with a 8i(Li) detector.

At these

the photoelectric pro-

cess is the most important mechanism by which X-rays are generated

in the sample.

Essentially, what happens is,

a photon from the

source comes in and makes a photoelectric interaction with one of
During the process a K or L electron is

the target atoms.
assume it is a K électroﬂ fince that is what happens mo;t of
the time. -
falling in to fill the void.
(see Figure 2)
When this happens, we see the so-called K,; X ray.

Let's

vacancy.

X ray occurs when an L-II orbital falls into the vacancy.
shows some of the other possibilities

initial vacancies.
X rays;

Ky and
seven.

Kg

An observer usually sees
and the ratio of K,

to EB

removed.

The most prabable thing to happ@
is for an L=III orbital electron to fall into the K
The E‘;;

Figure 2

that exist with both K and L
(for K excitation)
is usually. about

the
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. ATOMIC ENERGY LEVELS
INVOLVED IN THE EMISSION OF X-RAYS

v S
g In pollution samples, identification is usually made in terms
of the K, line. However, sometimes the Ky line is hidden under
another peak and under these conditions, the Kg line can be used.
The resolutions of Si(Li) detectors are in general good eriough
(200 eV at 6 keV) that both ‘the K, and Kg lines will be seen
for most elements that are present in the sample,

At this point the other problem that we must address our-
selves to is what excitation source is best suited for the range
of elements that are to be studied in a sample. Figure 3 shows a
plot on log-log graph'paper of the excitation cross sections of
several elements as a function of incident photon energy. From
this figure, it can rather easily be seen that the best of all
possible excitation sources for an element A; is one whose photon
energy is just slightly greater than the absorption edge for the
element A;. The absorption edges are the Ky, values listed in
Appendix V of this manual. (Critical Absorption and Emission
Energies of the Elements.) For example, the excitation cross
section of aluminum is about 2 x 105 barns/atom at its absorp-
tion edge (1.559 keV); however, it is only 1 x 103 barns/atom
at an incident energy of 7.5 keV. The probability of producing
aluminum X rays has therefore fallen off a factor of 200 in going
from a source whose photon enérgy is 1.6 keV to one that has an

Pt
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Figure 3

. Photoelectric cross sSections
for several elements.

10"

(barns/atom)

“
»,

10}

Cross Section for Vacanc

Energy keV

] E 4

incident energy of 7.5 keVi Table I lists a number of standard
radioactive sources%nd the range of elements for each that can
be stimulated to K fluorescence. '

Range of Elements
Source Radiation Stimulated to
Radioisotope Activity | Half=Life Energy K Fluorescence

35F 50 mCi 2.6 Y 5.9 keV Na = V

109¢g 5 mCi 1.29 Y (88 kev), Ti - Ru
. 22 keV

24 1am 25 mCi 458Y 60 keV Fe - Tm

63
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i
resolution 200 ev)

[}

Detector Bias Supply -

.Low Noise Spectroscopy Amplifier

Multichannel Analyzer (500 channels)
25 mCi !99cd (excitaticon source)

25 mCi 55Fe (excitation source)

50 mCi 2%!Aam (excitation source)

55

thium Drifted Silican xaRaf Detector and Pre-amplifier

)

Calibration Sources as follows (all should be standard souxces

+10% activity):

a) 10 uCi %7co
b) 1 pci 24%lan
c) 10/ uCi S54Mn°
d) 10 uci Slcr

2CC., Samples to be Studied.
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Set up the electronics as shown in Figure

1. 8Set-the bias

voltage to the value recommended by the detector manufacturer.
Place the 10 uCi °’Co source at exactly the location where
the samples will be*under-fluorescing conditions (note the

109¢q excitatYon source has been removed

for this part of

the experiment)., Adjust the gain of the system so that the
14.36 keV peak is about mid-scale -on your analyzer. Figure 4
shows how this would look on a 400 channel analyzer. The
system is now roughly calibrated for 28 keV full scale. Accu-
mulate a timed spectrum for a period of time long enough to

obtain v2000 total counts under the 14.36
the multichannel and erase.

Place the 1 uCi “"“!Am source at the same

keV group. Readout

distance as in 1 and

accumulate a spectrum for a long enough period of time to get

good statistics in all of the pronounced

“%1am peaks. Repeat

the same timed measurement for the °%Mn and °1Cr sources.
From the multicharnnel readouts, fill in the peak channel

information in Table IT.

Remove the calibration source and place the first environmental

sample to be studied in the sample holder.
excitation source in its proper position.

Place the !%9cd
Fluoresce the sample
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L
(

i
resolution 200 ev)

Detector Bias. Supply -

[}

.Low Noise Spectroscopy Amplifier

thium Drifted Silican xaRaf Detector and Pre-amplifier

Multichannel Analyzer (v500 channels)

25 mCi !99cd (excitaticon source)

25 mCi 355Fe (excitation source)

LA

50 mCi 2%!Aam (excitation source)

)

Calibration Sources as follows (all should be standard souxces

+10% activity):

a) 10 uCi %7co
b) 1 uci 24%lanp
c) 10/ uCi S54Mn°
d) 10 pci Slcr

Environmental and Geological, etc., Samples to be Studied.

1

Procedure

1§

4

Set up the electronics as shown in Figure 1. Set-the bias
voltage to the value recommended by the detector manufacturer.
Place the 10 uCi °’Co source at exactly the location where
the samples will be*under-fluorescing conditions (note the
199cd excitatYon source has been removed for this part of

the experiment). , Adjust the gain of the system so that the
14.36 keV peak is about mid-scale -on your analyzer. Figure 4
shows how this would look on a 400 channel analyzer. The
system is now roughly calibrated for 28 keV full scale. Accu-
period of time long enough to

mulate a timed spectrum for a

obtain 2000 total counts unde

the multichannel and erase.

r the 14.36 keV group. Readout

Place the 1 pCi -"!Am source at the same distance as in 1 and
accumulate a spectrum for a lon
good statistics in all of the p

the same timed measurement for the
From the multicharinel readouts

information in Table IT.

g enough period of time to get
ronounced *“1A@ peaks. Repeat

°YMn and °ICr sources.

» fill in the peak channel

Remove the calibration source and place the first environmental

sample to be studied in the sample holder. Place the

IDBQd

excitation source in its proper position. Fluoresce the sample

6

A



for a e
in the peaks of interest.
sample

Ty

riod of time long enough to obtain reasonable statistics
Figure 5, for example, shows a dirt

_tiat was taken near a busy road.
for other environmental or chemical samples. Be sure to
enough for each sample to get good statistics under
ks of interest." : '

LAB. RDAD DIRT, XRF Cd-109 EXCITED .

Fe

W
"]

Pb

In L . . 7

5
X-ray fluorescence of a dirt sample
taken near a busy road.

In order to determine the number of milligrams of a given
element in the sample, it is frequently convenient to compare
that X-ray line to a standard of a similar matrix which the
student prepares in the chemistry laboratory. For example,
Figure 6 shows a plot of K X~ray. counts per minute per 1%
element in the matrix. The sample used could be considered
infinitely thick for this application. The matrix used was
CaCO;3. Figures 7 and 8 show spectra of a lead standard that
was prepared by coprecipitating lead with calcium (CaC,04).
e lead concentrations were then determined by atomic
sorption.

e

Readout the multichannel.
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- . Pb CALIEEATIDH, CSCEDQ MATRIX
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B Figure 8
< Standardization curve
b, 4 - , - made with Pb Lg.
® 0.5 [~ = P e
¥
/ TARGET of 500 mg 100 mg/cm?
500 - 1000 1500
CFM

5

w

5.  Remove the 1!0%d scurce éhd place the °Fe source in the
excitation source 9951t;cn. Eluaresce each of the same environ-
o mental samples with S5>Fe. Remember °°Fe jis good: for elements

from sodium up to vanadium. Accumulate each spectrum for a , v -
"period of time long eénough to obtainh reasonable statistics ’in

-the peaks of interest. For example, Figure 9 ghaws ordinary
cigarette ash that has been fluoresced with Fe . 1If a

vacuum chamber is available for exciting samples with 55pe5

in vacuum, & profound effect can be observed because of the -
attenuation offered by the air. Also the argon K. line from

air will show up for samples studied in air. To illustrate

this point, Figure 10 shows a silicon SamPlé that was fluoresced
for 20 minutes in air. (Note the argon line from air.)

Figure 11 shows the same data taken under vacuum c@ndlt;@nsg

Data Redudtion
Exercise {é)

Fram the data in Table II, plot an énerqy versus channel number

curve for °7Co, S5%Mn, 2%lam, and Slcr. Figure 12 shows a similar
curve that was takén far K llnes in this same energy calibration
range. . ) -
- -
TN
/




HAMMEL

COUNTS ¢

|

e

“HANNEL NUMBER

A
gl
L

g

I

[

[

=

=

o

Campton Scatter i

AT *

Figure 10

X-vay fluorescence spectirum of silicon in air ( 77

™
Hi,
iy
-~

-

ERIC | R

Aruitoxt provided by Eic:




%)
o
-

IN VAC

J

OUNTS /CHAWMEL

i
D

M
i~
Zh

Rl i S T=—r—T A S

i
fd

=
i
‘\
|

]
o
e
o
H
1K
et
I

e
]
et
[=H

]
by

IS Y
H

e

Il
e’
=T
<
LtV
—
b\ ‘H‘-
[k 0
Y
| ¥ i

o —

LY

§
1

i
[
o}
ot
[
=,

P

Energy

[ +
T
=
H

e
o]
~

=t

e
1T

it

Ny

R

- T
@]

"
iy

=

g

5o
ot
I

I

o R

Ty =
el
~

7

el

h line in Table T: sum under the peak of
the measur
for the

s tabulated for these standard

eoretical number of photons/sec for each

e

ERIC

Aruitoxt provided by Eic:



O

ERIC

Aruitoxt provided by Eic:

ey
B

From the calibration curve, I your
cnvironmental or chemical samploes for the wxcltatior It
ish to determine

bl
the:
14

shows
it
S1ince

samples aro tJ\ir1 arnd uniform, vou may also w

ameunt of cach =

wAmnzthﬂn uf a dried watta: samp e that was

hanncl of a sewer water treatment plant in Nashvillo.
) could

5 taken at the
wator

the sample was quite thin, gquantitative information

je
!I

L.

line in Table ITI. (Note, in Appendix TV of tﬁi: ﬁanua;, there 1is
a tabulation of the latest photon decay information for some of the
more .commonly used X-ray and gamma calibration sources., The abso-
lute efficiency for the detector is defined as the measured photons
sec divided by the actual number of photons/sec that the source emi
(Be surerto make any necessary half-life corrections required on _
calibration sources.) This quantity is called [c]. Calculate [
for the values in Table II. Plot a curve of efficiency versus ener
. for the detector. Figure 13 shows a similar curve for a silicon
detector and various window thicknesses. Since you are not correct
in: our data for geometry and the one over R“ intensity fall off,
vour maximum efficiency will probably be about 10%. You can conver
vour data to a curve similar to Figure 13 if yvou make the necessary
corrections. , .
X ™~
. ENERGY (keV)
& 124 62 3L 21 1612.4 6.2 3.1 2.1 1.8 |.24
100 ] - T A ————l T
>
o
5
§ a0 .
w’ L a
L 3 mm THICK-
“ 0 - Si DETECTOR
80
o .
z
: /
z L
5 ©
o
%)
E -
< 20 —
g
o SPECTRAL RESPONSE OF Si DETECTOR
s Y Y AR | S R S
% 0.4 0.6 0.8 | 2 4 6 8 10
WAVE LENGTH (A)
Figure 13
Efficioncy plot ror a s5i(Li) detector.
LExorcise (o)

1
1 element that is presenlt in your sample.  Filgure

rt
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) Figure 14
¥ » )
X-ray tluorescence spectrum of final treatment water
from a water treatment plant (!99%cd source).
also have been extracted from the multichannel readout. Figure 15
shows an air pollution sample that was obtained from the Air Quality
Control Board in Nashvillé, Again since it was a thin sample, the
techniques discussed in Procedure 4 are applicable for extracting
absolute information in regard to the peaks.
Exercise (d)

Repeat Exercise .c) for all of the dat. taken with your samples
and the °°Fe source. Figure 16 shows a thin sample of powdered
coal. Since’ the sulfur component in coal seems to give the largest
pollution problem at coal-lire energy generation plants, this tech-
nique offers a good method of monitoring sulfur content in coal.
Figure 17 shows some fly ash that was collected from the Bull Run
coal-fire generating plant in Oak Ridge, Tenressee. Note the -
silicon, potassium, calcium, and titanium ‘is present in the sample

é}' ¢
‘..
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Figure 16
X-ray riluorescence spectrum of soft coal.
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?' X-ray fluorescence spectrum of fly ash from a
coal-fire electric generating plant.
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Exercise () A

Use the technique discussed in Procedure 6 to extract absglute
numbers in milligrams for the elements present in your samples.
Figures 18, 19, and 20 show other spectra’ that are of general
interest in leLgEian analysis.

i &

Post-Test
4.1 A S Ch 1r 1s placed 10 cm from a Si(Li) detector

with an active surface area of mm-. Using Figure 13 and

min r of ¢ an observ

B
Appendix IV, determine the numb

A D g
oA ITe
by}
]
ja
[
r'-
o
T

expect to find beneath the L, gr Ly rays peal
26.4 keV and 59.54 keV gamma-ray peaks after a 10 minute
vounting period. Neglect edge effects and attenuation in

air and Be windows.
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] spectrum of air
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Figure 20
X-ray;fluorescence of Shavings from an automobile
L8
tire ( °°Fe excitation source).
=
Computer Programs : .

GAUSS-6 can be used to find the centroids of all calibfation
and environmental spectra. LINEAR-6 can be used to find the slope
of the calibration curve and for identifying all lines in the
environmental spectra.

Addltlanal Referemcea

l. F. 5. Goulding, J. Walton, Nuclear Instruments and Methods,
Vol. 71, p. 273, 1969. ! '
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Nuc. Sci., NS-18, No. 1, pp. 115-124, 1971.

3. L. S. Birks, X-Ray Spectrochemical Analysis, John Wiley & Sons,
Tnc., pp. 71-79, 1969, &

4. R. W. Fink, R. C. Jopson, H. Mark, and C. D. Swift
Fluorescence Yields," RéVIEWS of Modern Phygic
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Experiment 5

Heavy Element Analysis of Pollution Samples by
X-Ray Fluarescence w1th a Ge(Li) Detector

To study the application of source e
with a Ge(Li) detector:; to esta
process; to investigate heavy element Z >
pollution and chemical samplea.

oy
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La R. Woldseth, D. E. Porter, and R. §. Frankel, "fﬁe Analytic
X-Ray," Industrlal Research Magazine, February 1971.

2. J. C. Russ, Elemental X-Ray Analysis of Materials, available
from EDAX International, Inc., 4509 Creedmoore Road, Raleigh,
North Carolina ($5). ’

3. R. D. Giaugue and J. M Jaklevic, "Rapid Quantative Analysis
by X-Ray Spectrometry," Advances in X~ Ray Analysis, Vol. 15,
Plenum Press, New York, 1972 . 266.

4 L. S. Birks, X-Ray Spectrochemical Analysis, .John Wiley & Sons,
1969, pp. 71-79 N - -

Introduction

In this experiment it will be assumed that the student is
already familiar with Ge(Li) detectors and the techniques of basic

X-ray fluorescence experiments. He may Jalso wish to read the intro-

duction of Experiment 4 which is a rathdr detailed di fcussion of

some of the parameters associated with X-ray fluorescence. Most of
the information in Experlment 4 is appllcable in this experiment.
The main differences between the Si(Li) and Ge (Li) detectors
for X-ray fluorescence are the efficiency 4And resolution. 1In
general, Si(Li) devices have solutions of 200 eV at 6 keV while

Ge(Li) would show perhaps 35@ eV at this energy. Howewer, the

Ge(Li) devices are mlch more efficient for photons in the energy

range from 30 to 100 keV than the Si(Li). The reason for this

improved efficiency comes from the fact that photons at these
energies usually interact by the photoelectric process. The

cross section for the photoelectric process varies like 2°, wherc

Z is the atomic number. The Z for silicon is 14 and fﬁ germanium

it 1s 32. The ratio of these two numbers raised to the flfth power

15 62.22 which is roughly the ratio of the cross SECti ns.
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HACLtJthD bLlnq greateat ju t ab@ve ‘the abs orptlan edge are ;qually
valid for samples that will be studied in this experiment. The only
difference is that in general with Ge(Li) systems, one is interested
in higher Z elements in the sample; and, hence, the exciting source
will have a higher energy than the ones used for Si(Li) spectro-
scopy. In this experiment, we are going to use <"!am and °7Co

as excitation sources. For “l!Am it will be the 59.6 keV gamma
that does most of the excitations in our samples. In “7Co the

122 kev line is the best candidate for excitation.

%

1. Lithium Drifted Germanium X-Ray Detector with a Resolution

3. Low Noise Spectroscopy Amplifier
4., Multichannel Analyzer (+500 channels)

5. Excitation Sources as follows (license required) :

H
O
-
—
D‘
£
tn

6. Calibration Sources as

a) 10 uCci °7Co standard activity #10%
b) 1 uCi “Am standard activity +10%
c) 5 uci ’7cs standard activity £10%
d) 2 uci 19‘—‘(:@1 standard activity +10%
7. Pollution or Chemical Samples to be Studied

1. Set up the electronics as shown in Figure 1. Do hot put in
the ~/Co excitation source. The system first has to be
calibrated.

Y

2. Turn on the bias voltage to the detector and adjust it to the
recommended value, Place the 1 uCi standard source at the

y position where the sample will be when fluorescing pollution
samples. Adjust ths gain of the system until the 59.6 keaV
line from <%lAm falls about mid-scale on the analyzer.

. Cellect a timed spectra for a period of time which is sufficient
to give reas¢ le statistics in the pronounced lines of <"‘Am
shown in Tab Readout the multichannel.
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For example,
peaks (K lines) that appear in an air pollution spectrum.

that element ta a standard which you make up in the laboratory.
let us assume that we are interested,in the lead
Most

air pollution spectra collected on filter paper with a vacuum

system can be considered thin for the K lines of lead.
all we have to do is to dry:a known concentration of a lead
solution onto a piece of clean filter paper. For example,
’ workers in the state of California dried a mother.
!f lead acetate onto these above mentioned filters. -
‘sis indicated that their varidus samples were accuraté
- Table II shéwys the net count wrate that was observed as a
functiofi of lead concentration in pgm/cm?.

1 : ¥
¢
; ; o

Then,

*

sélutian af

to +5%h

T

)

Table II
oL . 1 , .
Calibration Res;lts from Lead Acetate Standards
- ) - Y?, . o e _
Con;enLrat on Net Count Rate
ug/cm? ccunts/mln
100.0 ) . 12,403
'50.0 6;328
' 10.0 - 1,357 o
5.0 " . 769
4.,5% L = B — - - o . T -
2.0 323
£ 4 _ _ _ - = _ — I
1.0 167
' 0.5 78
. ‘ <
. FGllGWlng the general guldellnes of the above dlSEuSSbGD,
' prepare standards of known concentration solutions for drying
] . onto filter paper. Prepare enough standards to bracket the
5 concentratlan level of the groups of interest in one of your:
i spectra. Construct a data tabl 51mllar to Table IT for your
— sampleés. “a
. Data R Reduction - \ )
_ j_ Exercise (a)% Li\ * A

. § ) . L '
Plot a calibration curveﬁfar the peak channel data that was
collected in Tal I.* Figure 5 s?ows a typical curve that was
taken with a Ge( 1) detector. \ ‘ A

) A - -
(V]

‘8
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Calibration curve for Ge (Li). dététhrg

-

From' the calibration curyve, determine the slape of the line
and calculate the resolution of the following lines: 122 kev
- 57Co, 87.7 kev 109¢cd, and 59.57 241lam, .

Exercise (b) , , S , !

i

imed spectra tollected in Procedures 3 and 4, deter-
under the peaks listed in Table TI. Dividegthese sums

by the proper times and thus determine the measured photdns/sec

for each of these standard sources. Enter these values in their

proper places in Table f. \ 1 —

From the t
mine the sums

i

s

Exercise (c) .
Cal
of the standard sources in Table I. Sometimes this information is
printed on the standard. 1If not, it can be determined from the
activity of the source and known information in regard ta the decay
scheme for that isotope. 1In the appendix’ Qf this manual is a tabu-
lation of certain disintegration data for many of the standard
calibration sources for X-ray and gamma-ray spectroscopy. Fill in~
the calculated number of photons/sec for each 9of the entries in-
Table I. ' . . '
#

c
t

-
8

: Eﬁ | g ; .

ulate the number of photons/sec th¥t are emitted from each

-



Exercise (d) .

The efficiency of the detector (e) is the ratio/of the measured
photons/sec to the calculated photons/sec. Determire this number
for your data and record the proper value for each of the entries
in Table I. Plot a curve of € versus the photon energy in keV.

Exercise (e) .

For each of your pollution samples, determine what elements
are present in the sample from™your calibration curve. Do this
for both °7Co and 2%lAm excitation.

xercise (f)

Withsyour labaratory instructor's assistance, standardize
some of the peaks in accordance with the method outlined in

Procedure 7. f

&

Computer Programs

The centroids of all:of the pea
can be found with the pzagraﬂaé 5
identify what lines are present in

s measured in this experiment
LINEAR-6 can be used to
pollution spectra.

Additional References

. L. Cate, Jr., Degérmin@tiog;@;,Lgaﬁ in Air Sample Filters
vy X-Ray Fluorescence, Lawrence Radiation Laboratory Chemistry
eport No. TID§4EQD, UC-4, UCRL-51038, Livermore, California
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H. McMaster, N. Kress, et al., University of California,
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3. K. G. Carr-Brion and K. W. Payne, "X-Ray Fluorescence Rnalysis--
A Review," The Analyst, vol:. 95, No. 1137, p. 977, 1970.
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Experiment 6

Tube Excited X-Ray Fluorescence

Objective

To study the parameters associated with X-ray fluorescence
measurements where the exciting photons are generated with an
X-ray tube; to determine an energy calibration curve with X rays
of known energy Produ:ed from a variety of elements; to use :the
calibration curve to determine what unknown eléments are present
in the pollution, env1raﬁmental or biological samples; to stand-
ardize measurements with known concentrations of the groups of

interest.

References /

1. F. S. Goulding and J. M. Jaklevic, "Trace Element Analysis by
X=Ray Fluorescence," Lawrence Radlatlan Laboratory, Chemistry
Division, Livermore, California, Report No. UCRL-20625, TID-4500.

2. R. D. Giauquejand J. M. Jaklevic, "Rapid Quantative Analysis
by X-Ray Spectrometry," University of California Radiation
Laboratory, Livermore, California, Report No. LBL-204.

3. J. C. Russ, Experimental X-Ray Analysis of Mat erialsg available
from EDAX International, Inc., 4509 Creedmore Road, Raleigh,

North Carclina (S5).
4, Ri oldseth, D. E. Porter -and R. S. Frankel, "The Analytic
X-R y " Indus trial Research Magazlne, Febz,, ry 1971.
Introduction

In a few of the earlier experiments, we outlined the use of
source excited X-ray fluorescence for problems such as pollution
analysis and the geochemical analysis of rock samples. Under the
very best experimental conditions, source.excited X- ray measure-
ments are good to one part in a million:s In other words, with this
technique and under the best conditions, we can study microgram
concentration in gram samples. However, it was also pointed out
that for many applications this kind of SEﬂSlthlty is adequate.

In general, tube excited X-ray fluorescence is about a factor of

ten better. |

The systems that have been manufactured specifically for this
application are in qenELal designed to maximize this sensitivity.

In this discussion théfe is not time to go into the various
systems and their operational parameters. This information can be

obtained by reading References l-4. In particular, Reference 1 is

§2
b B
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a report that carefully outlines the operational parameters of a
low powered X-ray tube for this application. In fact, many of the
illustrations in this experiment were taken from Reference 1. The
companies that manufacture tube.excited systems can furnish

additional engineering parameters for their various units.

;;Eis possible under some conditions to convert old X-ray
diffragtion units ifgto fluorescert spectrofieters.  In theory, all
one has to do is extract the X-ray beam and let it impinge on the
sample to be studied. 1In practice, one has to worry about scat-
tering problems, tube tg sample distances, efficiency, etc. It

is, however, possible to convert these units to fluorescing devices.,
Several places have made these conversions with satisfying results.

The additional sensitivity of the tube excited sygtem can be
jJustified quite easily, if one looks at the number of exciting
photons per unit time for a tube and a sourcez for example,

1) 100 mCi source gives 3.7 x 10? photonk/sec

2) 100 wupamp current tube gives 1 x 1012 photons/sec,

The additional advantage of the tube comes from the fact that,;
in theory at least, one can set the accelerating voltage for the
tube or choose the X-ray.tube target to maximize the sensitivity
of the system. In Experiment 4 the arguments were presented in
regard to the yield, absorption edge, and incident photon energy.
The student should go back and read the *experiment. -

. For an unfiltered X-ray tube the %rémsstrahlen and the charae-
, freristic X rays from the takget are both effective in fluorescing
- the target. .Figure 1 showS what the spectrum looks like for a
molybdenum X-ray tube and an accelerating voltage of 50 kev. 1In
many cases filtering is desirable. For examplé, if one was study-
ing rubidium (K = 15.20 keV) the tube used in Figure 2 would be
ideal from almost every aspect. cr .-

Ka . Figure 1
Typical unfiltered spectrum
from a molybdenum target
(X-ray tube).

50KV ELECTRON
EXCITATION
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Figure 2 shows a molybdenum spectrum that has been collected
from a transmission anode tube. In this figure, the filtering is
done by théhanode material.

This introduction has been more of an overview. We have listed
en@uqh‘referen:es S0 that even if a university déesn t have a tube
the references and turn in a nice senior praject as to the detalls
of this strong analytic technique.

Al

, , , t )
1. Complete Tube Excited X-Ray Fluorescence System with Multichannel
Analyzer and Readout (see instructor for recommended operating,
parameters) .

2. Standard Materials (reagent grade) to be Used for Calibration
(thick samples)

3. Pollution, Environmental, or Biological Samples to be Studied

) i &

1. Place a piece of manganese metal in the excitation position.
Fluoresce it for a period of time long enough to get reasonable
statistics under the K,_and Kg peaks (see Figure 3).

2. Repeat the measurements made in 1 for titanium, copper, arsenic,
and yttrium. Fill in the channel locations in Table I. Record
the time for each run. Make a calibration % Energy (keV)
versus channel number (see Figure 4).,

83
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. COUNTS FCHANNEL

Energy Yalibration Data for a Tube Excited System Si(Li)

Table I

Figﬁ:é 3

Manganese K, and Kg Y
calibration lines.

Sample

Photon Energy
(keV)

Peak
Channel

Resolution
(ev)

Counting Rate
counts/min

Mn Ky 5.898
Mn Kgi 6.409 ,
Ti Kg 4.510
Ti Kgi 4.931
Cu Ky 8.047
Cu Kg, 8.904
As Kq 10.543
As Kp, 11.725
Y Ko 14.957
Y Kg 16.736
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r other samples can now be studied. Run
ong enough time to get reasonable statis-
fi

nterest. Figure 5 shows a typical air
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Tube excited spectrum of an air pollution sample.

4. In order to obtain quantitative information about a particular
group, the procedures outlined in Experiments 4 and 5 may be
used at this; point, " '

#

9]
)

ERIC

Aruitoxt provided by Eic:
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Data Reduction
—— —— ;ﬂ‘

From the peak channel information in Table I, EDnSthEt an .
energy calibration cyrve. Determine the slope of the calibration 7r
- ~curve, From the sla”i of the calibration curve and the FWHM for

each peak listed—im—Table I, determine the resolution of each of
these lines. Fill in this entry in Table I.

- Exercise (a)

Exercise (b)

From Table I plot a curve of resolution versus ener for
your system. TFor each peak listed in the table, sum unde?® the
group of interest and divide by the corresponding time and thus

determine the ccunt;ng rate for a given sample under the condi-
tions used. Flll in this entry in Table I.

Exercise (e)

For the pollution, environmental, or bioclogical samples,
determine what elements are present in the samples. Figure 6
shows a spectrum that was obtained from a camellia leaf with a
molybdenum tube. Figure 7 shows a freeze dried blood sample.
Figure 8 is a spectrum of a piece of dried swordfish. The
mercury lines in the spectrum correspond to concentrations of
the order of 3 parts per million.

Exercise (d)

In order to get quantitative information, the samples should
be thin as in Experiments 4 and 5. Make up standards with known
concentrations and compare the groups of interest with standards
of these materials. Table II which was taken from Reference 2
shows a good agreement between tube excited X-ray fluorescence

~and NBS data for a steel sample.

Table II
X-Ray Fluorescence Compared to NBS Data for a Steel Sampléb_<
m%lement 7; ;-ﬁéy Flﬁérescenceié ) NBS
Auéi B 7, o 9;37 T Q.QS B
cr 1950 | 18.69. 7
o Mn T 7 ) 71:;37 o | hi:éégr B
 w | 10.92 10.58
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Compton
~Scattering
From Sample

The small peaks for
Example Zn~0.50 ppm

COUNTS/CHANNEL

1ol L - S S— ] , -
° 100 200 300 400 500 600

* Figure 6

Tube excited spectrum of a camellia leaf.

Table III (also taken from Reference 2) shows a similar com-
parison that was made on a plant spectrum for X-ray fluorescence
and neutron activation analysis.

ost-Test W

i Kawl

6.1 Discuss how X rays are produced in a ‘tube-excited system or
an X-ray machine. :

Computer Programs \

_ GAUSS5=-6 can be used to find the centroids of the tube excited
fluorescent lines. LINEAR-6 can be used to do a least squares fit
to the standard samples that were used for the calibration curve.

0w

.\ i
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Figure 7

Tube excited spectrum of freeze dried blood.

SPECTRUM OF

7

SWORDFISH-TUBE EXCITED XRF (Mo TARGET)

£ ENERGY KeV'

6.403

8638

INTENSITY —>

9.987

(Hg) is 3 parts per million (Lﬂl)
(As) is 5 parts per million (Kq,)

ENERGY (RELATIVE)

Figure 8
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Yrable III

Analysis of Plant Spectrum

oA SR T

Element X-Ray Fluorescence

Ti - 121 ppm %5 , <-.01%

Cr _ 26 Ppm'il ‘ : 23:8 ppm *0.9

Mn 60 ppm +2 U 49.3 ppm 1.4

L Fe . .186% +.002 S .201% +.006
N 1 o s I N o

i 8 ppm #1 13.8 ppm £3.0

Rb 7 ppm 11 7.0 ppm +1.4
Sr 97 ppm 2 1 236 ppm 166
Pb 206 ppm 3 - - =
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Nuc. Science, NS-18, No. 1, pp. 115-124, 1971.

3. L. S. Birks, X-Ray Spectrochemical Analysis, John Wiley & Sons,
Inc., 1969, pp. 71-79. ) .
4. R. W. Fink, R. C. Jopson, H. Mark, and C. Ei Swift, "Atomic
i Fluorescence Yields," Review of Modern Physics, Vol. 38,
" pp- 513-540, 1966. L. o

5. C. M. Lederer, J. M. Hollander, and I. Perlman, Table
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Isotopes, 6th edition, John Wil%%,ﬁ Sons, Inc.,: 1
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8. M. E. Salmon, "an Impraved X-Ray Fluares:ence Method for j
, Analysis of Museum Objects," Advagggs in X- -Ray Analysjs,
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ANSWERS TO QUESTIONS AND PROBLEMS

Pre-Test Angﬁg;s; ' ‘A
- ’ ’ . : \“‘a.&,:/ L"\ ’
1-l c = lf .' ' : ¥ ’ . o ' . B
= & :
3 x 10!° cm/sec - CL .o
108 em - ¢ ‘ o
= 3 x 1018 oscillations/sec
1.2 E = hf .- | | ‘ . o

Where h is Planck's constant and is egual to 6.625 x 1027 erg-sec
Y

E = (E 625 x 10—27 erg—sec)(B x 1018 DSElllathnS/SEC
= 19.8 x 10‘9 erg’ ‘ . 5 ‘ﬁ\ X
converting to units of keV . : o N
) A ‘ 1l ev —
E = (19.8 x 10 erq) 1.6 x 1D‘12 erg o
= 12.4 x 103 ev
= 12.4 kev :
. -
S < -
. .2.1 An electron vclt is the kinetic. energy acquired by an electron
b which is subjected to a potential difference of 1.0"volt. . )
2.2 kev = 1qﬁ ev
+ o -
MeV = 106 ev
Gev = 107 ev
3.1 Postulates @f Eahr theory of the atom -
a)'én electron bound to an atom moves.in a circnlar orbit
about the nucleus. under the influence of the. coulomb, - Fa
1 R ) 0y ’ f‘g"iz— < R i, '
95 o | | oo o éf:
. . A
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- S e ' v : o .
attraction between the electron and the nucleus aqﬁ obeying
the’ laws of ¢lassical mechanics. ‘ Coh o _

b) The allowed dlectronic orbits are those for which the orbital

angular momentum of the electron, I, is an integral multiple,
.of Planck's constant divided by 2. . o ’ e

c) Electromagnetic radiation is emitted if ,an-electron, initi-
ally moving ins an orbit of total énergyg'gi;§sudaenly ¢hanges

vw»ifitsvmgtiéﬁwsémtﬁat“it“mSVES?iﬁ an orbit of total emergy, Egf.

The frequency of the emitted radiation is f = (E{=Egf) /h.

hf . . ' " ,

=
-
I

Eg
= i‘ ) ) - V 8 . .
= (6.425 x 10727 erg-sec) (8.45 x 1018 oscilla¥ions/sec)

=

= 56 x 10-9 erg
_ . . 2
= 35 kev - 7 -

' The force is given.by the familiar coulomb's, law for point

charges, .
. L

, ’ 1 ‘g;gg ‘ ¢
A - P T e A ' .
, -

‘where q; and g, are the electronic charges, r is the distance

separating the two electrons and co is the permittivity of -,
free space and has the value -
, E0 = 8.854 x 10°12 coul?/n-m?2

1 (1.6 x 107'°% coul)?

F = — I — — — ~
47(8.854 x 10712 coul?/n-m2) (0.05 m) 2

= 9.2 x 10~26.n ¢ ,

’ ['{

The nuclear coulomb barrier height is defined as the point
where the coulomb barrier reaches a maximum value. This.
occurs_at the nuclear surface of the atom of zinc. The
maximum height of the barrier is \given by
(Ze) (ze)
R

s

-B
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where Ze is the nuclear charge,of the zinc atom, ze is the
inciderit alpha particile charge, and R 15 the nuclear radius
of zinc. K ' g ’
e , : . J
1/, .
R.=1,2 x A /3 fermis
{ 4 .
3 1, ‘
= 1.2 x (64) 73
[ . . = ) )
= 4.8 fermisa C - .
' Hultiplylﬁg both the numeratar and denominator by Planck s .
cgnstant dlv1ded by 21l and' the speed af light, one abtalns-
' ‘ B = 22 e% fic - .
£ v. iR—— ‘E ) #
_ 2z e?
= R; E* fic
substituting
- o - | e’ = the flne étructu;é ccnstant( o = i
) . / -
and fic, = 197.32 MeV - fermis
o (300 (2) 1 oo oo
) B = 1.8 EgrmlsT' 137 (197.32 Mev fermis).
= 18 MeV :
-
%
5.1 In a multi-electron atom there can never be mare than one
electran in the same quantum state. .
.,—.g
6.1 E___=hf - W | T
ma x . .
= (6.625 x 10727 erg-sec) (10'6 cycles/sec) - 4 ev
e
= (6.625 x 10=11 erq) (lev/1.6 x 10712 erg) -~ 4 ev
: = 41.4 eV - 4 eV +
= 37.4 eV
% : C T -
' % . ‘jg’
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. 6.2 If the incident phgtmn is campletely absorbed by the e , the
' conservation of total. relat;v;stlc energy gives: .

E + EaT = = /
" - j
. wheré EY can be rewritten . i
! . y
. hc\_: ’ -
E. = hf = —l='p ¢
et Y 'r}).EY / ‘Z
_ 5 §
and — -
> 22 24 = Jol2a2 H 2.4
4 p.c + YPic< + mce ; /E%c L+ mse .
“Pi = 0,.since 1n1tlally the momentum af the elect{an is-eéuél
to zero. - . h ;
, Thé?efgre, we have G
[ L
P.c +mc? =:/P2¢2 4+ m2ch .
/ Y f o o
By the Cénservatlon of- mamentum,1 . N f
P. =P, . e
Y £ /

Substituting in the,above equation for PY' we obtain .

P.c + m_ c?2 = VpP2c? + mich .
S o £, o
Hence, both total rél;tlv;stié’éﬁergy and momentum cannot be
conserved. J : '
’ i ¢
@

7.1 In electron capture, the nucleus capture 8 3 "gatiyely charged
atomic electron. -The atomic number Z decr eases ‘"by one and the
neutron number N increases by one. The energy available for

h -electron capture by the nucleus is A J
. B 2 2 : b ¢ \
. B = i I . S 2 :
£ (e ey |
£ 5 ‘ -

In internal conversion, the exchtation energy of the nucleus

, 1s transferred directly to the el#®¢tron through the coulomb
_ - "

-
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interaction between the two. The nucleus de-excites, and the
-electron is ejected: ‘ , . T

7.2 E M(%QV)G?}ﬁuM(5OTi}E%v= 1.55 MeV -

(49.9472 amu)c2 - (49.9448 amu)c? - 1.55 MeV
1 amu E;931.16? MeV

E = 46,508_936MEV - 46,506.70 MeV - 1.55 MeV >w‘ ia IR }

0.685 Mev' - e .

,'Epétéiest Answers

; . . .
1.1 The energy of the characteristic X-rays depends on the binding
' energies of the electrons in the inner shells. With increasing

atomic- number, Z, these binding energies increase uniformly,
due to the increased nuclear charge and are not affected by

‘ the periodic changes in the number of electrons in the outer

- shells.
tivi

)

1_2s'A 1.0 curie source has an a ty of 3.7 x 1010 éisintégraticns

. ber second.

0.1mCi= 1 x 10~% Ci
Hence, a 0.1mCi s
disintegrations p

'o shield the lithium drifted silicon detector from the ring
ource of radiation. .

: o e .

.4 ‘Number of ‘counts z 3000 counts/channel ¥ 6 channels

[
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14,933 eV - 8041 ev
277.41 ch - 143.29 ch

b)
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9]

51.40 eV/channel
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An internal conversion coefficient is the ratio of thééérgfj‘ﬁiyr
bability for-emitting an-electron from a given shell td the
probability for emitting a gamma ray. e .

Escape peaks may be produced in a gamma-ray energy spectrum

if the energy of the incident gamma -ray, Ey, is greater than
the rest mass ‘energy of two electrons. If the incident gamma
ray interacts by means of the pair production process, then,
1.022 MeV of energy' is required to produce the electron-
positron pair and the remaining photon energy is given to

the charged particles as kinetic energy. This kinetic energy
is deposited in the detector as the two charged particles lose

‘energy through coulomb interactions and come to rest. The

positron and an electron annihilate each other producing two
511 kev photons. If both 511 keV photons escape the detector
then' a double escape peak of energy, Egq/ is produced.
E. =E = 1.022 MeVv
d Y

If one 511 keV photon is detected the energy of the escape
peak, E_, i 4

oy

]

B o= - =3 5 M et : .
Eg'= E, = 0.511 Mev ‘JS

both 511 keV photons are detected then a full energy peak
observed. ’ . ' .

b
0

= E_,
Y

A
It

L]

An Auger electron is an electron ejected from an atom in a
radiationless transition. For example, an atom in which a

K shell electron has been ejected has a large probability of
emitting a Ky X ray as an L shell electron falls into the

. K shell. 1If, however, the atom de-excites through the

emission of "an L shell electron, the radiationless transi-
tion is called an Auger transition and the L shell electron

ejected is an Auger electron.

1ui
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s =

. The umber Qf counts’ an Dhgerver would expect tD flnd in the-
peaks - i§ glven by the exprésslan- . C,

I

K ) . ) w e, . 7" oo j . ds—l ’ .
w - ] = g - e % e . -

where N number af 6;51nteqratlans per seadnd of the

J .5suCi 241am source : -

T = t@tal t;ma in seco d

number of phét@nsjémitped per d ntegratlan
(Appendix IV--Table I) ; N

&
Il

™
Il

effiéiéncy;@f *he Si(Li) detector (Figure'lB)

dan dA/r? = solid angle of detector.

N, = {5 x 107% x 3,7 x 1010 disint/sec)(SDD sec)

b ctaridiar
x (0.135 phatans/dl31nt)(l D)(3 . }Déﬁ ster}dlan)

/358 photons B

\O\

2
1

535 photons . . '4

a2
\
1]

125 photons : o

44 ph@ﬁ@ns

2
il

b
Loy
[n]

L]
3!
1

76 photons

ay tubes produce X rays through the collision
’th a heavy material such, as tungsten. The

roduced by a heated fllaméﬂt and are acceler-
Lol v:l cities by means of an electric field before
ng the anode material. The.X-ray tube is operated at

il
T
-

rt

o]

o i

] et
I
ey

I

rt =M
]
+
Do Al

D]
0
o

T m faw]
[
90 0,
W ]

i
b
o m

a

= R
e

jeTig]
0
jo i}
[l

striki
high vacuum in order that'the langSt number of alectrons
will impinge upon the anode material. X rays emitted frém

the anode material are defined lht@ a beam by lead collimato
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: MODULE" TWO AN
1 c. 'y - ) - -

" .CHARGED PARTICLE DETECTION -

/"R Module on .Charged-Particle Detection Using . -
‘ Silicon Surface Barrier Detectors ";Sé/

i

¥
%

. - INTRODUCTION S ‘ ' .
Solid-state detectors have been in use 'for the detection of |

ienizing radiatiobn for the past.two decades. The first use of a

pP=n junction device as a solid state detector was by K. G. McKay

for alpha particle detection. Since then, their use has ” '

evolutionized charged particle detection.

N

S¢miconductor charged particle detectors may. be, used over a
broad rdnge of enérgies and projectiles from 20 keV electrons to
200 MeV heavy ions. These surface-barrier detectors may be pre-
pared with energy resolution of better than 0.5% which ik surpassed
.only by magnetic spectrometers. The: timing characteristics of
these detectors .(v1 nsec pulse rise time) are good -enough to
perform fast coincidence experiments and in addition their
~efficiency is essentially 100% for their active volume.- .

:~  The module §gnsists of three experiments which may be per=-
formed by the student. 1In the first experiment the student will
be introduced.to some of the procedures and detectors commonly
employed in alpha particle studies. In Experiment 2 the student
will be familiarized with the use of solid state charged particle
detectors for, conversion electron spectroscopy. In Experiment 3
a thin transmission surface barrier detector is employed to
demonstrate "state of the art" nuclear timing techniques.

This introduction is followed by the objectives ‘for the

ist of*prerequisites which the student should have
ng this médule, and a theoreétical section which
of the basic concepts of radioactive decay and
o ,

detectors.

for alpha particle studies and
SCOpY.
- 2

charged parti
o

o=

Q \ 157




1.1 Determine the magnitude and direction of the coulomb force
between two electrons5 cm apart. ' -

1.2 What is the nuclear cgulamb barrier height in MeV for a

5 MeV protoh 1n21denilup@n an atom of copper (A = 65).

x
2. Electron Volt (ev), kev, MeV:
2.1 H@w‘is an electron volt defined?

2.2 'Ho% is the eV related to the multiples keV, MeV, GeV?
, &

THEORY : ~

Natural Radioactivity

'Naturally occurrind radioactive isotopes emit alpha, beta,
or gamma radiation. If an alpha particle is emitted by the nucleus
of an atom, the atom is transformed into a new atom which has its
atomic mass, A, decreased by 4 units and its atomic number, Z,
decreased by 2funits. If a beta particle is emitted from a nucleus
of atomic numﬁ@rp Z, the atomic number of the new atom formed is
Z + 1 and the atomic mass remains the same. Two genetically
related nuclei are called isobars., Gamma radiation is sometimes
associated with either alpha or beta decay of a radioactive nucleus.

/ Almost all the radioactive nucé¢lei occur within the range of

‘omic numbers Z = 81 to Z = 92. These elements have been grouped

"into three genet;ﬂally related series: the uranium-radium series,

the thorium series and the actinium series. A very long-lived
isotope begins each series while one of the stable lead or
bismuth isotopes ends each.

Rate of Radigagtivejpg;ay

The decay rate of a particular radigactive material is a
constant that is independent of physical and chemical conditions.
The average number of atoms, dN, that will decay in a small time
interval, dt, is proportional to the number of atoms, N, present.

at the time, t.
& K = =

|
jon
=

Il

ANat .
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The cahstant:@f grcpcf%ianélitfggl, is the decay constant
for that particular radioactive isotope. Integrating, one
¢btains i .
At . »

-

kg .

L
1

of atoms present at time t = 0. Hence,
a given radiocactive substance decreases

where No is the number
" the number offatoms of a g q 5
exponentially with time assuming no new étggg are introduced.

: At the end of a cprtain time interval, called the half-life
of the radioactive element,, half of the atoms will have decayed.
This time interval may-be determined by setting N = Ny/2 and

t = t;5 with the result . ff

£ .
E - i ]

Xt% = 4n 2

ty = eSS

o

r*

3
i

e
S et
N

1
P

¥

and is just the reciprocal fothe dééay constant. . .

Activié& affé Radiocactive Source
: = 2 act’ = = . .

‘The activity of a radioactive source is normally expressed as
the number of disintegrations per unit time. A commonly used unit
is the curie and is equal to 3.7 x 1010 disintegrations per second.
The curie was originally based on the rate of decay of a gram of
radium. More convenient submultiples of the curie are the milli-
curie (1mci= 1073 curie) and the microcurie (lue€i = 10-5 curie).

5

3.

Alpha Particle Energies

! o~
The energies of known alpha garticle emitters range from
8.9 MeV for 2}2Po to 4.1 MeV for 35Th. Alpha particles may be
detected and fheir energies determined very accurately with
silicon surface barrier detectors. i

14



Semiconductor Radlat;a Deteetcrs .

1,

fCQnducticn'Par;icles ' : ! ,

Charged particles or photans are detected in semiconductof
detectors by the prcductlan of electron-hole pairs as the incident
particle passes through the material. Both the @lectrons and
holes may be céll%gted and constitute a current. For a silicon
detector an electron-hole pair is produced for every'B 5 ev of
energy deposited in the aetectﬂr or abaut l SJK 10 ajirs r
S:Hév incident particle.

Semiconductor detectors are just what their naffielimplies;

they ar iggplcanductcrs and hence have a large number of/charge
carrieys Ppresent in the crystal lattice--not as mapy as/conductors

but considerably more than insulators. -In silicon at room tempera-

ture there are about 10!? pairs per cubic centimeter. This repre-
sents a considerable number of conduction particles and is far too
large for Si to be 'used as a radiation detector. The reason Si

has sb many pairs of conducting particles is because the band gap

between the valence and conduction bands is only 1.2 volts and at -

room temperature lattice vibrations sometimes produce electron
hole pairs by breaking the covalent bonds between electrons and
exciting them into the conduction band. 1In fact, this is the
primary difference between insulators and semiconductors; the

" band gap is larger for insulators. A band structure diagram

for sjlicon is shown in Figure 1. . 4

,

~

N CONDUCTmmIBAND

Figure } - y
B ) X~ BAND GAP
Band structure diagram . ; ( )
for Si semiconductor. o N|-27VSJ7

VALENCE BAND

— &

n-Type and p-Type Semiconductor Materials

It is possible to reduce the conductivity of silicon to a
very low level and make it useful as a radiation detector. This
is done by substituting another atom in the silicon lattice with
‘ one more valence electran than sllicén. Fgr example, silicgn has

:ovalent b@nd;ng is cémplete, leavgs one eleatrén which is weakly
bound -to the phosphorus atom and may be considered to be free.

147
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&
évgry phosphorus atom adds one free éféctron in- Ehe .lattice and

: in addition reduces the number of holes present since the greater

d the number of electrons, the greater the, p:ohablllty that an
eléetran will fall from the E%nductlan band back into a hole in
thé&—valence band and hénce reduce the number of holes. Thus,
the intrinsic silicon wlich contained the same number of conduc- -
" #tion holes and electrons®™has been changed by phosphorus doging
‘to a material with a large number of conduction electrons and

few holes.. Theréfore, the conductlan of electric current Will |

__+ be prlmarlly by the electrons-. Since electrons have a negative
charge the. phosphérus -doped=gilicon is called an n- type
semiconductor- materlal =

‘ It is also go,51ble to pr@duce a Petype materlal by dop;ng
) ( silicon w1th a4 material which has one less valence electron than

gilicon. "'Boron only has three valence electrons. The éléétf@ﬂl@
“structure of boron is:(” 1s? 2s? 2pl!., Boron-doped silicon is a

-type material and current is CQndUCtEd primarily by the %Dtion
of holes. : o '

= N i ) a 7

*

p~-n Junction Diode
A detector is made by producing a p-n junction in a giﬂqlé
piecg of.silicon. Figure 2(a) shows a single crystal doped with
phosphorug, on the right ang beron on the teft. The phosphorus-
doped side has excess elect¥on charge carriers—and the boron-doped
side has excess hole charge carriers. Figure 2(b) shows the samc
crystal with an electric~yfield applied across-the crystal. The
free holes in Qpé p-type material are driven to the left while
the freer elédctrons ifn the n-type material are driven to the right
leaving a layer in‘*the center of the crystal which is depleted
\ of almost all chiarge carriers. This is called the depleted layer
which acts as an insulatpr. This depleted layer has the charac-
teristics required for a detector. An incident ionizing particle
will leave a path of electron-hole pairs %h;ch will be swept out
by the electric field and the charge LOllPéFEd will pass 1nto an’

external circuit. £ H

A silicon p-n jgprtloﬂ dotectaé is shown in Flguxe 2(c). The
n-type material is made wafer thin so that the incident ionizing
particle will lose only a minimum amount of eﬂplqy before rea&in ng
the depleted layer. ﬂyplgall¥ thESC Jayers of n-type material
will be 0.1y thick (1lp l@’J

%
fSilicon n- P junctio detéftors have been de with surface
areas up to 1 cm” and Sepsitive thicknesses or . :Fplétéﬂ layers
1 mm thick. This thickness will completely Stop a 10 MeV pfﬂtﬂﬁ'
or a 40 MeV alpha particle. ’ . -/
SR | :
= i \»‘ 2 7 Y
i¢% ’ B
: % . - £ i .
e. - 1¢; :
t
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single alpha source and a pulse generator, to determine the absolute

T . ExpéﬁlmEnt 1 o
B ! : : . e

Qliéi state Charged Partlcle
r lpha Particle Studies

4 = : -
. -
-

rijective ' ) ) T

| -

o

E arrier detectors
alpha-spectroscopy; to construct an ehergy calibration with. a

é{f To study the application of silicon surface

s

energy of an unknown alpha source.
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- T Preamplifier - Amphtier —— Bias Amplitier Ml{l-' hannel
‘ = Analyzer
Saurce Pulse Generatar 7]
Vacuum Can - 8
, ‘ Figure 3
Electronics for alpha spectroscopy with biased amplifier.
¥ i
- : L2
. 3
> E=5476 NaV
!; ﬂ FWHM 15 Kev..
11}
2 —
W
= i
2 PULSE GENERATOR
- ~FWHM 6] KaV
5.
Al
J
E=5.378 MaV
INTEMSITY x 1O E=5% 433 MaV
’ Figure 4
. _ 54 o :
Spectrum of ‘'Am taken with a surface barrier detector
O
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3. Turn on the nuclear pd&se generator and set its pulée height 4
dial to 548/1000. Most pulse generators have pulse height
dials that are ten turn potentiometers. Each turn contains
100 divisions; and, hence, full scale on the. dial represents

- 1000 divisions. It is thus convenient to express.the dial
“ettiny as the ratio of the dial setting to the full scale
setting.’ Observe where the peak “is being stored in the multi-
channel. Adjust the normalize dial until the pulser peak falls
.eéxactly in-channel C,. Theé pulse generator is now calibrated
S0 that full scale on the pulse height. dial corresponds to 10
MeV. Therefore, to generate a 6.0 MeV pulse, it .is only
necessary to set the pulse height dial to 600/1000, etc.

4. Erase the multichannel and store pulser pulses for about 20
seconds at a pulse height reading of 100/1000. Repeat for the
other valdes that are shown in Table I. Readout the multi-
channel and fill in Table I. - Turn off tHe pulse generator,
but do not disconnect (disconnecting the connector may change
the impedance and therefore the gain by a few channels).

3

=

) i Table I

Nuclear Pulse Geﬁerator Calibration Data

Accumulation Time |- Pulse Height Equivalent | Channel Number -
(approx., sec) | Dial Setting Energy (MeV) of MCA Peak
20 |+ 100/1000 |/ 1.0 )
— — =  — — —_— —_— - — = — &“iv = = ;J, — e — =
20 . 200/1000 / 2.0
20 300/1000 3.0 -
A
20 400/1000 | 4.0
40 N 500/1000 5.0
E]
20 " 600/1000 6.0 i
20 700/1000 7.0

5. Turn off the detector bias supply, let the vacuum chamber up
to air, and replace the 2“'Am source with 23lpa, Pump back
down, turn on the bias- and accumulate a spectrum. (see Filgure 5)

for a time period long enough to be able to determine the major




13
'y

g ; ‘ A
peak positions in the spectrum. Readout the multichannel and
the channel positions as indicated in Tahle 171.

5CD . i L o : - . <= s Er— e =
[ Pa-231 |- r

RELATIVE COUMNTS

o
rt
]
e}
m
L9
o
=
b
h
N
[,
)
i

' Nuclide « (MeV) Theory | Channel Number | E, Measured
- - o ' ) - (MeV)

231pg 4,72

“dlpa 7 4.94 T

<3lpa 5.01

;23Rai 2:37’T” 5.71

-1 %Rn 6.80

-13po 7.36
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source wi
riod which is
source. Figure

P
oot

h _?39Th 3hd accumulate a spectrym
sufficient to show the pronounced
6 shows a typical spectrum from
1t, determine the channel numbers

COUNTS/CHANNEL {RELATIVE)

230TH SAMPLE

; ' \ 230Th(8.0 X 10%y)
a

FWHM-
22 KeV
E,=4.614MeV

|

\

Pulse height spe

RELATIVE CHANNEL NUMBER

Fig

—

ire

trum

L]

6

of 2:‘C{Th with decay scheme.
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COUNTS/CHANNEL (RELATIVE)

Obtain an unknawﬁ alpha emitting source fr@m’£E§ iﬁstru;tér,
source w1th thlS unkﬁawn -and- aﬂcumulate a

replace the <30rh
spectrum as in Procedure 6.
Figure 7 shows a spectrum of

used as an unkﬂDWﬁ

E,, = 4.768 MeV :
.
FWHM -
25.5 KeV
E,=4.711 MEV-\ *
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Optional (the use of the bias amplifier in alpha spectroscopy) .
Set up the electronics as shown in Figure 8. Place the 23lpa

e ]

source in'the vacuum chamber, pump down, and turn on the detec-

tor bias voltage. Turn on the pulse generator and set its
pulse -height dial to 450/1000. Set the gain of the bias
amplifier at 1 and the bias level control ‘on+#the bias ampli-
fier at 0/1000. Turn on the multichannel and visually observe
the position of the pulser peak? - It should be about mid-scale
as itewas in Procedure 3. Now, raise the bias level on the
amplifier while visually observing the position of the peak

on the multichannel. Continue raising this bias level until
the pulser peak is being stored in the first few channels.

We have now biased out all nuclear pulses below 4.5 MeV. Set
the pulse generator for an 8 MeV output pulse (800/1000) and
observe where the pulse is being stored in the last few
channels of the analyzer. The multichannel is now calibrated
from 4.5 MeV to 8.0 Mev.

Bias Supply

Vil .

Muttichannel
Analyzer

Amphitier — Bias A,ﬁ"l[’]\[fié:i

Alpha Souice

Vacuum Can

—

Erase the multichannel and store the 8" Mev pulse for about 20
seconds. ‘Set ‘the pulser at 7.5 MeV and store for 20 sec
Continue for the other values in Table III. Readout t
analyzer and fill in the vafmes. Note, the peak at 70
was stored for 40 seconds ®ather than 20 seconds. The
for this is so that it can be recognized on the readout. In
other words, if You get mixed up in which peak 1s which, the

© 7 Mev point will help you since it has twice the counts of

the other peaks.

Turn off the pulse generator, erase the multichannel and store
a ?23lpa spectrum for a long enough period to obtain good
statistics in the pronounced pPeaks listed in Table ITI.

Readout the multichannel. i

E-3

E

o
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Table III

Calibration with a Nuclear Pulse Generator
and a Bias Amplifier

Accumulate Time | Pulse-Height Equivalent Channel Number
(approx., sec) Dial Setting Energy (MeV) ) of Peak

N 5 T - I

20 : 800/1000 : 8.0

20 750/1000 7.5"

40 700/1000 7.0 . -

20 650,/1000 6.5

20 600,/1000 6.0

20 ' 550/1000 . 5.5 !{

40 ©500/1000 5.0

Data Reduction

Exercise (a) -

From the data collected in Table I, plot éfcalibfatian curve
of energy vs channel number. Figure 9 shows a typical calibration
curve that was plotted for similar data. Determine the slope of
the calibration curve. From the slope and the ““!Am spectrum
collected in Procedure 3 determine the resolution of the alpha
group. Resolution is given by:

(FWHM) (Slope of Calibration

]

urve) -

L

R

where the FWHM is the full width at half maximum of the alpha peak.
In other words, it is the width in channels of the peak at half of
its height. ' ‘

— B

* 7

;“F‘ ’

Exercise (b)

. From the calibration c¢urve and the readout of the 23lpa
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Slope = 9.2 KeV/Ch
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100

Figure 10

nuclear isomers?

I

Define a curie.
An alpha
reaction equation of the type,
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i [
Evaluate the disintegration ener 9¥y Qu, in terms of the kihetic
energy .of the alpha partlula, E,4 using the principles of ¢
conservation of energy and momenttim. ‘Assume that the parEﬂtg ;fiﬁ
-nucleus is 'at rest initially..

a

LY

1.4 wWhat areAnuil ear isobars? . h

1.5 Determine thé ngmber of alpha ﬁartlclﬁg per setond emitted by‘
5 mg Df radium~and express this number ;n\mllllcurlési »
A

1.6 - Determine the amount of 210pg necessary to9provide aeE‘mgéf* 2
source of alpha particles. T L L

Computer Programs

) The program GAUSS-6 can be used to find the centroids of all
the peaks, and for the two cal ibration curves the slope can be
found from LINEAR-6. Both of these programs are listed in the
Appendix. :

)]

Additional Reference . J ' , 5

ms, R. J Scruggsf L. S. Anthony, Am.

l. J. L. Duggan, W. D. Ad ; 3
o 35, p. 631 (1967).

am
Journal of Ehys;cs 1.

2. H. L. Anderson, "Alpha Particle %?izknesg Gauge .Using a Solid
State Detector,™” Nuclear Instr. and Methods, Vol. 12, p. 11
(1961) . - ' ' '

Brill, H. E. Wegner "Response of Semiconductor Detectors

3. H. C.
to Fission Fragments," Review of Scientific Instruments, Vol. 34,
p. 274 (1963).

4. D. A. Bromley, "Nuclear Experimentation with Semicon nductor
Detectors," IRE Trans. in Nuclear Sc la@:e, NS5=9(3), p. 135
(1962) . .




F : Y B ¢

i
Expérimént 2 £y
. ‘ ?ﬁewgtudy79ffﬁrand:L Shéiiﬁgigdinglgnergieg 4 -
Db'ectlve T ; ‘ L \

To fsmlllarlze .the gtudénﬁﬁW1th the use of solid state surface
barrier 'detectors foﬁ;§onvere;on electron spectroscopy, to measure
conver51ﬁn electron Spectra and thus determlne the K and L shell
blndlng energies Of/ 207pb "and_1131n .

Rt
£

Ra ay Spectrgscopy,

C _and Gamma-R
5. 1 and-z, Nalth Hglland Pu@ 1shing Co., Amsterdam, 1965

2. G, Dearnaley and D. C. Northrop, Semiconductor Counters far
Nuclea;ﬁRgdlaE}oﬁs, 2nd edition, Wiley, New York, 1966.
.,
3. J. M. Taylor, Semiconductar Partlcle Detectors, Butterworths,
Washington, 1963. ) ;9

4. ORTEC Instruction Méﬁuéigtur Surface Barrier Detectgrs and the
bibliography at the end of the manual which contains 157
references, available from DRTEC Inc., 100 Midland Road,

Oak Ridge, TN 37830. ’

Detectors, available from Government I rinting Office, Naticnal
Academy of Sciences, Washlngtoni 1969.

5. J. M. McKenzie, Index to the thérature of bemlconductor

J. M. Hollander, and T. Perlman, Table of
i iley, New York, 1967, o
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Introduc®on »

Many radiafctive‘igatgpes that are used in chemical and medical
alled internal conversion. In the :
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E_- =renerqgy of the. conversion electron &nd

=
v
]

the binding energy of the K electron.

The values of Kab are listed in the back of this manual (Critical
AAbsargtlén and Em1551on Energles)

Iﬁ the conversion process occurs w;th an L electron, then the
energy of” the cénvers;an electron 15 given by :
#

T > _ / . f =
- ' e Ex __Lab {2) '
, : , . _
Far many nuclel the quantlty Ex'ls well known; and, hence,
Equatlons (1) and (2) can be used to determine the K- and L-shell
. binding energies of the daughter nucleus. If E Ey is not known,
‘then it can usually be determined by measurlng the gamma-ray energy
asseciated with the decay. For examgle, 137 Cs decays by bata
" emission to the 662 keV. level in Ba , which then decays by gamma-ray
emission or internal conversion. Hence, for a 137cs source,
one would see 662 keV gammas and K-internal conversion electrons
whose energy-are 662 keV minus Kab for 137Ba (662 keV-36 keV=626 keV).

ey
H

Radioactive sources for internal conversion measurements
should be specially prepared for this applléatién. The source
.should be thin and c@vered with a thin piece of Mylar.

"~ Equipment

1. Radioactive Sources fér Internal C@nV:rS;Gn Measurements as
follows: _

m

a) 5 uci 137¢cs
b) 5 pci 297Bi ‘ . _
c) 10 pCi '!'3sn ¢ .

2. Surface Barrier Detector: thickness (1000 microns), area (50
mm?), resolution (15 KeV for betas)

-
®

3. High Resolution Pre-a mplifier
4. Spectroscopy Amplifier
5. 'Simple Vacuum Can in Which to Make the Measurements

6. Solid State Detector Bias Suonlv
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8.

9 =

~Oscilloscope

Multichannel Analyzer (+400 channels)

Procedure - e

1,

Set up the electronics as shown in Fléﬁié 1. Place the !37Cs
source ‘in the vacuum can and pump the system down until the
mechanical pump is quiet. Adgust the blas valtage to the value
reccﬁhended for the detector. Set the gain of the amg

*

Bim Supply
LY
— - . Amglifiar i Amplifiar - Multicha
Frosmplifos A g et Bim Amglie Anstyzer
— - — — v
Beta Souirce S— Figure 1
Electronics for conversion

Vacaum Can electron spectra.

positions for the indicated groups.

3

so that the output pulses from the 1!37Cs conversion line fall
approximately mid-scale on the multichannel analyzer. (See
Figure 2.) Accumulate a spectrum for a time period long
enough to determine the centroid of the 624 keV group.
this channel Cg.

Call

Turn on the pulse generator and adjugt the pulsé h21ght dlal
to 624/1000. This correspgnds tO}E 24 turns.
pulse generators have pulse height dials that are ten tu:n
potentiometers. Adjust the .normalize . dial on the pulse gene-

rator until the pulser peak is being stored in the multichannel
analyzer at exactly channel C,. The pulser is now calibrated for
1000 keV full scale. Clear the multichannel and store pulser peaks
for about 20 seconds each for the pulse height values shown in
Table I. Readout the multichannel analyzer and record the chann
The system is now.

el

calibrated.



liﬁ@;‘

;
i i

& .

- _ - 4

- ! - - o e

e

= } ;
& A R
~
¥

7,500

COUNTS
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8.4 keV
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- Conversion electron spectrum from a

150 200
CHANNEL NUMBER

Figure 2

250

137cs source.

|
Table I !
Pulse Generator Calibratién
Pulse Height Energy (keV) Channel No.

1000/1000 1000
800/1000 800 )
600/1000 600 ‘
400/1000 . 400 ) .
200/1000 200

and replace it with a
the bias voltage.

Turn the bias vcltagé down to zero, remove the

207Bi source.

A;Eumulate a soactrmim far

137¢cg source

Pump back down and adjust
207o:

Frmn= = & F s
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CALIBRATION CURVE | 1 FWH M =16.3 kaV. é
vy T TN .
= —5% — - Ll 05 %
A80 eV * x
FWHM =16.3 keV .5
' =7 J o047
noan& ss;}?ffssx —- f_L,TW‘__,x,_ —|—MvHo.25
@ 554 ; ;;
ssfsg . 7 7 | o J ;
0. 50 100 150200 250 300 350 -

Conversion electron spectra for a 2°7Bi. source.

4. Remove the ?07Bji source and replace it with the 1135n source.
Accumulate a spectrum for a long enough time -to get good statis-
tics in the L conversion electron group. Readout the multichannel.
Figure 4 zhows a spectrum that was taken for a 1!3sn source.

Data Reduction

Exercise (a)

From the information recorded in Table I, plot a calibration
curve energy versus channel number. An example of such a plot is
. shown as the straight line in Figure 3. The ordinate is labeled as
energy on the right hand axis. The.slope of -the calibration was
2.71 keV/ch for that amplifier gain settlng. Determine the slope
of your calibration curve. . -

Exercise  (b) ‘ ——
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PR T N = éf—.‘{h ,
{ : - -
2000 — —
e | 5n 9 d) -
= .. 1500 _ . S ; Ec |
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coT 363 b o £o.302
_;g . L L 't
§ SFWHM =135 kv — :
1000} - - — — -
%
S N — 7387 v — —
I
_J FWHM =13.9 keV
QL S 1 *«777:m;l -
5 0 %0 100 200 250 300
CHANNEL NUMBER
Figure 4
Conversion electron spectra for a 113gp é@usgé_ ?
5 . £
J ’

Resolution = (FWHM) (Slope of calibration curve)
and the FWHM is the number of channels across the half h31ght of

the peak.

Exercise (c) _
From the calibration curve and the readouts taken for
and !13sn, fill in Table II. .

207mi

" Exercise (d)
From Equations (1) and (2) and the data in Table II, caldulate
the K-and L-binding enérgles for 1131n and 207ph . In doing this

£ = 113+ [P, N N T I
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Table IL
Source Cbnvefsien Line iﬁév) . .. Measured Energy
o ) L ) o B (kev)

#07Bi A 1047

207pi 554

207Ei 489

11353‘ 387

113sn 363 5

Exercise (é)

Calculate the d;fférence in binding energy between the K
and L shell for kl 3In assuming that you don't know the energy

of excitation E (Hint: write out Equations (1) and (2) and
determine what gas been. experimentally determlﬁed ) Repeat for
the two. pairs ~f conversion electrons for 7Pb . '

Exercise (f).

The ratio of conversions to the K and 'L shell for a given
nucleus can be determined simply by summing under these various
groups. and then taking the ratio of the sums. Find these ratios

for all the conversion spectra that were measured.
\\&
Post-Test
2.1 - 137Cs decays by beta decay to the 0.662 MeV level of 137Ba
. which decays by gamma-ray emission or electron conversion.
" What are the kinetic energies of the K-and L-shell conversion
electrons? .

2.2 The 1062 keV gamma rays from 207Bi are incident upon a piece
of uranium. What is the kinetic energy of the ejected K-shell

electrons?

L0

Computer E:Qgrams




. pe eaks’ LINEAR‘E can be used to obtain a least
e al;bratlen:détanln Table I. I T

2ar Radiation Detection, 2nd edition, McGraw.

2, Réd;@lcglgal Heal th Handbook, U. S. Department of Health,
Educatlcn; and Welfare, PHS Publlcatlan, 2016, Wash;ngtan,

1970.

3. G. Dearnaley and A. B_ Whltehead "The Semiconductor Surface
Barrier Detector for Nuclear Particle Detection,"” Nuclear
In Struments and Methads, Vol. 12, p. 205, 196l.

4. R. S8, Bender, I. R. Williams and K. 8. Toth, "Apparatus for
Measuring Spectra of Radioisotopés with Half-Lives of From
1l Sec to 1 Milli-second," Nuclear InstrumEﬁts and Methods,

No. 40, VDl 2, p. 241, -
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An Alpha Pa:ti%lgjTimeﬁqfaF;ighﬁfEipérimenE

Objective

. . To familiarize the student with "state-of-the-art" nuclear
timing apparatus by measuring the flight time of .an alpha particle
over a given path length, N .

Reference

f
a}
|

1. G. Dearnaley and D. C. Nbrthrdpi Seémiconductor Counters for
- Nuclear Radiations,. 2nd edition, Wiley, New York;, 1966.

2. J. M. Taylor, Semiconductor Particle Detectors, Butterworths,
Washingtoen, 1963. ' — — s "

Tk

3. F. s, Goulding, "Aﬁgu:vey of the Applications and Limitations
of Various Types'of Detectors in;Radiation Energy Measurement, ™
t e - LEEE Trans. Nucl. Sci., NS-11(3), 177 (June 1964). . )
e = ans e 13

e

4. G. Deafnaléy, "Nuclear Eaéiatign Detection by Solid State

' Devices," J. Sci. Instr. 43, 869, 1966. '

" J. M. ‘McKenzie, {Index to the Litera } d
fficé;'Nati'nil,gcadémy of

Detectors, Government Printing O
_ Sciences, Washington, 1969.

ature of Semiconductor
o

Introduction
Fors

In this manual there are several experiments that use silicon
surface barrier detectors in a rather straight forward manner to
e

study alpha particles, conversion lectrons, or beta particles.

[¥I]

. The recent advent of the thin transmission surface barrier
detector makes other experiments, as well as the one described
herein, possible. The transmission detector is a totally depleted
device which will give an output pulse whose magnitude is propor-
‘tional to the enkrgy deposited in the detector by the charged )
particle being studied. For example, if a 7.36 MeV alpha ggrticlé
goes through a transmission detector which is 26 microns fhick, it
will lose energy (AE) of approximately 3.61 MeV.  Hence, the
energy of the 7.36 MeV alpha will be reduced by the specific
energy loss (dE/dx) in silicon of 3.61 MeV. The alpha particle
which then emegges from the back of the AE detector will have an
energy of 7.36 MeV minus 3.61 MeV or 3.75 MeV. :




b
[ 48]
Lad

, s sion ector AE) to ancther detector whlch we w11;
call the (E) detector. The phys cal af:angement for this

experiment is 'shown in Figure l.
¥
Vacuum Pump
The Main Vacuum Tube - I' ’ )
-is 2" Aluminum Tubing Jl,,
T AE-. )
. CT 1. Detector N
‘ T a < : . '
T Source| | B - ‘ . J
i ol S e = B —— — — = To s AT
o ¥ o - = 7 ”iéFézé} To E Pre Amp
= o f — ‘ " ;..
S : E Detector (Movable) o ‘ - .
3 o v -
"°  To AE Pre Amp
1
= _ .-ﬁ
Figure 1 .
4 angement for alpha particle time-of-flight experiment.

& -

1. Vacuum Chamber (see Figure 1)

2. AE Surface Barrier Detector: area (50 mm2)/, thickness (26
microns or less), resolution (20 keV), tramsmission mounted

3. E Surface Barrier Detector: area (100 mm?), thickness (100

r
microns), resolution (25 keV)
4. Detector Bias Supplies for the Two Detectors

5. Nuclear Pulse Generator

6. Two Electronic Time Pick-off Units and Controls —
, ’ ) h

7, Two High Resolution Pre-amps for the Detectors N
. : : i

8. Two Spectroscopy Amplifiers
9. 50 Ohm Delay B@x (0-50 nsec)
10. Time-to-Pulse-Height Converter

11. Sum Delay.Amplifier

12. Multichannel Analyzer (“400 channels)
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Procedure
e e Y

1. Set up the electronics as shown in Figure 2. The time pick-off
unit derives a signal from the detector which is fed into the
time-to-pulse-height converter (TPHC). The TPHC tan.be con-
sidered as an electroni¢:clock. It produdes an output pulse
whose magnitude is proportional to the difference in time
between its start and the stop pulse. Simply speaking, what
is done in the experiment is: sgtart the TPHC with the AE pulse
and stop it with the E detector pulse. The TPHC thus measures.
‘the flight time of the alpha particles between the two detectors.
‘The output of the TPHC is amplified. and fed into a multichannel
analyzer. Before ‘the alpha particle measurement is made, it is
necessary to calibrate the TPHC. This is done with the nuclear
pulse generator. Feed its output-.simultaneously into both the
AE and. E time pick-=off unit inputs. Set the delay shown in
Figure 2 at 5 nanoseconds and determine the position of the
peak in the multichannel analyzer. (MCA). Repeat for the other
values of delay shown in Table I and fill in the peak channel
positions for each delay. After this measurement has been
completed, set the delay back to zero.

=

Tablé I

_Deday Versus Pulse Height Data

ﬁ%#ay n %éc, 7 Ee%£ éhaﬁnel Ecsitian )
) | 5
g 10
; 15 . 7 7
o 20
| 25 -
30

2. Place the AE and E detectors about 2 em agart (1.65 cm was
used in the data that will be .shown). Pump the system down

' and apply the recommended bias voltage for each detector.
Accumulate a spectrum for a time period long enough to get
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CQUNTS PER CHANNEL

{Change the fllght path between the twc detectcrs to 10 em agﬁ
collect a sgectrum in ‘the MCA. Repeat for 15, 20, and 25 cm.

Figure 3 shaws A ¢gomposite spectra that were taken for our
example.

6 11.2
~ hsec nsec

V.65 enl N
200 —1 - RIS Y N e - § I U - §
PULSER _RESOLUTION 1
LESS THAN 0.5 nsec B ) Xy /
10 _cm [25.2 cm
160 - : - :
120p—— — — - -
DELAY vs PULSE HEIGHT
| ) ) SLOPE = 0.427 nsec/CHANNEL

N

N
|

L
=]
————

I
|

[

1
|

4

Figure 3
Time-to-pulse-height converter, output pulses for
alpha particle time-of-flight experiment.

MCA from the sum amplifier. Since alpha‘:particles lose part

‘Return the flight path to 2 cm and collect a spectrum in the

- of their energy in the AE detector and the rest in the E

detector, the sum of thesé two detectors ‘should show the
entire alpha part;gle spectrum. Figure 4 shows a typlcal
sum spectrum for 231pa , F;gure 5 shows just the E spectrum

This is obtained by disconnecting the AE input.

/139
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Figure 4

Sum spectrum (E + AE) for 231pg.

Data Reduction - .

In this experiment the time of flight of the highest energy
group in 43lpa jis being measured. The other groups were biased
out with a threshold discriminator on the time pick-off control.
These 7.36 MeV alphas leave the AE detector with an energy of
“3.75 MeV. An alpha of this energy has =a reciprocal velocity
of 75 nsec/meter. A flight path of 10 cm would give a time
difference of 7.5 nsec which is quite easy to measure with ~
.the TPHC. - :

Kl

Exercise (a) <

From the data collected in Table I plot a delay versus pulse
height curve. This plot should be a straight line. ' The slope of
* the line in nsec/channel gives us a measure of our time reso-

lution. Determine the slobe from venr data Tha ctwraimht Tima

.
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. 1080 1 N N - o . . . . '.;"_r
oo C 2,23 a7y I
’ a7 ' MeV . MeVY [ .
. RISOLUTION 300 KeV

COUNTS PER CHANNEL

A Y —— _— ) . 120 ) 160

CHANNIEL NO.

™

Figure 5

Pulse height spectrum from the (E)'det§c£ar.

‘Exorcise (b)

R The time resolution of a peak is determined by multiplying
the slope of the calibration. durve times the FWHM of the peak.. :
Determine the time resolution for the -peaks in Table T. . .
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(
The first alpha time-of-flight path length was 2 cm, the _
second was made for 10 cm. The path difference (Ad) between the
two runs was therefore 8 cm. Determine the difference in the
channel position of the peak for these two runs. Call this

number AC. Obtain the corresponding At by the following:

)

L‘"J

ercise

m
9]

1) At = (AC) (slope of the calibration curve)

Determine the reciprocal velocity of the alpha group as follows:

- 2) 1/v = At/Ad

The accepled value for the group was 75 nsec/m. Determine
this value for the other path length differences used in the K
experiment. From all of the data taken, calculate an average
reciprocal velocity.

Post-Test R

—_—— A

3.1 Derive an expression for the flight time of an alpha particle
in nsec in terms of its kinetic energy and distance of travel.

GAUSS-—S can be used to find the centroids for the time
callbxatl of the multichannel. LINEAR- 6 can be-used to fit
the time Caliblatiﬁn data and accurately establish ‘the slope of

L

the curve which is very important for this experiment.

1. J. W. T. Dabbs and F. J. Walter, "Semiconduc
O " National Academy of Sciences-Nation
ication 871, Washington, D. C., 1961.

2. Hans Bichsel, Phys. Rev. 112, 1089, 1958.

3. Ward whaling, Handbuch der Physik, 34,
5. Flugge (Springer-verlag, Berlin: 19

4. J. B. Marion, 1960 NUElEi Data Tables, Part 3, Nuclear Reaction
Graphs, Superintendent of Documents, U. S. Government Printing
Office, Washington, D. C.

5. R. L. Chasc, Nuclear Pulse spectrometry, McGraw-Hill, 173, 1961.
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7. J. H. Neiler and W. M. Good, Fast Neutron Physics, J Marion
and J. Fowler, editors, Interscience, 1960.

8. M. Bonitz, Nuclear Instr. 7§néirﬂath§d§,— 22, 238, 1963.
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substituting

:ﬂm
[l L]
I

and

fic =

s
!

2.1

2.2

the fine structure constant, a =

L

197.32 Maﬁ - fermis

4

(Ef%g)féééiéT’ 157 (197.32 MeV - fermis)

8.76 Mev

An electron volt is the kinetic energy acquired by an ,electron
which is subjected to a potential difference of 1.0 volt,

kev = 103 ev

b Y

106 ev

leV

109 ev

Get

Post-Test Answers

1.1

Different energy states of the same nucleus. An isomeric
state differs from an ordinary excited state of a nucleus
in that it .lasts for a measurable time.

A curie is a 'rate of decay and is equal to 3.7 x 10!0 dis-
integrations per second. It was originally based on the
rate of decay of a gram of radium.

éy the conservation of momentum, if an alpha particle is
emitted of mass M and velocity V, the residual atom of mass
M2 will recoil with _a velocity V2.

M2y?2

Mv

i
]

‘eleased and equals

Lo
=
i}
t
jo
[
t+
\):"
t
o
=
m
pu
]
H
g
<

H

e
Q. = 4M2(v2)?2 + XMy?

where ¥MV- is the kinetic energy of the a particle, E,.

Eliminating V2 from the above equations and substituting

E, for the a particle energy gives



‘have an

To a very close approximation we can replace the ratio of
the masses by the ratio of mass numbers

M 4
and the disintegration
Q " By a =7 -

Nuclei which have the same mass number, A, but different
atomic numbers, Z, are called isobars. Isobars are commonly
produced in beta decay. :

ond

bl

3.7 = 10'9 alpha particles per se

radium produces _
an activity of 1 curie by definition.
5 mg ' Ny

T000 mg ~ 3.7 % 1010 disintegrations per second

1 gm of
and has

per second

il

1.85 x 10% disintegrations

of radium has an activity of 1 curié, 5 mg would

If 1 gm
activity of 5 millicuries.

A 3mCi source has an activity of 3 x 1073 x (3,7 x 10=10)
or 11.1 x 107 disintegrations per second. The number of
atoms of a radioactive isotope, dN, that will decay in a
small interval of time, dt, is equal to the number of atoms
present times the decay constant of the material:

¥

AN dt .

il

=dN

5]
yoF
2

where dN/dt is the activity of the sample and

WQ
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= [138’4 days| (86,400 seconds}. (11.1 x. 10’ disintegrations
0.693 days =
= 1,92 x 10!'* atoms n

The number of gm of 2!%Po can be determined from the following
expression: . :

m{gm) = N %E

A

3

.
]

H,
m
o
w_l
iy

the atomic weight of 210po and N, is Avogadro's

- m
: (210 —= —)
m= (1.92 x 10!% atoms) — gm éﬁ*WEéggﬁs
1y 10623 ==
(6.024 x 1027 —== e

]
M
]
WO

.
'_J\
Lo

I
il

or

m= 0.067 ng
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> keV - 5.6 keV

1l
Loy
Leg]
=
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il
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o
fe]

kev

K 1062 keV - Kab

jeal
]

= 1062 keV = 115.6 keV
’ 5
= 946 keV

The kinetic energy of an alpha particle is given b}:
:

E = kmv?

Rewriting, one obtains
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Multiplying both numerator and denominator by the speed of

light, ¢,

to 3725 Mev.

where t is in nsec, d

2

1}
Bl 1.
o

1
0.3 m/nsec
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" MODULE THREE

NEUTRON ACTIVATION ANALYSIS

b -
A Module on Neutron Activation Analysis
- Using Fast and Slow Neutron Sources

INTRODUCTION

Since then it has become a very powerful technique for both
qualitative and quantitativé el

Neutron activation analysis was bequn in the late 1930's.
lemental identification.

Basically, a sample is irradiated by neutrons and becomes
radioactive. By mecasuring the beta?, gamma rays produced, and
the half lives of the components of the sample, the elemental
composition and their concentrations may be determined.

Neutron activation is normally produced by means of natural
radioactive sources, research reactors or neutron generators.

It is aboutalO times more sensitive than other techniques
of analysis such as mass spectroscopy and is comparable in
sensitivity to X-ray fluorescence for some elements. For this
reason, activation analysis is used extensively in such fields
as geology, medicine, chemistry, metallurgy, and the petroleum

industry.’

This module consists of three experiments which-may be per-
formed by the student. The first experiment explores the use
of thermal neutrons from radioactive sources for activation
analysis. The second experiment investigates the use of fast
neutron fluxes from an accelerator or radioactive sources.
Identification of an unknown by neutron activation techniques
is the subject of the third experiment.

Foliowing this introduction are the objectives for the module,
a list of prerequisites which the student should have before attempt-
ing this module, and a theoretical section which discusses some of
the basic concepts of radioactive decay. -

OBJECTIVES

i)

To familiarize the student with the technigues used in neutron
activation analysis; to measure the flux from fast and slow neutron
sources; and to determine the. qualitative and quantitative aspects
of an unknown sample by neutron activation analysis. J
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PROBLEMS

1. Characteristics of Electromagnetic Radiation:

a) Relationship between wavelength, frequency, and velocity.
b) Relationship between energy and frequency of radiation;
Planck's constant. :

1.1 If the emission spectrum of Nal has a maximum at 4100 angstroms,
what frequency does. this correspond to?

What is the eﬁérgy of the radiation in electron volts corres-
ponding to this maximum in the emission spectrum?

s
%]

Electron Volt (eV), keV, MeV:

[x%]
-

How is the electron volt defined?

[£%]
-]

2.2 How is the eV related to the kev, MeV, GgV?

Interaction 38f Electromagnetic Radiation with Matter:
k3

o
Ld
M

a) Photoelectric effect
b) Compton effect
c) Pair-production process

3.1 What is the maximum kinetlc energy of an electron ejected
from the surface of a metal if the work required to free
the electron from the surface is 6 eV and ultraviolet light

of wavelength 150 A is used to illuminate the surface?

3.2 Would the 1013 keV gamma ray from %’Al have a very large
probability of interacting in a Nal detector by means of
the a) pair-production process?, b) photoelectric effect?,
or c¢) Compton eftect?

THEORY

Gamma-Ray Scintillation Detector

Gamma radiation is detected in the scintillation phosphor by
means of three processes: the photoelectric effect, the Compton
effect, and electron-positron pair production. The scintillation
phosphor converts ,the energy deposited in the detector by the
incident ionizing radiation into light emission. The emitted

‘}ight is allowed to impinde nWpoan a caneitiive mharmamarhada F -




b

The most desirable characteristics of a luminescent material
are 1) a higher density for greater absorption of gamma rays,
2) increcased pulse height for detection of low energy interac-—
tions, and 3)J short decay times for fast counting and fast timing
applications. Nal is ‘the most commonly used inorganic scintilla-
tion phosphor primarily because of its large light output per unit
energy deposited. Because of its extensive use, calculated effi-
ciencies of NaI crystals are readily available (see fof example,
"Calculated Efficiencies of NaT Crystals" by E. A. Wolicki,
R. Jastrow, and F. Brooks, NRL Report 4833). ,

e

The rate of decay o
a particular material.

in a time interval, d
at the time, t, times

sotope is a constant for
s, dN, which will deca
of atoms, N, present
the material.

z

®
alagle?

o)

Integrating, one obtain

0]

is the number of atoms present at time t = 0. The number
, esent at any given time decreas onentially i
ms are produced.

1 of a certain time interval, called the half-1ife
- “1ve element, half of the atoms will have decayed.
1terval may be determined by setting N = Ng/2 and

I

e
r
il
=
3
[

r+
i
I
|
B ' ‘m‘
0
T

and 1is just the reciprocal of the decay constant.
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More convenient submultiples of the curie

of a gram of radium, 7 7 :
10”3 curie) and the microcurie

are the millicurie (1 mCi
(1 uCi= 10-% curie).

e
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Experiment 1 N )
N _
The Study of Thermal Neutrons by Activation Techniques

Objective

To accurately measure the thermal flux of neutrons from an
isotopic neutron source o ] source; to study the parameters
associated with the buildup anc decay of radiocactivity; to measure
the . thermal neutron cross section of an isotope. ‘

(g
o

.. K. Curtiss, Intr@ducti@n;ggrNeqtr@nmEhySisg, D. Van Nostrand

L
Co., Inc., New York, 1950.

uide to Activation Analysis, D. Van Nostrand Co.,
New York, 1964. ' ' -

2. W. S. Lyon, A Gu
N

O} Cu

tivatiof Analysis®-

J. A. Lgﬁlhéﬁ and S. J. Thomson, editors, A
Principles and Applications, Academic Pre 1

, . Lederer, J. M. Hollander, and I. Perlman, Table offthe
Isotopes, 6th edition, Wiley, New York, 1967.

Introduction

In this experiment we are going to study a subject which very
broadly fits the name activation analysis. If a sample is intro-
duced into a region where there is a thermal neutron flux (n/cm?-sec),
the sample could absorb neutrons and become radioactive. The most
pronounced absorption process for thermal neutrons is the so-called
(n,y) reaction. Essentially what happens to an atom A, is the
following: it absorbs a thermal neutron and then finds itself
guite unstable, “esultant radioactive nucleus promptly emits
a gamma and is sti radiocactive. From a nuclear equation notation
the following happens:
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by beta emission promptly fo. n
measurements made on A,* can either be made with a GM c
for the betas, or a gamma scintillation counter. In this
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The yield from an activation is

- omZ¢as

Ay W (2)

where )
A, = initial disintegrations/second of the whole element in
the sample when the irradiation stops, i.e., at T = 0.

¢ = isotopic cross section for the reaction (cm?)

m = mass of the target element (gms).

B3
I
>
<
@]

g
fu
(o
(2]
\O‘

3
)
g‘
1]
|-1

1]

6.02 x 1023 molecules/mole.

neutron flux (neuts/cm?-sec).

=
|

fraction of target isotope in the target element,.

m‘
1l

>
]

atomic weight, and
S = saturation factor = (1 - e ).

where

e
i

decay constant = O_ESB/T% and T% is the half life of
the isotope b

I

t

) time of irradiation, same units as T%g

The activation relation requires that Ap, the initial disintegra-
tion rate of the activated sample, be obtained. The sample activity
is decaying during the period of measurement, and hence A; must
generally be computed from the measurements. Moreover, a waiting
period is frequently necessary because of the presence of unwanted,
short-lived activity. If a sample is irradiated and then carried

to a detector, some of the activity was lost in this process, Let's
call T = 0 the time that we terminate the irradiation, T, the
transfer time, and T, the counting period plus T;. T, is the
counting time period plus T; since it really is the total clock
time after T = 0. Therefore, T, = T)- and counting time (same units
of time). Then the number of disintegrations during the counting
period is given by: :

-
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N
e,
wi

(Z=8) o

Ng = EFy
. . {
where s
: € is the measured peak efficiency of the detector and : i

Fy is ghe fraction of gammas per decay. Values of Fy can be
obtained from Reference 4. .

Now all of the quantities in Egs (3) and (4) are known except Ng. ;
Hence, Ny, the initial number of radiodctive atoms is given by:

4
, (Z-8) 1 '
No ='o%y =T =77, (5)
hFY(& ATlgefkTg)

but

AQ = AND (6)
therefore, Ay, the initial number of disintegrations per second
is experimentally determined and can be plugged back into Eq (2)
as a known quantlty

Theréforé, ;f we take a known sample and 1rradlate it for -a
given length of time and count for a known time, we can experi-
mentally determine ¢, the neutron flux associated with the source
and irradiating facility.
I
1. Slow Ngutron Source and Irradiator Facility
2. NaI Detector and Photomultiplier Tube X\Ldfsxf-
3. High Voltage Power Supply
4., Pre-amplifier . .
5. Spectroscoppy ,”pllfler -
6, Multichaniel Analyzer (~200 égannel )
7. Aluminum and Vanadium Samples to be “Irradiated (~0.2 gms each
depending on flux) p .

¢ L o

8. Calibration Sources as follows: 3 uCi !'47cs, 5 pci. “!cr, 5 uci * co

[=] TInlrmmism MrAmase Camdbd s O a1 -




Prgceduge

1. Set up the electronics as shown in Figure 1. Adjust the high
voltage to the value recommended by the manufacturer. Set
the gain of the amplifier so that the calibration range will
allow you to measure 2 MeV full scale. Make an ener versus
channel number calibration with 6%Co, 137cs, and Slcr.,

Source

*

Analyzer

NaI_Detectar

i

A

HV Power
Supply

Figure 1

Electronics for Gamma Scintillation Spectrometry

2. Place an aluminum sample in the irradiator and irradiate it

for 5 minutes. Terminate the activation and place the sample

in the counting position. Wait an additional 1 minute- from ter-
mination and then count for 2 minutes. From our definitions

in the introduction:

t = 5 minutes
Ty = 1 minute

L

3 minutes

Ty

4 - ’ P =
Figure 2 shows a typical spectrum that was collected under
conditions similar to those just outlined. The cross section
for the 27al(n,v)28Al1 reaction is 0.210 barns.

3. Activate the sample of vanadium and count it, using the following
parameters: t = 5 minutes, T; = 1 minute, T, = 6 minutes. Read-
out the multichannel analyzer. Note the counting time with the
multichannel analyzer is 5 miriutes since T, = T) + counting time.
Figure 3 shows a vanadium spectrum. The cross.section of the
>1¥(n,y) 52V reaction is 5.0 barns.

¥




o - Vanadium Oxide Monitor
T Irradiated 300 Sec

it | G 20 |
Irradioted 300 Sae o (Flxlaxio’ey o, | \

RSl I pal e

Flux 1.4 x10 Yemlsoel  KeV LN S I

I3 Nl

Bh) 3.3 Min

B (100%)

780 Kev

OO TS ACHAMMEL
3 3
COUM T S ACHAMME L

‘.
= , -
- . !, -'!-'
L B
£ e
- P
s i

CHANNEL. NUMBER

. CHANNEL. NUMBER
Figure 2 ,
Thermal neutron activation spectrum of %Al ~ Pigure 3

Thermal neutron activation spectrum of 5oV,

1:) s | | 1?3
Q '
ERIC |

Full Tt Provided by ERIC.
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4. The instructor will supply you with ‘a known mass. of one .of the
elements listed in Table I. The object of this experiment is
to find the thermal neutron cross-section for the sample.
Check Table I and see if your calibration range is such that
the sample can be counted (most of the samples in the table
fall in this category).. With the proper calibration range,
‘activate the sample for approximately one of its half lives,
wait one minute and store a spectrum for a long enough period
of time to get reasonable statistics under thE«phggcpégk.
Readout the multichannel. ' ’ h '

Table I

NTIFICATI

x 104

ID

OF UNKNOWN ELEMENTS IDENTIFIED AT
FE

E ON
2 FLUX BY GAMMA ENERGY AND HALF LI

15,

Target . Target Product : I
Element Nuclide ‘Material Nuclide Ty / E,, Mev

- ) - _ _ Y
- Aluminum 2771 Al, Al,04 26p1 | " 2.30 m | 1.78

Sodium 23Na | Na,CO;, 24N 15.0 h | 2.75, 1.37
Vanadium 51y NH,VO; 52y | . 3,77 m | 1.43 "
Manganese 55Mn | Mno, SéMn | 2.58 h 0.845, 1.81, 2
Cobalt 59Co CoO - 6 0mco 10.5 m | 0.059 *#
Copper 63cy Cu0 64cu 12.9 h | 0.511 vyt
2,04 72Ga 14.3 h | 0.63, 0.83
m| 0.26, 0.20
h | 0.56, 0.65, 1
m| 0.62, 0.51 vt
m

0.40, 1.09
1.27, 2.08

0.15, 0.45
0.46
0.48, 1.59

*0.480, 0.686,
0.134

Gallium 71Ga G
Germanium 7hGe Ge 75Ge 82
Arsenic 75as As,04 76as 26.5
Bromine 79Br NH,Br 80pr 18

- Indium 1151 In l11émyn 54

3

Tellurium 130qe Te 131pg
Iodine 1271 NH, I 1287 25
Lanthanum 139715 La,04 14015 40.2
Tuﬁgsten 186y WO, 187y 24

ol

fu
o
o8
=
e

Gold 197a4 Au-Dowex-1 198ay 64.8




Data Reduction

Exercise (a)

. -‘From the multlchannel readout in Procedure 1, determine the
'energy of ‘the 28a1 gamma. . Does it .agree with the value in Table I?
Determine (I-B) for the pthDpéak and use the formulation in the. .
introduction to determine ‘N3, Ng, AD, and ¢. Remember, in Eq (2)

Ay is 1n disintegrations per second.

=

Exercise (b)

. i e 4
Repeat Exercise (a) for the vanadium monitor. Calculate ¢

and all the other parameters found in (a). Calculate the average

flux value from the aluminum and vanadium data.

Exercise (c)

For Procedure 4 the instructor has provided you with all of
the information that you need in regard to the sample. The unknown
to be calculated is the thermal neutron cross section. Use the
average flux value calculated in (b). Calculate o, the thermal
cross section for this sample. :

1.1 Determine the fraction of the original radiocactive atoms that
decayed during a 4% minute counting period for an isotope
which has a half-life of 1.63 minutes, if a 30 second
tran time was reguired.

1.2 If th. number that decayed in Problem 1.1 was 8.2 x 10!2,

how many radioactive atoms were there initially and what was
the initial number of disintegrations per second?

Compgter Programs -

GAUSS-6 can be used to find the centroids of all of the peaks.
LINEAR-6 will provide 'a linear least squares fit to the calibra-
tion data. GAUSS-6 can be used to find the thermal neutron flux
in Exercises (a) and (b).

- Additional References !
1. G. I. Gleason, Isotopic Neutron Source Experiments, ORAU Report
" No. 102, available from the Oak Ridge Associated Universities,

P. O. Box 117, Oak Ridge, TN 37830 (free).
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. - H, ﬁ.'Raléigh} écmpiler}—Actikagién;gnal sis--A Literature
- Search, TID-3537 (August.1963), available f C

; t.196: rom the Clearing-
ouse for Federal Scientific and Technical Information,
Springfield, Virginia. , : ’

H. J. M.” Bowen and D.,Gibhcns,kRaaiQactivagigh Analysis, Oxford
University Press, London, 1963.7 2 =L LY

. \ k) :
D."Taylor, Neutron ;::adiatiqnfand,AetivatianiAna;ysis, D. Van .

Nostrand Co., Inc., Princeton, New Jersey, 1964.

Texas A & M University, Proceedings of thé,Fif;trinte:Qatignal
Conference on Modern Trends iﬁ'Activatién,Analysisl Texas A & M

University, College Station, Texas, 1961.

Texas A & M University,‘gggceedings of the Second International
Conference on Modern' Trends in Activation Analysis, Texas A & M
University, :

- College Sﬁatian,‘Tégasi7}955_

V. P. Guinn, "Activation Analysis," Encyclopedia of Industrial
Chemical Analysis, 'Vol. 1, John Wiley & Sons, New York, 1966.

V. P. Guinn and H. R. Lukens, "Nuclear Methods," Trace AnalySisa—

Physical Methods, edited by G. H. Morrison (Interscience
Publishers, New York: 1965) .




- . Experiment 2

TheggtudﬁrcffFasgrNeutrgg,Activaﬁign;?gchniﬁqes ; T

Objective

To accurately measure the fast neutron. flux fr an acceler-
ator or an unmoderated isotopic neutron source of gsch to study
the parameters associated with the buildup and decay of radlaactLVJty,
to measure the fast néutron cross sect;aﬁ of.a knawn isotope.

ch, Activation Analysis Handbook, Aciddemic Press, New
o on VAR

:!) . ’ 4 - -

2. K. S. Vorres, "Neutron Activation Experiments in Eadi@chamistfy;“
J. Chem. Educ. 37, 391 (August 1960).

3. W. s. LYDﬁ, editor, Guide to AEtlvat;Gﬁ Analy51s, D. Van Nostrand
Co., Inc., New York, 1964. ) e -

4. Den;s Taylor, Neutron Irradiation and Activation Analy51s, D. Van

Nostrand Co., Inc., New York, 1964.

5. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of Isotopes,
6th edition, Wiley, New York, 1967. '

6. Chart of the Nuclides, General Electric Co., modified by Battelle
Northwest, Richland, Washington; available from Superlntendent
of Dacumengs, GPO, Wash;ngtan, b. C.

7. G. I. Gleason, Isotopic Neutron Source Experiments, ORAU-102

(March 1967), available from Oak Ridge Associated Universities,
P. O. Box 117, Oak Ridge, TN 37830.

8. Sam S§. Nargélwalla and Edwin P. Przybylowicz, Activation Analysis
with Neutr@n Generator;, John Wiley and Sons, New York, N. Y.,

1973.

w

:ptfaducti@n

' e
The equations develgped in Experiment 1 are equally applicable
to problems in fast neutron activation analysis; and, hence, we
will assume that the student has read Experiment 1 befgre starting

this one.

s of fast neutrons (in our case,

There are three common sources
fast means energies greater than 1 MeV) that are available to _ -
colleges and universities. These are: low voltage accelerators,
ki bkt ma =& 757Ar

arA M o sEseTE T eras

iqnfﬁETF ﬂgnf?ﬁn =T rrac
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The low volltage accelerator in this application can generate
‘neutrons by two reactions; these are: ’ -

Ry,

B i
Cx T4 d >+ YHe (Q = 17.6 Mev) (1)

5
s
K,

D+d-n + e 1Q

3.2 MeV)  © (2)

The first reaction, which is the one most used by accelerator groups,
generates 14 MeV neutrons. A deuterium beam of approximately 1
milliamp is allowed to strike-a Zirconium Tritide target at an
incident energy of 150 keV. The results can give neutron yields

.as high as 1 x 1019 n/s total yield. The flux at the irradiating
position for this y#eld would be Al x 10% n/cm2-sec which is the
quantity that we will measure. In Equation (2) Experiment 1,.this
quantity is called ¢, the flux in n/cm?-sec.

The ‘second source of fast neutrons is the isotopic neutron
source. This is the type that many colleges and universities use.
Basically, the source is composed of an alpha emitting isotope
which is mixed with beryllium and fabricated in a stainless steel
cylinder! The most common ,of these sources are the so-called
Pu-Be or Ra-Be.types. "The neutrons ‘are produced by the following
reaction: : : :

°Be + a » n + l2¢ (Q, = 5.704 MeV) (3)

The flux of neutrons produced by one of these sources is shown in
Figure 1. A one curie-source will generally produce about 1.5 x 10°
n/sec. Note, in Figure 1 there is a distribution of energies and
not just a single energy. The average energy for a Pu-Be source is
about 5 MeV; and, hence, if we use an unmoderated source of this type
in the experiment, the average cross section measured will be for

5 MeV neutrons.

Another source of neutrons that has recently become available
to colleges and universities is 2°2Cf. 252Cf is a spontaneously
fissioning nucleus and, hence, the spectrum that would be observed
is a typical fission spectrum. Figure 2 shows this spectrum for an
unshielded ?52Cf source. A 1 gram source will produce 2.34 x 1012
n/s in the distribution as shown in Figure 2. The sources that are
being given to universities are uUsually a few micrograms and their
yield would be ~5 x 10% n/sec which is roughly equivalent to a 3 Ci
Pu-Be source. .
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Figure 1

Flux of fast neutrons produced by a
Pu-Be isotopic neutroh source.
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Figure 2
Spectrum of fast neutrons from an

unshielded ?52Cf source.
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Source and Irradiation ?afility;
and .Photomultiplier Tube

Power Supply

Spectroscopy Amplifier
Multichannel Analyzer (~200 channels)

0.5 gm Samples of Phosphorus and Chromium

[l

Unknown Cross Section Sampl

Calibration Sources 99Co, 1%7Cs, and “ICr.

Procedure

!

17 Set up the clectronics as shown in Figure 3.

1

fraadwted Sample

Preamp

Therefore,
minute, and T;
been accumulated,

3

Calibrate the’

scintillation spectrometer for a full scale range of 2 MeV.

Multichannel
Anslyrer

irradiated and
count for 4

minutes,

spectrum
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3. - Repe€at Procedure (2) for the chromium sample with the following
' parameters: t = 4 minutes, T; = 1 minute, T, = 5 minutes.
»er the spectrum has been accumulated, readout the multichannel

‘4. OMgain the unknown sample from the instructor and decide on the
I¥*radiation and counting parameters. Irradiate the sample and’

“—store a spectrum of the resulting activity.

Exercise (a)

My

he phosphorus reaction for the activation process is given by 5

31p +'n - p + 3lgi

The cross section for the reaction is 100 mb . The resultant
gamma ray from 3!Si has an energy of 1.266 MeV. Determine the energy
.experimentally from the calibration curve. From the multichannel
output determine (I=-B) for the photopeak and solve Eq (2) through
Eq (5) in Experiment 1 for the value of ¢. :

Exercise (b)

The chromium reaction for the activation process is given by
°2Cr + n > p + 52y

The cross section for the reaction is 80 mb. The resultant gamma
ray from 32V has an energy of 1.44 MeV. From the calibration
curve, find the experimentally determined energy for this gamma.
From the multichannel output determine (r-g) for the photopeak and
solve Egs (2) through (5) Experiment 1 to obtain another value for

i -

Exercise (c¢)

The instructor will provide you with all of the information
about the unknown except the fast neutron cross section. From the
readout find (:-g) for your unknown and solve Egs (2) through (5)
for ¢, the cross section for the reaction. Note, use the average
value for 4, the flux found in exercises (a) and (b). Table I -
gives some useful reactions that can be studied in this exercide. a
The cross sections in this table are for 14 MeV neutrons. The
gamma energies from the final radioactive nucleus can be found
in Ref. 5.




Table I

14 MeV Neutron Activation Cross Sections

Element

Reaction

Average cross
section (7).,
in mb

Half-life

Radiations
emitted

Magnesium
Aluminum

‘Titanium

__Manganese

Molybdenum
Sulfur
Phosphorus

Chromium

24Mg(n,p) 24Na
27a1(n,a)2%Na

“éTi(n,p)*6sc

“8mji(n,p)+8sc
$5Mn(n, 2n) 5%Mn
S4Fe(n,p) 54 Mn
58Ni(n,p)58Co
63Cu(n,a)é9cCo
64zn(n,p) 5%Cu
92Mo(n,p) ¥ 2Nb
325kn,p)32P

31p(n,p) 3ls

Szcr(ﬁrp)izv

1.1

0.57

15.0

15.0

hr

hr

B+, v

B+, ¥

Computer Programs
GAUSS-6 can be used to find the centroids of all peaks.

FLUX-6 can

find the flux

LINEAR-6 can be used to fit the calibration data.
(2) through (5) and, hence,

be used to

solve Egs

of the irradiating facility.

Additional References

1. W. E. Mott and J. M. Orange,

"precision Analysis with 14 MeV

Neutrons," Anal. Chem. 37, 1338-1341 (October 1965).

2. o.

= Tramm ol ma s Flarsroreaw

U. Anders and D. W. Briden, "A Rapid, Nondestructive Method

Amaliredie ki Mantran Acrtivation.”™ Anal.



3.

4!

“J. T. Gilmore and

D. E. torin
Activation Analysis of Oxygen," Anal. Chem. 35, 1623 (1

A. Volborth and H. A. Vincent, "Determination of Oxygen in USGS
Rock Standards by Fast-Neutron Activation," Nucl. Phys. 3,
701-707 (November 1967). - o

. Volborth, "Precise and Accurate Oxygen Determination by
ast-Neutron Activation," Fortschr. Miner. 43,.1, 10-21.

ol

\. Iddings, "A Study of Flux Monitoring for Instrumental
utron Activation Analysis," Anal. Chem. Acta 31, 206-212.
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Experiment 3

,fg~;éen§§§;g§tigﬁ_gj;gn Unknown - by Sgg;;ggiActigatiQn Analysis
i ’ |

Dhiect;ve o ,

v To determlne the qualltatlve and quantitative aspects of an
unknown sample by slow neutron activation analys;s. This includes
~an identification of the elements present in the sample by resi-
dual gamma-ray activi "y and half-1life and Qamparisan with standards
to determine the amount of that element which 15 present.

References

. K. Curtiss, Intraduct;@n to Neutron Physics, .D. Van Nostrand
Inc., New Ycrk 1959,

F
.23 iW- éi Lyon, A Guide to Activation Analy31s, D. Van Nostrand Co.,
Inc., New York, 1964, .

3. J. M. A. Lenihan and.S. J. Thomson, ed
em

itors; Act;vatlcn _Analysis-
Principles and APpllcatlons, Academic Pr

ess, 1965.

E ‘) 4. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of the
Isotopes, 6th edition, Wiley, New York, 1967. ) -

i _ ) , L.
5. Radiological Health Handbook, U. S. Department of Health, :
Education, and Welfare, PHS Publication, 2016, Washington, D. C.

6. C. E. Crouthamel, editor, Applied Gamma Ray Spectrometny, Pergamol
Press, New York, 1960. 1In Appéndlx IV of the back gamma-ray
sources are listed in terms of increasing energy.

Introduction

"+ . In this experiment we are going to assume that the student has
already performed Experiment 1, The Study of Thermal Neutrons by
Activation Techniques. It will -also be assumed.that ¢, the flux

of thermal néutrona‘Th/cmE—sec) has been determined.

Identifications of an unknown by activation analysis is accom-
plished in the following manner. The sample 1s first irradiated
for a short (10 min) period of time. It is then counted to deter-
mine if that short irradiation pzaduced any measurable actlv;ty. _
If the answer is yes, then some estimate is quickly made in regard
to the half-life of the isotope that is produced. For example,
let's assume that the half-life of the activity was 10 minutes.

Then if we made a one-minute count every 2 minutes, we would be
able to ,see the photopeak dying away as a function of time. With
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isotope which was produced. The other finger print
is the measured gamma energy. By first calibrating
meter, we can rather accurately determine the gamma e
resultant radionuclide. There are rather exhaustive
of isotopes listed in accordance to increasing gamma
Reference 6 at the beginning of this experiment is perha
of the best. 1In Appendix VI of this manual we have tabu
the relative sensitivities of sixty isotopes relative to =
271 (n,Y)28A1 reaction. In the tabulation we have listed th

half-life, measured gamma enerqgy, and the relative sensiti Fity
for thermal neutron activation. At the end of this tabulation

we have made up a convenient coded chart that indicates the
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1. Source of Thermal Neutrons and Irradiation Facility

o~

3. Unknown Samples (several identical samples of each unknown)
P e

1. Set up the Electronics as shown in Figure 1. ixcept i
cases, a full scale calibration of 2,5 MeV for the mul
will be sufficient. Calibrate with %%o, 137Cs, ana °

) that #09Co is about in the middle of the multichannel

S -

2. Irradiate the first unknown for a period of 10 minutes, wait 1
minute, and then count for a period of 5 minutes. The chances
are good that under these conditions you will at least sce
gammas from your sample. Depending upon the awount of activity
that you produced, you may proceed to either Procedure 3 or 4.

ERIC

Aruitoxt provided by Eic:
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Aruitoxt provided by Eic:

at 5-=minute interva

iraadinted Sample

* 3% 3" Nal (T)

Muitchannel
Analyzer

HV Power Supply

1
Electronics for neutron activation analysis experiment.

there is not much activity produced. If this is
e case, the only thing that you can do is irradiate longer
and count longer. Try some combination of both.

il
)u\
G.n

that there is plenty of activity produced. This means
ither there is a lot of the element present that is beinc
or that the half-1life is short. It could be some
- At this point; try to establish the ;
i tope. This can be done, for

» by taking counts in 5-minute intervals. Figure 2,
example, shows four spectra that were collected for 51Ti

1s.

ruq

letermine the gamma
”Ectrum of a 3
uced this acti E
A< : (,r =Y ot 50 187y can be

found in The Table of tha Isotopes, Reference 4, Also, one
1 ' t the back of this manual
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ssuming that you get the right answer for your unknown the
Xt problem comes in the gquantitative assay. For the purpose
thi ussion, let's assume that the unknown was vanadium
) The student then weights up a known monitor
Irradiate it and count for reasonable statistics.
vanadium unknown. Remem

u
ee Figure 4

Repeat this exact measurement with the
the laboratory instructor provided you with several identi-

cal samples of the unknown. Be sure to compare the standard
to a vanadium unknown that has not already been irradiated.
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pulse height spectra for °!Ti showing
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Neutron activation spectrum of tungsten,

Vonadium Oxide Monifor
Irradiated 300 Sec
Count 2 Min

R
X
Flux 1.4 X10 Yl

SIVEIN 1434
|33 Ml

KeV:

-1434 KeV

 CHANNEL NUMBER

Figure 4

15.

D9 T



leal

Data Reduction

Exercise (a)
A
From your calibration curve determine the gamma energies of
the unknown. The half-life data, along with the gamma energies,
should provide you with enough data to determine what isotope it

is that you are measuring.

Exercise (b)

In your comparative data determine (I-3) for both the standard
and the unknown. _ If all irradiation parameters were identical, the
ratios of photopeak sums is the same as the ratios of the masses
of the standard and the unknown.

4
Exercise (c) ,
. /
The method uaed in EKEICLJE (b) 1is called the relative method
of comparison. ‘It is also pnsdlble to determine the amount of an
unknown isotope by the absolute method.

In this equation we know, or can experimentally determine, every-
thing except (m), the mass of the sample in grams. Experiment 1
carefully outlines how this can be done. Determine (m) by this

method.
A
Coﬁputez Frograms
= ————— }
GAUS5 - 6 can be used to find the centroids of all of the
peaks. LINEAR ~ 6 Will provide a linear least squares fit to the
-6 can be used to find the thermal neutron

‘Drlw

calibration d§€§x GAUS
flux in exercises (a) and (b).

Additional References

ic Neutron Source Experiments, ORAU Report
ssociated Universities,
) .

1. G. I. Gleason,

er, Activation Analyqlsm—A Literature
ust 1963); available from Clearinghouse
and Technical Information, Springfield,

t
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3. H. J Mi Bowen and D. Gibbons, Radloa;t;vatlon Anal)%lg
iversity Press, London, 1963.

4. D. Taylor, Neutron Irradiation and Activation Analysis, D.
Van Nostrand Co., Inc., New York, 1964. ,

”ternatianal

5. Texas A & M University, PIDEEédlng% of the First I
s

Conference on Modern Trends in Activation Analysis, Texas A & M

University, CglléééiEtatlaﬁ, Taxas, 1961.

6. Texas A & M University, Prgceedlngs of the Second International
Conference on Modern Trends in Activation gqalygg_ Texas A & M _
University, College Station, Texas, 1965. g b

i

. Guinn, "Activation Analysis," Encyclopedla of Industrial
wical Analysis, Vol. 1, John Wiley & Sons, New Xark 1966.

‘U]\ .

8. V. P. Guinn and H. R. Lukens, "Nucle;r Methods," ;Trace Analysi

Physical Methods, edited by G. H. Morrison, Interscience
Publishers, New York, 1965.




ANSWERS TO QUESTIONS AND PROBLEMS

Pre-Test Answers

, .0 , ; Q
1.1 A = 4100 A = 108 cm/a
= 4100 % 10~8 cm
f = c/x
= 3 % 101Y% em/sec
4100 <« 1078 cm
=\7.3 x 101" sec~1
1.2 E = hf
= (6.625 107?27 erqg - sec) ( 7.3 101% zmc—1)
_ c ia-13 . 1l ev
= 4@. bo] 10 erg — = —

i 1.602 » 10~ !%erg /
= 30.3 » 107! ev . \
= 3 ev \

Li
J
2.1 An electron volt is the energy acquired by an electron in
passing through a potential difference of 1 volt.
2.2 1 xeV = 1000 eV
1 Mev = 106 ev
1 Gev = 107 ev
- &
3.1 i1 = 150 A
= 150 10-% cm
f=c/ .

léed
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electron-positron pair.

b) Yes, with a Compton interaction approximately 20 times
more likely than a photoelectric interaction.

Post-Test Answers

by

1.1 The decay constant for this isotope i
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8.2 x 1012 disintegrations

Ng
= 0.6978
8.2 x 1012
"0.6928

= 1,18 x 1012 atoms

= AND

(0.00745 sec=1) (1.18 x 1012 disintegrations)

= 8.8 x 102 disintegrations/sec

-
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MODULE FOUR

X-RAY ATTENUATION

A Module on the Attenuation of Low-Energy
Photons Passing Through Matter

(A Proportional Counter Experiment)

INTRODUCTION

Photon attenuation is very important especially for low energy
photons. For example, a 10 keV photon-has 100 times the probability
of being absorbed as a 1000 keV photon.

This experiment involves the measurement of the linear absorp-
tion coefficient for low energy X rays. Therefore, we will be
determining the number of events that are observed under various
experimental conditions. There are unique problems associated with
X-ray absorption measurements and this experiment will be concerned
with the solutions of these problems. Ideally, the experiment should
be performed in vacuua; however, for 8 keV X rays passing through a
few centimeters of air, the corrections are small and may be neg-
lected. For X rays below 8 keV the corrections become increasingly
more important and attenuation experiments performed in this region
should be done in a special vacuum chamber. As an example, a 2 kevV

X-ray beam would be attenuated about 80% by a piece of ordinary
paper.

The X rays will be detected with a gas-filled proportional
counter. It will be assumed that the student is already familiar
with the use of proportional counters with X-ray sources.

OBJECTIVES

To study the attenuation of low energy X rays when they pass
through thin foils; to determine the half value thickness for
aluminum and nickel for the K, X rays from Zn-65. .

PREREQUISITES WITH PRE-TEST QUESTIONS AND PRDELEMS‘

1. Characteristics of Electromagnetic Radiation:

W

-

a) Relationship between wavelength, frequency, and velocity.
b) Relationship between energy and frequency of radiation,
Planck's constant.
1.1 Wwhat is the ‘uency of the K,, X ray from Selenium which

has an ensve 11 2721 Traire




1.2 What is the wavelength of this X ray?

2. Electron volt (eV), keV, MeV:
2.1 How is anfelectfan volt defined?

f’
2.2 How is the éV related to the multiples keV, MeV, GeV?

tromagnetic Rad:ation with Matter:

m

3. Interaction of Elec
a) Photoelectric effe&t

b) Comptcn effe

c) Pair production process . /

3.1 How 1is the mass attenuation coefficient related to the linear
attenuation coefficient?
3.2 Derive the general relativistic expressions for the maximum
forward momentum of a photoelectron ejected by a photon of
energy hf and the corresponding recoil momentum of the resi-
dual atom. Neglect the binding energy between the electron
and the atom and the kinetic energy of the recoiling atom in
comparison to the energy of the incident photon.

At energies below 20 keV, photons interact with matter pri-

marily by the photoelectric process. Compton and pair production
cross sections are for the most paft unimportant in this energy
range. Let us assume that a thin piece of metal is placed between
the X-ray source and the detector. .
From Lambert's law (Reference 1) the d=screase in intensity of
the radiation as it passes through the foil is given by:
I =1e M¥
(@]
where B
\
I = intensity after the absorber
1@ = intensity before the absorber .
= total ma abscrption coefficient (cm</gm) -
x = density thicknes:z dn gm/cm?
imes

.The d@nﬁ;ty thlvkn‘”*\is the product of density in gm/cm’ t
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The half value layer (HVL) is defined as the thickness of the
absorbipg foil which will reduce the original intensity t@ one=- .
half of its initial value. :

I/I@ = e"HX
Ln(I/Ig) = -ux
if /I, = 0.5
then : - x = HVL -
therefore &n (0. E)i -1 (HVL)
and HVL = 0.693/u

Experimentally the (HVL) is determined by inserting foils of various
thicknesses between the source and the detector and obs serving the =
fall off in 1nten5;ty A plot on a log scale of intensity versus
absorber thickness will give a straight line. The slope of thég/ _
line is -u and the HVL can be determined from the above information.

REFERENCES

1. C. E. Crouthamel, Applied Gamma Ray Spectrometry (Pergamon
Press, N. Y., 19607. -

2. C. D. Chase and J. L. Rabinowitz, Princiglag ;jﬁggﬁ;g;mipapé
Methodology, 3rd edition (Burgess Publishing Co., Minheapolis,

1967).

3. B. L. Henke and R. L. Elgin, "X-Ray AbSDIEtan Tables for the
2-to-200 Angstrom Region," Advances in X- Ray Analysis, B. L.
Henke, Editor, Vol. 13 (Plenum Press, 1970).

4. H. A. Liebhafsky and H. G. Pfeiffer et al., "X-Ray Absorption
and Emission," Analytical Chemistry, John Wiley.

5. J. R. Rhodes, "Radioisotope X-Ray Spectrometry," The Journal of
iety of Analytical Chemistry, November 1966, Vol. 91,
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3. High Resolution Spgctroscopy Ampllfler

4. « Proportional Counter High Voltagé Power Supply

»5. 10 pCi ©°%2Zn X-Ray Source, (10 uCi 57Co Source, Optional)
6. Multichannel Analyzer (100 channel or more)
7. Thin Foils of Nickel and Aluminum up to a T of 70 mg/cm?
Dgtian B (Items 1 through 7 piug, )
8 Single Channel Analyzer .
{19. Electronic Digital Scaler
ﬁi. Electronic Timer /
LA
s
11 Linear Gate
12 Delay Amplifier (L to 5 usec)
ronics as shown in Figure 1. Place the 10 uCi
2 cm from the face of the proportional
high voltage power supply to the value
e manufacturer.:. Adjust ﬁ} gain of the
. X : : hat the K, group from the EZﬁ source 1is
¥ - being stored midway in the multichannel analyzer.
HIGH _
o | VOLTAGE v
10-MiL. Be _SUBPLY 4
WINDOW -
Op , B
. MAIN I MULTICHANNEL
AMPLIFIER ' ANALYZER

P Figure |




Accumulate a spectrum for a period of time long éhgugh=ta L
obtain 6000 counts under the K ‘X-ray group. -Remove the source
and collect a background spectrum for the, same length of time. -

Subtract the background counts which wauid fall under the
K X-ray gréup.

Call the :esultiﬁg value (EQS)_' Divide by the time and thus -«
determine [I = ((z-8)/t)]. This term represents the number of

. counts per seccnd that the detector observes w;thaut

absorbing fllter. . L.

‘Replace ‘the: source and 1nsert a S(mg/cmz) alumlnum fDll between

3!‘
v the scﬁrce and the detector. Determine ((I- Bbﬁﬂ as in 2.
i f
4, Repe;ﬁkrh;s same measurement for the thlcknesses recarded ;n .
Tabl . Fill in the data table : ‘L
. !
A Table I
. =
) : ;
. Mass Absorption Coefficient Data i*fSE
, Absorber ‘ Thlckﬂéss mg/cm ) (z=R) /t = 1.
1 B - - i N
2 . : L o
3 B [ ]
4A L B = 20 ‘\ -
. . - \ -
5 25
76 - B 30 o . o
T r s f )
,'5,8, _ e _ _ _ # 45 . 4 _ §77 _ ,,;ﬁ,
9 60 .
_ . i = . . o=t ot . . . \i j . ﬁ ’ .
5. Make a similar data table for nickel foifs and repeat the
measurements for the values in the table.
. ? . : Ta \\ . fg
? . | . : \k - 3
! ; .
¢ ! {;?-
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{ Nickel Filters
i 320 Source
| BOSKeV X-Rey ©
Half Value Thickness-15.7 mg
Mass Atteruation Coefficient-
T 4dlem/om

Counts X 1O~3.
]

b1

] l ] |

L1
o 0720 30740 50 60, 70 80
Filter Thicknass (mg/em’)

, Figure 2
. ) | : i N r_ N -
FRICtenuation Measurement for Nickel for
=== 8,05 KeV X Rays from ©97n

‘srrui -

1000

100

LILN

T T T

T

Counts X W3

T

T I T rrrrTr

|

Aluminum Filters
%2n Source |
8,08 KV &-Ray

Halt Volue -Thir:k:_nasz;:-|4.c)mq/cmd

Mass Attenuation Coefficient- -

495 cnblghn

I

Attenuation Measurement for
8.05°KeV X Ray from

Filter Thickness (mg/em?)

Figure 3

010 20 3040 50 60 10

uminum  for
6550 :
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DATA REDUCTION ;

‘Exercise (a)

Using sémiélgg graph paper, plot I versus the absorber thick-
ness. Figures 2 and 3 show similar plots for nickel and aluminum.
Determine the HVL for these two metals.

=

'Exercise (b) (Optional)

Remove the 65zn ‘source and place a 10uCi 57Co source in the
source position. Repeat the attenuation measurement for enough
- absorber thicknesses to establish a graph similar to Figures 2 and
3. Figure 4 shows a pulse height spectrum for 57co that was
measured with a proportional counter. Note that in this measure-
ment there are two photgn groups; and, hence, if they are treated
separately, the HVL of both the 6.4 and the 14.4 keV groups can be
determined. /

PROPORTIONAL COUNTER X-RAY SPECTRUM FROM 5Co
14.4 KeV

INTENSITY

173



Option B .

1. Set up the electronics as shown in Figure 5. Place the 632n

' source 2 cm from the face of the proportional counter. Set

&;é:;thé high gpltage at the valuesrecommended by the proportional :
counter m&nufacturer. Adjust the gain of the amplifier so
that the 8.04 keV line from ©5Zn gives output pulses from
the amplifier at about 4 volts. Set the delay amplifier at
2 psec. Set .the single channel analyzer in the differential
mode of operation and adjust the E and AE dials so that the
single channel analyzer brackets the output pulses from the
amplifier. . .

X-RAY ABSORPTION MEASUREMENTS

| siNGLE 1
-4 CHANNEL #{ SCALER
AMALYZER

t]

10 ML Be WINDOW
PROPORTIONAL

FILTER wems
SOURCE X¢

e ——— 4

LINEAR
© GATE  |eNABLE

w7
VOLTARE |

Electronics for Absorption Measurements with a Linear Gate

2. With & scope look at the output pulses from the linear gate.
The output pulses from the linear gate should look just like
the pulses from the amplifier. The linear gate is a coincidence
type circuit that will pass an input pulse from the amplifier
pulse from the single channel analyzer. The (ENABLE) pulses
really open the linear gate which in turn passes the amplifier
pulses into the multichannel analyzer. Since the scaler is
also recording the single channel analyzZer output pulses, it
is essentially integrating under the peak that is observed in
the multichannel analyzer. Thus this circuitry allows onhe to



, 3
I by-pass the time sociated w1th reading out the multichannel
‘ and summlng thefﬁaik in the spe

3. Now that the system is adjbgifed, the scaler is used for the
measurements. Set the timer far a time which is sufficient
to give about 6000 counts in the scaler. Record the time.
Remove the source and accumulate a backgrgund measurement
for the same period of time. Determine (Z-R)/t= 1) as in

Optiofi A.

4. Place the 5 mgﬁmﬂzﬁlckel foil between the source and the
detector and run for the same length of time as 3. Determine
I for this measurement. Continue for the foil thicknesses in
Table I for both nickel and aluminum. Exercises (a) and (b)
same as for Option A. .

DISCUSSION

It is possible to produce X rays by fluorescence and then
measure their attenuation as outlined above. Figure 6 shows one
possible arrangement by which this can be done. The student
would bEnefit by first reading Experiment 3 in Module 1 which
is X-Ray Fluorescence with a Proportional Counter. The advantage
of this technlque is that any X-ray energy which is desired can
be produced by the proper choice of the target element which is
being fluoresced. The rest of this exercise is composed of
f;lllng in data Table I as in (a) and (b) above. :

Al

¢
* X-RAY FLUORESCENCE USING PROPORTIONAL COUNTER

"HIGH
VOLTAGE
0 MlLaemeaw _SUPPLY . o
' UNTER| [ MAIN | [ BIASED | [MULTICHANNEL
| PREAMP. [1AMPLIFIER[AMPLIFIER[ ] ANALYZER q]

METALLIC o
FOILS et~ CO EXCITATION SOURCE with. | R

Figure 6

Absorption Measurements with Fluorescent X Rays

10~ .




POST-TEST ]
. 1« What fraction of 847-keV gamma rays incident on a 3 cm thick
sheét of Fe_are attenuated if the linear attenuation coefficient
is 0.511 cm 12 .

2. 6.4-keV K, X rays from Fe are detected by a Lithium drifted
silicon detector with a 10 mil (1 mil=0.001") Be window posi-
tioned 10 cm from the Fe target. What is the caffégiign for
attenuation in the air and_Be window if the linear attenuation
coefficients are 0.023 cm™! and 5.65 cm~1, respectively?

3. Would 30-keV X-ray photons\ have a larger probability of- inter-

- acting by means of a) phoiée%ectric effect, b) Compton effect,
or c) pair praduc?ian process and why?

ADDITIONAL REFERENCES

1. Radiological Health Handbook, U. S. Department of Health,
Education, and Wélfaré;*Pﬁs Publication 2016, Washington,
.D.C., 1970. ] -

2. R. T. Overman and H. M. Clark, Radioisofope Techniques (McGraw
Hill, N. Y.: 1960). ° S ) o

3. K. Séiébahni Editor, Alpha, Beta and Gamma-Ray Spectroscopy,

Vel. 1 (North Holland Publishing Co., Amsterdam: 1965). *

4. C. M. Lederer, J. M. Hollander, and I. Perlman, Table of the
Isotopes, 6th Edition (Wiley, N. Y.: 1967). o
T
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ANSWERS "‘O QUESTIONS AND PROBLEMS

Pre-Test 'Answers

1.1

1 kev

!
.

o
li

= hf : j

6.625 x 10727 erg-sec

= (1693.7 x 1027 eV/erg-sec) * (1.602 x 10~ !2erg/ev)
= 2.713 x 1018 gec~! '

C

A= =

1 .

3 x 1010 cm/sec ?
"2.713 .x 1018 sec~1

1.106 x 10~8 cm

. 2
= 1.106 A : »

The eV is the energy acquired by an electron in passing
through a potential difference of 1 volt.

1000 ev

i

I Mev = 106 ev

1 Gev 1092 ev

The mass attenuation coefficient u/p(cm2/g) is the linear
attenuation coefficient u(cm~!) divided by the density of
the material p(g/cm3). The mass .attenuation coefficient is
really more fundamental since it is independent of the
actual density and physical state of the absorber. -

By conservation of total relativistic energy

E +E, +E. =E_ +E .

But, EY can be rewritten as

to
fl
o 3
=y
[}

= P c, and
Y



o]
i}
-
)

D = 52527 + micY
7 “e ?EE' e
;

YPZ&Z + mic® .
PZ&Z + mZc :

]

i
h;j‘“
—~J

“ct +m
a

ct .

W my-

~ + m c2 m c2 = VP2cf + mlcd =
PYC fm,c2 + mc /PECY + mic" 4 VP
|
I1f we neglect the recoil kinetic energy of the atom with
. respect to the energy of the incident photon, then we have:
- : [

Pc+mc? YP?c? + m?
i Y e e e

By conservation of momentum,

. PY = Pe = Pag and

P =P -P .
a e Y

Hence,

e
i
)

Post-Test Answers

1. The fractional transmission is

3

= E’“Ux

(&) . '\"
o (0.511 cm~1) (3 em)

-

I

0.216

i

The fraction that is attenuated is

. 784

—

I
]
i
[=]




The fraction that was not attenuated by the air and Be window
is given by: g

-(0.023 cm=-! 1 - (5 €8 cm=] NYEA
. [e-(0.023 cm™1) (10 cm) | [¢=(5-65 cm™1) (0.0254 em) ]
A !
= (0.793 ) (0.866)
= 0.686 S
I ‘
Correction = =
= - 71 *
i OEE
= li4€

Because of the relatively low energy of X-ray photons (0~100 kevl

the probability of interacting is larger for the photoelectric
effect than by the Compton effect. Photoelectric 1nteractlgns
are possible only for small hf and large %, i.e. 9ph ~z%/ (hf) 3
Compton collisions predominate in the entire region Df 1nter—
mediate hf (i.e. 100 keVshfs10,000 kev) and for all Z. Pair
production ;5 only important fcr large hf (-1022 keV) and

large Z.

\(:,‘f

1 B T
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MODULE FIVE

ACCELERATOR EXPERIMENTS .

A module utilizing low voltage accelerators in
atomic and nuclear physics experiments.

INTRODUCTION :

=]
[

~ Before accelerators were used, natural radioactive sources ¢
and cosmic rays provided the only - energetic sub-atomic particles
for the study of nuclear properties. Since the early 1930's charged
particle accelerators have been used extensively to advance our
basic understanding of atomic and nuclear structure. They provide
the experimenter with a vast number of digferent projectiles of’
controllable energy and intensity. The e&rliest accelerators could
produce proton beams from less than 100 kev to 1 MeV in energy- -
The four basic types of accelerators are the Cockcroft-walton, the
linear accelerator, the cyelotron, and the Van de Graaff.

[0n]

This module consists of two experiments. The first experiment -
involves the measurement of thin films by elastic ion-beam scatteéring.
.The ?éGDﬁd experiment studies X-ray production using a small
accelerator.

Following this introduction are the objectives for the module
‘and a list of desirable prerequisites for the student to have before
attempting this module. / g ,

/

The objectives of this module are to familiarize the student
with the equipment and techniques used in experiments utilizing
small accelerators. Specifically, the objectives are to measure.
the thickness of thin films by elastic ion scattering and to
study X-ray profluction by proton bombardment.

PREREQUISITES WITH PRE-TEST QUESTIONS AND PROBLEMS

1. Electron Volt (eV), kev, MeV, GeV:
1.1 How is the eV related to the multiples keV, MeV, Gev
1.2 An eV is equivalent to how many ergs? Joules?

2. Relationship between Wavelength, Frequency, Velocity, and
Energy of Electromagnetic Radiation:

s
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,f'
What is the fréquéncy and wavelength of ‘the 11.92 keV Ka
-ray phmtgn fram Bromine? = .

Coulomb Force:

What is the coulombic force of.attrac tlan between the electron
and the proton for the hydrog a:atém in its ground state? :

13
Magnetic Force on a.MéViﬂﬁ Charge: _

2 _
What is the magnetic farce on a 150 keV proton moving perpen-
dicular to a uniform magﬁetlc fleld of 6 kilogauss?

Rutherford Scattering Cross Section: -
What is the expression for the Rutherford sgétt%ring differentie
cross section? ‘

How does the Rutherford cross section vary as a function of the
incident projectile charge? the target nuclear charge? the
energy ©f the incident projectile?




Experiméﬁt 1 . -
. _ . e
Thin Film Measurements by E;astlc Ion Beam Scattering e .
*with a ZDW Voltage Acceleratcr
(A Laboratory Experiment & Senior Research;Eraﬁécﬁf ;
) e 4 ’ L

= = . ;

To use a low voltage accelerator in the study of thin films
by measuring the scattered ions fram the samplé N

1
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Introduction

In_this experiment we are going to bombard a thin target. w;th
protons or deuterons from a low voltage accelerator. The accelerator
can be a Cockcg@ft -Walton or Van de Graaff type. The experimental -
write—~up is intended for machines that have accelerating voltages ;-
less than 500 keVv. Figure 1 shows a photogxaph of a typical 400 kev
Van de Graaff, bending magnet and scatterifdg chamber that is set up
for educational experiments. Figure 2 shdws photograph of a
~ bending magnet and scattering chamber. In gerderal, the ion beams
that are used for this application are fuite low 1in intengity. Beam
currents for this application aré uspdlly less than 50 namps. At
these low voltages and beam currentg, there is essentlally no health
phy51:s pr@blems gene rated at the target. . However, a person who is
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L

familiar with the accelerator and its operation should be imnvolved
with the experiments until the new users are familiar with the
- accelerator parameters. :

"Figure 3 shows an overall schematic of the accelerator and the
associated electronics for this experiment. A scattering chamber
-of some 5ért has to be .constructed or purchased for this.experiment.
Basicallly, the scatterlng chamber is a cylinder that mounts to_ the '
end of the beam tubing. It has in it the following: a mounting
frame for the thin fpil which is our ‘target, a mDvable solid state
surface barrier detector for measuring, the elastically scattered
ions, an 1SDlatéd Faraday cup for méasurlng the number of protons
‘that impirge on the target for a given 'measurement, and defining '
slits to adjust the size of the .beam’ spot on the targeti Figure 4
gives an artist's concept of a scattering chamber with the basic

features which are necessary for this experlment

In this experiment we will simply rec@rd the number of scattered
particles that come from the target at an angle 6 (see Figure 3), -
From this information we will be able to calculate the foil thickness
in the chamber and compare ‘the theoretical and experlméntal scattering

cross sections.

. L§w Voltage Accelerator |
2.  Scattering Chamber

3;; Scli§ State Charged Particle Detector-

4. Detector Bias Sgpply i |

5. High Resolution Pre—aﬁglifier - - : - :

5 o
6. Spectroscopy Amplifier l
7. Current Integrator .

. 8. Multlghannpl Analyzer : o
9. Thin foils for thickness measurcments
Procedure X
‘l. Set up the in quuzg 3. -With an alpha

source and S e at salibrate the solid state detec-
tor so that the output pul 3 range up to.200 keV. This pro- .
cedure was outlined in an @arlier experiment in this manual,

We are assuming that the maximum cnergy of the accelerator

which is available for this experiment is 200 keV. o ) i
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SCATTERED
DEUTERONS

L

- » 150 KeV-
. | DEUTERONS

ACCELERATOR

. "SCATTERING
CHAMBER

Figure 3 : , <

Electronics for thin film measurement by elastic ion scattering.

\ ~ sLITS TARGET

DETECTOR” .k
' “‘?: . ! . .
(FIXED) - 3 7
B . | . DETECTOR
o (MOVABLE)

+

v o
qu%jle 4 7 sie
Aftlsﬁ 5':1nrept of ‘a ﬁratterlng ﬁhamber for s ¥

tlin film scattering measurements.

N N )




‘agcumulaxed in the multlchannel analyzer.
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Place the targeﬁ ‘to be stud;ed in the taﬁget GSltl@ﬂ- \Let's
assume that it is a thin gold foil (~100 ugm/cm< 2) , Evdcuate
the scattering -chamber and adjust the beam of the accelerator
so that it will bombard a spot in the center of the target with
an area of about 1 mm?. Set -the movable detector at an angle

® = 40° and'observe the pulse height spectrum that is being -
Flgure 5 shaws a

jNDtE that the anly gréup that is seen is a slngle elast;cally

scatterea peak. \ v,
#
. ;L ‘-,’
[
,gf,
- * .
L ]
. y L]
1] .
1 . .
=]
= . - .
g N R — *
[3) . /-
s [
S . .
ﬂ" - -
@ 3 .
B . .
& ‘ . A
O - ] . - _
O . .
ra

re ‘ . Figure 5
- 7 o ) .
Pulse height spectrum for the 12C(p,p)!2C reaction
at Ep = 150 kev and Qp, = 30°. '

keV to 150 kev and

Change the accelerator energy from 200
at an incident

repeat the measurements in 2, Repeat
beam energy of 100 keV.

Change ta your second target and repeat Procedures 2 and 3.

19
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- Exercise (3) .
: From the muitiqgannel'readcut at 20 keV, sum under the scat--

) tered peak and subtrdct the estimated bafkground. Enter this value
: ' as (1=8) in Table I. Record the channel number of the peak. Repeat
for the other entries in Table I. = . , e

s

Foil Thickness Measurement for Protons on Gold, © 400

Be)

Incidéht Number of 5 .
. Energy I-8 Peak Incident : '
© (keV) Peak Channel Protons Theory Th

200
150 f -
Y 100

150 Theoratical Profon E‘nérﬁg :
— vs Angle for "Clpp/C " Ny B

o E= I.Sfi?tar

100 - [
a

o s . B
Measured Energy ,__/ A
B of Scorfered Profons

50

ENERGY OF SCATTERED PROTON N Kev

1 1 L1 ] | I B
0 20 40 60 80 100 120 140 160 (80
LABORATORY ANGLE IN DEGREES

Eigure 6

Theoretical and measured energies of 150 keV protons
scattered from a thin carbon tdrget.




»Exercise (b)

. From your enerdy calibration curvg for the sallé state detector,
'determine .the energy of the peak for each of the runs. Since we are

scattering from a heavy nucleus like gold, the k;nemat;c " energy

loss is small and the’ seattered energy at 40° is approximately the

eneryy of the accelerator. Héwcve;, for l;ghtér targets the situ-’

ation is different. The incident projectile may experience rather

large kinematical energy losses as well as energy losses "‘just due

to finite target thicknesses. Figure 6 shows a plot of what would

be expected from 150 keV protons from a thin carbon target. Note }

" that at a scattering angle of 40° tHe scattered proton has a theore- .

»“tlcal scatté;ed energy of 140 keVv, fThe measured energy ig-about 115
‘keV. The dE of 25 keV is the average energy that the" ‘proton-loses in. -

going thrcugh the carbon target. Althaugh there is little collision
energy- loss with a gald target, there is, of course, an energy loss
due to the %Piﬁkness of the gold foil as with carbon.

E GlSE (c) -
GR; the Rutherf@rd scatter;ng cross SéEtan, is g;ven by the f@ll@w1ng
theoretical formula:

do_ millibarns - 1.20¢ [2:22) [
dQg [stéradian ST |

1 ] (1)

where 2, = charge on the inciééﬂt particle (one for protons)
z; = charge on the target hucleus (79 for gold) Lo
‘ Ejap Zlingident.énEfgyiin Mev
O1ap = measured angle (4@@ in our éase) )

The measured cross section is given by:

do [=—4§§;=;J = 2-8) ; (2)
df |steradian NnAQ ,
where {{-g) = the sum under the scattered ?eak:minus ﬁhe background
N = number of target nuclei/cm? :
n = number of incidgﬁt protons °®
AR = solid angle in steradians of féu% detector

It can now be assumed that Eq (1) equals Eé (2), hence:

do_ , 19-27 = (E=B) s )
dOr 10 - Nnan . (3)




Therefore . ' .
- (Z - El _ number of target nuclei i
N = dﬁ} P - £ oL targe L
: S| nag@ x 10- : cm?
dfig : .
) . L
and . gm '
L N = [cm - of tafggt] (6.023 x 1023)
T s s BTSSR tomic weight - o
Therefore N - )
(gm/cm? of target)= g—(étggicxwigggtz - (5)

Fill in the faii‘thi:knesses in Table I from Eg (55 Figure 7 shows
that for gold our assumption that the measured cross section was
equal to the theoreticat value ‘is a .good one. In the figure oy

is the theory and oexp is the experimental value. At 40° the

ratio of these two is one.

'T—iiir T \‘ﬁﬁ; Qnu'nr;i )

@ RUN 2
' , ’ T~ Figure 7
. g‘ 8o Ratio of the Rutherford

. 1.0k g g a0 s 4 s
& | 8 experimental cross section to
s the theoretical value.
';!

| .

ML = -1 i _ i J 7

] 45 0 t35 180
g
] 3

) -
EiLrgise (d) Optional

If you wish, you can verify that the measured crgés section
agrees with the theory at other angles. We are assuming here that
you have already determined théitafqet thickness. ' Figures 8 and 9
show the agreement betwéen the experiment and the@ry for the case
of deuterons on gold and deuterons on boron. It should be obvious
that this experiment can easily extend to a senior research project.
In order to aid the Studéﬂtfwho wishes to follow either experimental
or theoretical work on this’ subject we have included an abundant
supply of references. \ n
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Figure 8

. Measured and theoretical Rutherford scattering
' cross section for deuterons on gold.
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Figure 9
Measured and theoretical Rutherford crpss
sections for deuterons on borqn.—
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!Rutherf@rd scattering cross section for ‘the experiment.

00 ngm/cm? thick gold f0il?
107° m)? .

1.2 What i§ the thlckness in cm of-a
in inches? ;n microns (1 micron

l Jl_m

-
If the. theoreglcal Rutherford differential Scattering cross
_section for prdtons on gold is 63.4 b/sr, what would. thé,ii
value be for protons on silver? for protong on lead? If
the proton energy was changed from 2 MeV tofl MeV, what
would the values of the cross sectlons be for the gbove
targets? - ; <?b

-
et

! =

1.4 Assuming a 3 microampere beam of 200 keV protons strikes a
Faraaay cup at the end of a beam line, how much _ power must

tlon af magnetlc fleld stfength B the rest mass energy,

mo_g? the klngf}c energy,. T; and the charge of the particle,
qg- | P A

-

Ccmputer Programs f ' . ]

»GAUSS-6 can be used to find the centroids of the puléer cali-
bratlcn spectra. It can also be used to find the elastic .scattered
peak position. LINEAR-6 can be used to make the€ calibration curve.
The "Rutherford scattering" program will calculate the theoretical

&
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r Experiment 2

X-Ray Production Stdﬁieg,withﬁé _m 11 Accelerator - ¢
i i - 3 o - . v .

" :F | . ‘
2 : '
. To study the prad ign af character;stls X rays byﬁprétcn
B bambé&dment with a small ckcraftsWa;tan or Van de Graaff -

. . J acceleratgr.
e 1 . =

;ferences

1. L. 3. Christensen, J. M. Khan, and W. F. Erunnér, "Measurenent
of Microgram Su:fécé Densities by Observation of Proton F:iu-
- duced X-Rays," The Review of Scientific Instruments, 38, p. 20
(18967). o o o o T .
N A .
2. W. M. Coates, "The Production of X- -Rays by Swiftly MDVlﬂg -
Mercury Ions," The Phy51caL Review,’ 46, p. 542 (1934). .

3. "R. W. Fink, R. E Jgpgan Hans Ma;k and C. D. Sw1f2 "Atomic
: Flgarescence Yield, " Review of MDdEfn Ph351cs, 38, p. 513 (1966)
= e .
- ' 4. J. M. Hanstein and S5f Messelt, "Characterlatlc X-Ray Produced
by Proton of 0.2 to 1.6 MeV Energy," Nuclear Physics, 2, p. 526,
(1956-57) . b - - '
3 = . : 4
5. R. R. Hart, N. T. Olson, H. P. Smith, Jr., and J. M. Khan,
"nygen Surface -Density Measurements Baged on Characteristic

w N X-Ray Production by 100-keV Protons," Journal of Applied
?hyglcs, 39, p. 5538 (1968). o .
Introduction , 7 N . -

Many experiments that are done with acéelergtars are CGmpll=
cated either electronically or éxﬁerlmentally This experiment
doesn't suffer frém either of* these problems. Experimentalfly the
problem 1s quite simple. A proton beam (see Figure 1) is allowed
to impinge on the sample to be stud; The protons make a coulomb
type interaction in the sample .and, en:é, emove a tightly bound
electron (K or L) from one gf the target atDms with the result_ that
characteristic X rays are produced. ({The X ray can be measured
either with a proportional counter, a Si(Li) or Ge(Li) detector

. as shown in Figure 1. ‘Flgure 2 shows a phbtograph of an Si(Li)

! X-ray detector and simple beam tube arrangement. In this figure

the detector window is separated about 2 mm from the beam tube

beryllium window. Shown also in the figure are the electronics

: %‘Far these measuregments. There is a slight pr@blem associated with

j bringing the X rays-out of the accelerator -beam tubing. This can

% be done by sealing a 1.25%10~2 cm dgrylllum ex;t window onto the

K

L

L




Al . ¢
_| 'CURRENT n |
INTEGRATOR SCALER -
e 75‘ . 3 . - , .
, y — | eca LR _ENABLE| LINEAR] | . .
AMP [——1 sca ([L-ERABLEJLINEARL ) aoc — mca
. \LINEAR !
. - . AMP } ' :
2 . | eras - -+ : - i
‘ ‘ SUPPLY -
. . . ~ .
, ;( - Figure 1 .
- j Electronics for charged patt cl fnduced X-ray
T ' studies with a Ge(Li) detector. ..
r
/o ' ) , ,
bgam tubing. ©nce the Xyrays are produced, the rest of the count=
~ing procedﬁres etc. are for the most part as we have already
éuxllnedi;n ‘the previous X-ray fi uorescence eKPErlments.

. The beam current  fox these experiments i% usually kept to abeut
1 uamp. The targets to be studied can either be. 1nfln1tely th;:k
to the beam of protons or thin targets. .

i e

fThEre is no radiation hazard. produced at the target when a

low (less than 1 MeV). energy beam strikes a metal target. The

best targets to study at low energies are the elements calcium
through zinc for K lines and elements heavier than tin for L

lines.
)

- ’ There are several points of 1nterest in these experiments that
shoyld be mentioned. The first is that there is a considerable ;
amount of dnterest in regard to the actual magnitude of the cross

sections for these interactions. The simple plane wave Born agproxl—
mation which is normally used to describe an-interaction of this type
has its shortcomings &t these low energies. Secondly, there has

recently been a grgat deal of interest expfessed in using .accele-
rators in this man®™gr as an analytical prébe to study surface pheno-

mena. The best example is perhaps the semiconductor 1ndg§try whose

~main .interest is”in™ibn implanted semlcéﬂductors For egﬁmple some
of these devices are manufactured by implanting zinc ions into a
gilicon matrix. The questlans fo be answered are: how uniform is
theﬁlmplant anl.what is the depth of the implant. Both of these

- » - .

wﬁ-‘m



Figure 2

Beam Tube, X-Ray Detector and Electronics for X-Ray Measurements
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7 s . .
problems can be’ solved with charged. par
ments. \The uniformity ‘can be determine
Zn X rays.that-areé produced as a functi
striking the sample. The: depth!can be

number of X rays produced as 'a function

i
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ticle irfduced Xgray measure- '«
d by stiddwing the number of -
on of whe¥e the bedm is i
medsured by observing the

of bombarding energy. -The

lower energy ions only penetrate a few Angstroms ¥nto the surface

and henge. a plot of ‘the Zn K{, X-ray yie

“energy will give the depth of the impla

ey
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3. Repeat the measurements made il Procedure 2 for other thin
targets. Figures 4 and 5 show a variety of other targets
fthat were bbmbarded with a 350 kev proton beam from an
educational-van de Graaff accelgrator.

'G-’ —— ?jﬁ, : _ - . — S
TARGET - Mn ON- Cu FOIL ) TARGET - FeSO, AND Ng,S0,
Ep = 350 kev . ‘ Ep = 350 'kev -
Mn K, ‘
59,
“10* |£ - .
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f e Cu K 24
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Do ot - e
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(a)

Ffom the peak channel information recorded in Table I, plot
a calibration curve. Find the slope of the calibration curve and
determine the resolution of each of the peaks listed in the table.

Exercise (b)

Sum under the K group in the spectra collected in 1 and divide
by the time and thus obtain the measured photons/sec in Table I. '
_.From the activities of the sources and the decay scheme information
(see appendix), calculate the number of photons/sec that each source
Enter these values:-ih Takle I. Calculate the efficiency of
the system which is the ‘ratio of ' pHotons/sec measured to the theore-
tical count rate. Plot a EQIVE of efficiency versus photon energy
for- your talget configuration. Figure 6 shows a similar curve that

emits.

was measu

DETECTOR EFFICIENCY
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red for an accelerator dEtECtDI arranqement
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Efficiency curve for a $i(Li) detector with a
2.5 1077 cm Mylar entrance window.
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Comp

-Test .
Why do X-ray energies

while. the energies of
for adjacent elements

uter Pregrams

Addi

FAU §S-6 can 'be used to find the centroids of the peaks. LINEAR-6
sed least squares fit the calibration data. :
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ANS ,ERS TO QUESTIONS AND PRDBLEMS s
Pré-Test Answers : . )

1.1 1 keV = 1000 e

1 MeV = 106 ev
1 Gev = 107 ev
1.2 1 eV = 1.602 x 10-1° arg
1l ev = 1.602 x 10719 joules
- = E
2.1 f = 5
_ 11.92 x 103 ev o -12 €rg
~ 6.625 x 10-27 erg-sec 1.602 x 10 eV
= 2.88 x 10!8 gegc~!
= <
M=
- 3« 1019 cm/sec e,
2. 88— 1018 gsec™ T
= 1.04 x 1078 cm
3.1 The force is given by the familiar coulomb's law for point
charges, ] .
» = L di92
Fo= 47e r2

where g, and g, are the electronic charges, r is the distance
separating the proton and the electron and &, is the permit-

tivity of free space and has the value e, = 8.854 x 10-12
coul?/n-m?

The distance r is radius of the smallest Bohr orbit and is
given by N

Multiplying both numerator and denominator by c? and .
reafraﬁglnq gives -
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. daog
5. = (Z)
Q 1 " Lo

tions with nuclei in a thin foil. For this reason, cross
sections or the pr@babilities for scattering are measured
in units of barns (10-?% cm?). : .
1.2 pt = 100 ugm/cm?
= 100 X 10~% gm/cm? .
i

100 = 1QiF gm/cm?
19.32 gm/cm? *

il

5.18 x 10=% cm

2.04 x 10~% inches

fi

i

0.0518 microng

- do Z14z2
1.3 an (E ] )
{
~ dao - e
I (gold) = 63.4 b/sr
dag N _
an (silver) =
49 (lead) =
Y




,\a\ ¥ \\.\
For 1 MeV incidént protons L\ .
ak . ) 2t
. a0 (&Qld) = (T) 63.43§/5r
= 4 4(63.4 b/sr) ’ .
5 ) - xf,! - ,' s
: =/253.6 b/sr. oo
% st ’ : ’
do R R
. 15 (silver) = 89.6 b/sr o
¢ — 4 s

= 0.6 watts )
A ] &
1.5 From Newton's second law
ma = F -
mu? 0
T T 4vYB -
.= mu < .
o quB
= B_ -
i
The total relativistic energy of the charc
written
meah = pfe? 3 el
P msc
or e

1 7 2 =3 ] L 7
p == |lmich - mich|™
c | o

lERikj gﬁiij \

Aruitoxt provided by Eic:
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Substituting in the expression for the mamentum p, results in
, ‘ - ' i e 1L
:\\ : .. N 7 2£ [2 + Emc?ﬂz %
L L -ToT » \
* ~ : ) ' 5
_— Hence, the radius of curvaturé hmay be written
i - -

1
H
i
m%u
w| _
k?
L '
[
+ -
[y
q
n
[N
el
[

S
F
n ,

2.1 - The.energy of the charicteri%tig X rays depends on the binding
energies of the electrons in the inner shells. With i creasing
atomic number 7, these binding energies increase rather uni-
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es indi enerc
formly with increased nuclear chafq!
affected by the periodi hange
in the outer shells
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e ﬁ#rg‘Absolﬁte Disintegration Rates f@? Some of the Most

APPENDIX LISTINGS

Regulations Concerning Safe. Radioisotep Use and
~a Nonexhaustive Radioisotope Vendor File

E?rggfams;Develgped for Reducihg Data in this Manual

.ﬁgaéﬁotﬁapd Accelerator Facility Sggriéé Program

‘ Cémﬁonly Used X-Ray and Gdmma Ray Callb:ation

SQUFE@%

- ¥-Ray Critical-Absorption and Emi ?Eiaﬂ Fliergies in.KeVv

'Relative Sens itivities of Elements to Neutron Avtivatig

(Thgrmal)

Major Gammd Rays Obser rved in Neutron Activation Analysis

General Textbo@k References for Radiolsotope Experiments

vaefannt Programs that are DP lgned to ﬁ;1£ (nllrpe

I'TD

and Unlversities with the Funding of qucatlunal

tific Equipment
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- APPENDIX I ~ ~ S

Régﬁlaticns,C§ncé§ﬁing safe Radigisotcpgwg§§ ggaré;ﬂgﬁeghaugﬁiyg

Radioisotope Vendor File

H

All users of radioisotopes must follow regulations concerning

afe radiaisétépe use. A copy of Cod of Federal Regulations,

[ 1y]
4T

itle 10 - Atomic Energy, Chaggggf;ifPartigﬂiffStanéagagifar

I

e

Protection hgg}ngt,ﬂadiaﬁégglraﬂé Part 30 - Licensing of Eyp%gﬁpg;

F -

Materials should be obtained by all potential users. A free ccéy

can be obtained by writing:
Administrator for Nuclear Energy
Energy Research and. Development Administration
Washington., D. C. 20545

An exhaustive list of manufacturers that supply radioisotopes

4

Department, P. O. Box 19086, Indianagclis, Indiana 48219
(Price $E.bD)i Listed below are some names and addresses of a

few companies from the Index. :All of these companies will be glad

#
to furnish upon request descriptive literature with regard to their

isa?@pesg : p



1257 South 32nd Street - -~

Abbott Laboratories
HadiésPharﬁezgnticals

Abbott Park = ,r°

North Chicago,’ T1linois 60604

¢ Corporation of America
Msan Fernando Road
Sun Hllev, California 91352

Blo-Rad Laboratories. .. ...

Richmond, California .

,BQAEQH Magai;

St. Louis,

Cambridge Nuclear Corporation
131 Portland Street

-Cambridge, Massachusetts 02139

ChemTrac Corporation

Radiochemical Division of
Baird-Atomic, Inc.

33 University Road

Cambridge, Massachusetts 02138

General Radioisotope PFD cessin olzs
Corporation
SODO uan Hdmnn Villpv HUUIPVde

94583

wa Eﬂﬁldﬂd Nuthdl Corporat ion

Nuclear-Chicago' Corporatior
383 East Howard Avenue

Des Flaines, I1linols 60018

Nuclear Consultants Corporation
9842 Manchester Road

Missouri 63119

—

Nuclear Rézearch (Cheminrale  Tea

.figfﬁaklyn

Orangeburg, New York .10962

ZvNﬁéleagzsuppiies S
P. 0. Box 312 S

Encino, California 91316

Nuclear-gclence and Engineering
Carp@ﬁ&tian

'P.:0. Box 10901

Pittsburgh, Pénnsylvania 15236

Nucle@nlc Corparatfbn of America

196 Degraw Street: ¥
New York 11

‘The Nucléus

F. 0. Box R- L
Oak Ridge, Tennessee 37830
ORTEC, Inc. .

100 Midland Road 7

Oak Ridge, Tennessee 37830

Schwarz Bio-Rese earch, Inc
Mountainview Avenue

t L 4

Squibb, F. R., & Sons .
Radiopharmaceutical Department
Georges Road
New Brunswick,

Tracerlab Inc.
Technical Products D1V171nn -
1601 Trapelo Road

Walfh?m NL*‘aPhu Pft‘

02081

Burbank, California 91503
Volk Radiochemical Co MPAry

8360 Elmwood Avenue

New JTersey 08903
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Aggendii II

1

Programs Developed for Reducing Data in this Manual

+
o

General Remarks

o : . . e s . - .

These programs have been written for the reduction of experiments
in this manual. 1In each case, adequate testing has been done to assure
the author that the program works. . . at least when he runs it! The

programs have been written for the most part in Basic Language. It'should

be quite easy to maéify_a given program so that it can be used on the

computer in your school.

should be, since this makes -the whole experience more meaningful.

There are descriptions, instructions, and examples on the pages that
B ]
- follow.  Examine them carefully.

THERE ARE MANY WAYS FOR YOU TO LOUSE-UP A PROGRAM . . S

The most obviocus of these is to input bum data. No matter héw clever

a programmer becomes, he can never provide for erroneous input . . . and

the poor Qcmpuiér is too dumb to know the difference. - It treats everything

as Gospel. The result will be garbage . . . and you'd better ba. able to

.recogni it before you go bragging about your most recent discovery.

(%0
[y}

‘The best pléce for bum data to hide is in BTG data blocks.” Edit these
éarefully with particular attention to the placement of commas. Omission

of one comma can be a disaster . . .! Be sure that a decimal has not been

\ .
substituted for a comma or vice versa. \%raﬂ5p§5§d numbers represent still

another trap and are among the more difficult input errors to find.

It is imperative that the data be placed_in the order described in the
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e

{ v
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Edit 3

*

our input to running programs ;E%h equal care. Mostly, an error

Te

isldetectéd before’ the RETURN key is pregsed wh;le the RUBOUT key can come

?i

i~

to your rgscu e. Once RETURN is pres
the run with CTRL/C and try again.
A truly effective way for user to |

number after loading the program, Thi

can be done qu1te

low a program is to DELETE a line
] \:

ed, there is no recovery . - . ! Abort

1nnacently‘yhen

" he: 5ta§ts typlng data before listing a’ liné number and DATA statement . s s

now suddenly realizing his mistake, he pres es RETURN to try aga;n. ZAP:. .!

There goes a line whose number happens to

joincide with the data. Sometimes

this will be detected by the compiler . . l. most often not.

When you decide you've loused up a data line so badly
retyped . . . use the ALT-MODE key instead of the RETURN.
patch a ihtilated program. It is bett to reload it and

Lots of Luck . . . . .11
= [

ERIC

Aruitoxt provided by Eic:

that it must be

start again.
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ERDGBAH NAME : LINEAR 6 A .. .
7 This p;agram camputes a ‘linear leastssquares fir" tc a set of
' variables of- X and Y; .
- ’ The slape, intercept and their standard deviations are provided.
The data is then examined to locate points which are statistically
5 invalid by agpl;catlgn of Chauvenet's Criteria.
4 The user ‘has the option of inputing values of the indeflendent -
variable to obtain the corresponding dependent variable at the
. . conclusion of the run. -
It is necessary to prepare a data block before running the program.
- - . INPUT ‘ i N
Instructions for preparing the data block . . ., etc., (see SPEC)
) Input the number of data pairs when asked for by the running pro-
, gram.
OUTPUT
. b
1. The = ope -nd intercept
2. The s an'.rd deviation of each
3. Chauvenei’'s Reject Level in standard deviation
» 4. The Residuals
5. A refltt;ng if point is rejected 4
OPTIONS -
1. Input a value of X to obtain the corresponding Y
/
s I
O

ERIC

Aruitoxt provided by Eic:
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ERIC

Aruitoxt provided by Eic:

_€hauvenet's Re

IXy = IxILy/N
Ix® - (Ix)2/N

Intercept, B (Zy - mIx)/N
- |

Determinant, D = ExZ - (Ix)2/N

Intercept Error, Y3 = I(Zy2 - (Zy)2/N - DM)/(N

Slope Error, M2 = Y3AND

ject Level, algorithm.
2 + In(N/11), sigma
2.3

Ly

Residual
+ D

1Y - B - MX)/¥3, sigma

-1t 2

%)
| %
fad

-
S
-
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i N ,w
&
«} BASIC
NEW CF (LD==( e R o
(LD FLUGHAM NAME==LINLAK 6 :
READY : - S
- LI 1
LIST 1,250 ‘ v -
I kM INSTHUATIUNS FUn LINEAR LEAST -5UUAKES. PROUGRAM
2 k¥
4 KEM  INSEKT DATA PAIKS IN LINES 591-5@@. SEGUENTIALLY
\ 5 #EM EXAMELE: . fg_ "
6 FE& 501 DATA >1, Y1, x2, Y» .
7 FEM 502 DATA ¥3, Y3s X4s Y4y X5, Y5 )
X PEM 11 1S IMPUATANT "TG SEPARATE EACh ENIKY wITH A CUMMA .
) 9 nEM. LI IS ALSC IMFUKTANI 10 UMI1 1HE ‘COMMA A1 THE ENL GF LINE |
1d nEM  BE SUKE Tu COUNYYOUh ENTKY rAlh>
11 kEx THERE MUST BE_MUKE THAN Two!! -7 e .
#2101 PR INT "LINEAL LEASISSO0UALES FROGHAM™ ‘ )
S PEINT ' o \
30 PRINT ""IHE NUWHE. G DATAYIAIKS IS "3 )
A0 TNkl N , ,
35 IF nN=2 THEN 52 '
1A PRINT ,
37 ~nINT "MChk DATA, RLREASE!!® : ’
I FLINT "TwO FCINIS DETERMINE A SThHAIGHT LINE!™
40 STUF '
’ 5@ FOK I=
. 52 KEAL ¥
3 LET »1
: 91 LET »2
1300 LE1 5=
112 LET<Y]
1200 LET =2
130 NEXT 1 _ ,
135 .COSU- 143 . )
137 GCIC 235 )
Fant 1LFT S=S=X]%Y1/ ;
190 LET Di=: ’E!vl!’j/'}l\.
162 LE1 ?"'53 v )
1700 LET F=Cr]=M*r1)/N
175 fflxz
PEY b INT VSLORE "M Y, U"INTEACERL i
1OA LET Y3=500CCYP=Y112/N=D*M12)/(N=2)) f
7AN LET MP=Y3/50KCD) ) .
P10 FLINT "DEU. "MP,"DEVIATION Y3 -
287 P INT
P30 LETULN - .

ERIC

Aruitoxt provided by Eic:

%
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. 3‘
LIST 258,610 .
- 250 S1CP ’
260 LET GC=2+LCLIN/11)/2.3
270 PRINT “REJECT LEVEL: "C'SIGMA"
P75 FPLINT ’ B
P43 HESTOURE s
2K5 PRINT "RESIDUALS:" oL
PHE& PFINT : ; : T : —. .
P99 FGri 1=1 16 N ; _ .
323 HEAD X, Y . ' o ,
310 LET D=s(Y-B-si*>)/Y3
312 PHINT D; )
315 IF ABS(D)<C THEN 360
320 FRINT " ","PUINT ("X3Y3"™) IS A STINKEHeseoowILL UISCAnL"
325 LET =i+l D o
© 335 LET X1=x1-X
347 LET ro=xe-x12
345 LET S=S$=-Xa&Y
35% LET Yl=Yl-Y
355 LET Y2=Y2-Yy12
356 GOTG 365
360 FLINT
365 NEXT I
<370 IF H=2 THEN 3&7
375 LE1 N=N=F
377 FaINT . ‘
320 PRINT “WITH "N"DATA FAIHSeseess"
385 GUSUB 140 :
357 PLINI
390 FHINT "YOU MAY NCw INPUT ¥ vALUES"
395 FHRIN1
433 PRINT "WHEN » I5"; -
413 INFUT X
427 “RINT * Y IS5 "ivi=r+p
' 430 GOTO 395 , ‘ ’ )
521 DATA 31,:508,511, 40+986,66146, 95+965,898 9]
S5A2 NATA SH, 9655 'B0sU2, 1274452, 116+019, 183608

610 ENUD
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- GAUSS (1)

o Wl
%]
[
[~

(I} Ty .

PROGRAM NAME: GAUSS 6
SR
This program computes the centroid of a Gaussian distribution

and continues with a least-squares fit of the data. A o
4!7 * . &

While primarily intéﬁdedéfefxuse in analyzing thg?phatapeaks

in multichannel scintillation spectra, the program also serves Si(Li)
o and Ge(Li) spectra, provided there are a sufficient numbkr of

. " channels in the peaks.\

R

]

"

TSeleiied data from the peak is read.from a data block and there )
-are options available during a run. )

*
. &

INPUT -

- v By | E
‘Directions for preparing the data are contained in the form
of remarks in the program and can be called by typing: LIST

1,8

OPTIONS

l. Stripping correction: .
Input the count in the channels just above the peak
that represent the average of the continuum upon

i‘ which the peak is resting. This will be subtracted
from the count in each channel used in fitting the
peak. Input zerg, if desired.

2. Counting Interval:

When asked, input the live time used in making the
I » spectrum. The count-rate of the peak will then be
( computed.

3: Exit with CTRI/C 4 j

P . * =

T QUTRUT

The peak centroid

The peak maximum

' peak integral

The resolution

The peak <¢ounting rate

L dd B
o]
jug
m

ERIC

Aruitoxt provided by Eic:
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: GAUsS(4) = 227
RATIONALE . i
xa i zxyg/zyg | k) 7 - ; é_;
S ,;7ji! 2 ” !L
Y = Y EXP[b(x~v,)?]
b = IXY-IXZY/N . i |
w . = 2
¥, = EXP[(Ey-BLX)/N] _
| y-BIX)/N] _
Ly =y, \/"/b

™
]

X channel 'number

Yy a count
p <centroid of peak

X (xs};a)2

Y in Y
l N the number of data pairs '
b ’the Gaussian constant’
Yo y  the count at the centroid, x
Ly the integral of the Gaussia% . .

e} the resolution TF

ERIC

Aruitoxt provided by Eic:
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"R LT PP DD S D WL WD =
VAUV IINDIPIORIOS P

92
100
118
115
120

125

132
135
lal
158
155
160
165
180
190
200
205
210
els
220
300
314
32@

R ST I R O I

REM GAUSSIAN LEAST-SQUARES PROGRAM
REM - :

REM PHREPARE DATA BLOCK BEGINNING WITH LJYNE 409

REM X! IS5 CHNL NO. AT HALF-HT., LOW SID

REM Y1 IS5 COUNT IN CHNL X1
REM 400 DATA Xl YlsY2sY3se0ee02YNs0O

REM YN SHOULD BE ABOUT THE SAME AS Y!
REM TERMINATE DATA STHING WITH A ZERO’

PRINT "STRIPPING CORRECTION";
INPUT C

LET x3=Y3/Y2

PRINT : .
PRINT "CENTROID IS"INT(100*x3+.5)/100
RESTORE

READ A

READ Y

IF Yy=00 THEN 150

LET Y=LOG(Y=C)

LET X=(A=X3)12

LET X1=X1+X

LET x2=X2+X12

LET S=5+Xx*Y

LET Yl=Y1+Y

LET A=A+l

LET N=N+1

GOTC HO

LET M=5-X1*Y1/N

LET D=x2=x112/N

LET B=M/D

LET Y@=(Y1=-B=*X1)/N

LE1 +=3.14159

LET H=INT(EXP(Y®))

FRINT "MAX. PEAK HT«"H

LET S=H#*5QR(ABS(P/B))

FRINT "INTEGHAL OF PEAK"INT(S)

LET R=100#SQRC(LOG(.5)/B)*2/x3

PRINT "HESDLUTIDN"INTC1@6*R+-53f1@@"
PRINT A
PRINT “COUNTING INTERVAL(MIN)';
INPUT T

T m Aion  EEER TS & 22 em emaoez e

1“

OF FEAK

GAUSS(3)
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Aruitoxt provided by Eic:
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" FLUX(1)

PROGRAM NAME: FLUX .

This program computes the heutron flux of an‘ir:adlatlcn faclllty
'gn the basis of the act;vlty induced in a mcnitari

All data is input into the running program and there is an option

concerning the measurement of the absolute activity of the monitor.

It is, however, assumed that 3x3- 1n:h NaI(Tl) scintillation detecto
will be used. :

INPUT

[ el
Rad B b=t Ty

QUTPUT

..the computed neutron flux, n/sq

OPTION

At
a

WO e T 0 e d g e

3: 4y

otope, halfﬂllfe, units
Monitor weight, %.element
Term of irradiation
Photopeak count observed
Live time
Wait time
Clock time
Energy of gamma emission measured
Absolute intensity of emission
Reaction cross section
Isotopic abundance of target nuclide
Atomic weight of element -

Element used for flux monitor
Is

s

m
A

the beginning of a run, answer "Y" or "N" regarding the use

Cs=137 standard.

o=

A

= 55
‘ - used for measurement and the calibration for this facility is

"y esponse permits input regarding the Cs=-137 st ndard

1. The net CPM'in the photopeak
2. The number of. 662 KeV photons/min

The counting yield is computed and the program proceedg to the
input listed above.

oo
o
b

=
i

ssumes that the low-level counting station is

-

fa]
Hy

[
[

Ors



O

ERIC

Aruitoxt provided by Eic:

’

PRINT "wAS CS5-137 STANDAKD COUNTEDCY "Grt N3
INPUT A% _ .

IF A%="Y" THEN 400 o .
LET K=.n89- :

PRINT

.PRINT "ELEMENT USED FOR FLUX MOUNITUR":;

INPUT EB% - .
PRINT "ISOTOPE:; HALF-LIFE, UNIFS(MINsHRI'; :
INPUT 1%.TsUS - o

LET L=L0G(2)/1

PRINT

PEINT "MONITOH WI«(MG),%"ES;

INPUT W,PQ ,
PHINT " ~TELM COF 1RRADIATION IN "U$; )
INPUT 15

LET S=1-EXp(-L*15)

PHINT "  COUN1S UBSELVED";

INFUT N -

PRINT " LIVE TIME(MIN)";

INFUT T3 o

PRINT " WALT TIME IN “US%;

5 INPUT 11 - Ty
“1F U%$="MIN'" THEN 170 - . //

LET H=N/CT3*EXPC(-L*T1))
GOT10 =200 -

FRINT ' CLOCK JIMECMINI";
INFUT T2 - ?
LET N=N#T2/13 o
LET h=N#L/CEXPC-L*T1)=-EXF(=L*(11+1232) )
FRINT ’

PRINT "GAMMA ENELGY ®MEASUREDCKEVY, Abs«INT.0Z2)';
INPUT Es1

LET F=k/1200

ILF1 Y=K/ET.G

LET A~F/(Y*l)tlﬁﬂxén

FEINT "CLOSS ))SL:IICJN(HQHN.:)"é

INFUT C : -
FRINT "AMINDANCE Gk TAKRGE]L SUCLIDEC(Z)'™;
I'NFUT

sEINT "ATOCMIC Wils OF "ES;

INPUT Wi

LET N=bh/kd%xP ﬁ/lﬂ?*ﬁ/lﬁﬁ*é-dih+”ﬁ

LET F=p/(N*(C*1F=-24=%5

FEINT .

PhINT ?:-kLUK IS"E" NEUlS«/750CM=5ECY

sTUFE T

FRINT ™ Cri. IN  HUICPEAK Y
INFUI

FERINLD ' 662 HEV FHUTONS/Z®MIN''G
INFUT G : =

- FLUX(3)



RUTHERFORD SCATTERING® PROGRAM

10 PRINT "RUTHERFORD SCATTERING PROGRAM"
15 PRINT i

20 PRINT "Z1,72": »

830 INPUT Z1,22

40 PRINT "ENERGY";

50 INPUT E .

60 PRINT "ANGLE INCREMENT";

70~ INPUT D

75 PRINT

80 PRINT "ANGLE","D
100 FOR A=5 TO 18 STEP D
110 PRINT A,
115 LET X=A/114.6
130.PRINT 1.296*(21%22/E)t2/(SIN(X)14) ,
140 NEXT A
150 END

READY
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Refictor and Accelerator Facllity Sharing Program

The following is a 1lst of colleges, wdversities, and institutes that
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aborative work with thelr reactors '
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an experiment, tour, or demonstration, a letter of ingquiry from your pro-

pages. : ‘
The authors wish to express their appreclation to DRTEé; Inc., Oak Ridge,
Tennessee and to the Speclal Projects Office, Oak Rldge Assoclated Unlversities,

for helping with the compilation of this information.
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Facility

University of An,rigr}ria
BFIQ“&HTJS Young University
University of California
Cathalic Uﬁivergity
Colorado Srate University

Columbia Universi ty

Cornell University

University of Delawar

University of Fiorida

Georgia Institute of
Technalogy

University of lllingjs

lowa State University
Kansas State University

University of Kansas

Lowel Technolagical
Institute

Maruette Utiversiry

FACILITY SHARING PROGRAM
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Facility

University of Maryland

A

Massachusetts Institute
of Technology

Michigan State Umiversity

Urnrveraty of Michigan

University of Missous
(Columbia)

Dnivprsity of Missauri
(Rolla)

University of Nevada

University of New Mexico

State University of

New York (Buffalo)

* .
< ¥

New York University
Ohie Univeraity

University of Ok lahoms

Oid Dominmn Univirsity
Oregon State University

Pennsylvania ,SK.ate
University

University of Puerto Rico
Purdue University

Reed College

Rensselarr Polytes hinge
Istitute \

REACTOR FACILITY SHARING PROGRAM (Continued)
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Facility

Rhode Istand Nuclear
Science Center

Stanford University

Texas A&M University
Nuclear Science Center
University of Texasx

(Ausgin)

University of Utah

Virginia Polytechnic
Institute

/
L E]

University of Virgii

i

Washington Sfate

Univsarsity/
Univers’;its\,}zf Wisconsin

&

Worcester Rolytechnis

Institute

University of Wyoming !

.

REACTOR FACILITY SHARING PROGRAM { .ontinued)

Contact
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Standardlization Sources
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APhptén Energy

(Kev)

Fmitted Pep
Decay

Co-57 .

Hp=2073

1]

™1/2
b6, 591

M-54

N”'S==f

N1 =60

Pa=1 3 7
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Table I, continued

Radiation

(Kev)

Spr-88

K

X

Tt

Y

rave

ray

vy ray

127h.55

0.9995 + 0.0002

_

Table TT
L _ - - 7;" A — - ; e I — - S — —
atlon Souraen
Nuclide Daughter Radiation Photon Fnorey Photon rmitted -Per
' (Kevww) Decay
Ta-182 W-162 v ray Bl G 18,5 ()
& v ray 1007 100.0  (e)
Ty [13.7 13.0
) ¢ ray 1164 3.17
Y Ay 152.4 51.65
! / ray 1564 17,68
Y Tay 1794 73.%
¢ Tray 108, 30 10.5
YTV 65,7
¢y 2007 DR
yoray Gl W
I I e
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FOOTNOTES
Table T

2l1 are spread from about 3 to 5.6 KeV.

F nt

M x=rays from the decay of Am-:
Special cautlon should be exercised wlth germanium detectors since

the K@ dand K escape in germanium from the 13.9 KeV Lr of Am-241 falls
within the M x-ray region of Am-241.

Ref. 1

All values other than those footroted are as given by TAEA, Vienna

Ref. 2

T

Calculating using X/y(14) = 5.82 from Ref. 3

Uzing the data listed in Ref. 4

Using &y and y/dis. from Ref. 5 and o, from Ref. 6.
i \

Using KE/}{ri = 0.2370 + 0.0048 from Ref. 7.

The original values as Supﬁiied by TAEA, Viernma, have heen corrected
for the KB/Ka intensity ratlo piven in Ref. 7

Computed using an average value of PHMK = 0.250

I+
-
p
;
o8

Computed using Prwy = 0.6340 + 0,Q032 from Ref. B,
N T

All values gf ven in this table are normalized to the 100.1 KeV y ray.

An average of values given in Refs. 9 and 10.

An average of values ¢lven in Refs. 2, O, and 10.
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NUCLEONICS DATASHEEI
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X-Ray Critical-Absorption and -

Emission Energies

By 5. FINE ond C. F. HENDEE
FPhlipr Lihargtoriry

Irvvagion on Hudsnn \Nrwp ¥ack

Incieased gae of TRy ptoporLionn]
detectors Tor Norans by oy wted aoaeed
fors tabie of fuergy valnen of K and
L alsorption and vimssion series

The table presented here includes

all elementa, Alwt valies were ol-

in kev

The ennversion equations relating
energy and wavelength naed are (#)

E tkev) = (1239601 + 000017 A¢A)
= 1239614 1 02020 Ak X unit)

In eomputing vilues the number of
places retnined suificed t muihitain the
uncertamty in the aniginal eoures valye,
The valuea in the tahle hnve heen hatad

Physical Constants

bonly of the tahle Lot 5 st of viliges

ealeulateil to fit hetter are fontnoted.
' L - -

The cicithera wwish ta rrpreas the AppcEsw-
Harda W Parrsh [ helpful auggeatinns and
ta H Kasper [re peeffeming the campuininn
in cannschion with (his work

RBLIEGRAFHY
Caucham 5 1 aigbe
1es #¢ [MARees Numeiiques 1 Lang L ]
fdr des Envasnns st [ea {hmenntin-ates

Tahlex de "ga.

tisred By s conyersinn to hey of tabu- uniformly ta 1 ev ”(ﬁnﬁé\‘?i“ chemical ? Al.afnl;mf;n X (Hermann st T lang
R R . . R ren~e 1L47)
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(I-7) acm nre {retn previons energy- much as 1020 pv (4 &), Thenry and Fapenment’ (D) Van
e from presions enery- - much a3 10-20 ov (4, 6).
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- f ol . I * R . 87 (Nanonsl Huresu o Standerds U A,
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oy 7 L . o . _ i I 4 Y. Caurham J. phys. radium 13, 113 (1052,
tain valum were determined hy inter-  however there were & few iregularitien R D 1l E L Church and 4 W Mobeies,

Rev Rer [naie, 33, 527 (1080)

polation. neing Moseley's law. (Al due to the deviation of sbme input 5 : } _
. . . . . . 4 ) W M DuMond, E. R Cohin Fhys K.
this 18 annotated in fontnntes ) valuen (I). Theae wers retained in the 8%, B33 (1951)
X-Ray Critical-Absorption and Emission Energies in kav
L esrine
Flemeni Ko KA, XA, Ka, Kas i Lilas Littas L1y LA, La Loy

i Hyd-ngan O 0t - - i )

1 Helinm 0 (2441
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APPENDIX Vi

Relatlve Sensltivities of Flements To Neutron Activation. (Thermal)

This tabulation should be quite useful to schools that have either

-an Isotopic Neutron Source (i.e. Pu-Be) or a small Cf=252 Neutron Source.

O

ERIC
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The numbers are equally valid for thermali ized accelerator neutron sources.
Information in regard to unknowns which are given in the activation aﬂiis{

ysls experiments in thils manual can also be extracted from th1 table.

are relative to Aluminum.
Thus, if 1-milligram of Aluminum can be measured, then the irradiation
and counting system is capable of measuring the listed quantities of

In each case, the reaction product and gamma energy have been se-
lected which glve the best interference-free sen nsitivity.

Irradiation to saturatlon iz aszumed for nuclides having half-lives

v
]
o
o
T
el

in seconds or minutes. An overnight (l6-hour) irradiation is

for the longer lived nuclides

Measurements of the activities were made with NaT(T1l) secintillation

detectors. Sensitivity was assigned on the basis of the amount of element

I
)T‘«
m

requlred to provide a discharge count rate of 100 net counts per minute in
the photopeak indicated for the product nuclide.

The listed relative : senzitivities would be ‘approximately the same with
measurement using Ge(Li) detectors. Longer counting perios are made nec-
2ssary because of lower effilelency; and, hence, very short-1lived activifies

can be expected to show a decreased se

181tivity.  The higher résolution of

the Ge(Li), however, Is an advantape when interferencos ape present.
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At, No. Symbol =~ Nuclide & Half-Iife = _ By _
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NAA SENSITIVITY
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Low Sensitivity > 10

C) Medium Sensitivity 0.1 - 10

rJ High Sensitivity < 0.1
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APPENDIX VII

Major Gamma Rays Dbgg:yed!in,Neuﬁ;@n Agtivatién,Analysis

GbSEfVEd as products of neutron bombardments. It 1s ordered according
to increasing energy of a prominent gamma ray, designated as'El, emitted

“1n the decay @fithe ﬁuelide. .

If the nuclide is pregent, it is highly likely that E1 will show an

T ,
appfeciable Intensity in the spectrum and it thus serves au a key to the

identity of the nuclide. Thé half-1ife and associated gammas should than
be consulted for confirmation.
The last column shows the sensitivity relative to that for aluminum,
assuming that ‘an adéquate irradlation has been performed. This too, can’
be of help 1n éllmiﬂating unlikely prospects and confirming an identifi-

cation.
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MAJOR GAMMA RAYS, NAA
°  '(Energies in KeV)

T-1/2 E2 E;
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4 E NUCLIDE T-1/2 E, E, E, SENS
412 Au-198  64.7 h 676 B ) 0.03
439 Zn-69M 14.1 h 23.0
443 1-128 25.0m 526 970 0.3
511 Cu-64 ‘12.8 h 1345 >
543 .Pt-199 31.0'm 494 . 317 185 -25.0
556 Rb-86M 1.02m . . 5.0
559 AS-76 26.4 h 657 1216 0.32
564 Sb-122 64.3 h 693 1141 0.7
616 Br-80 16.8 m 511 666 €39 0.8 *
658 Ag-110 24.0 | .35
686 W-187 24.0 h 480 72 134 0.4
724 Ru-105 4.4 n 469 676 16 12.0
776 Br-82 35.3 h 554 619 1044 1.0
834 Ga-72 14.1 h 2202 630 2507 0.3
844 Mg-28 9.46m 1015 35.0
847 Mn=56 2.58h 1811 2112 0.01
879 Th=160 72 d 299 966 4.0
909 Y-B9M 16.1 s 23.0
963 Eu-152M 9.3 h 842 122 344 0.008

1039 Cu-66 5.10m 6.0
1121 Ta 115 4 66 1221 35.0
1293 In-i16M 53.% m 1097 417 1507 0.006
. 1434 V=52 3.75m 0.07
14872 Ni=65 2.53h 1115 i67 lBD.O;i
s K~42 12.4 h 26,0
{1576 Pr-142 19.2 h 5.0
15937 La-=140 40.2 h 487 816 328 0.8
1634 F-20 11.6 s 60.0
1779 Al-28 2.33m 1.0
1836 Rb-88 17.8 m 898 2677 1.0
2168 c1-38 37.3 m 1642 8.0
2754 Na-24 15.0 h 1368 1.5
3084 ~a=49 a g wm N o
O
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3 ATENDIX VI
’ General Hefereonce:n e

G. D. Chase and J. L. Hril)h’]QWit? Frnrm!p]n of Radioisotope Metiho-
* dology , ﬁ}drﬂ ed. , Burpv‘ﬁ Publin h1nr Fn » MinneapolTs, 1967. ‘

R: T. Dvermaﬂ ard H. M. Clark, ﬁadlnlgétépe TechniquE“, McGraw=11111,
New York, 1960. : ’

Norman -Radin, "Basic Radioisotope Expe?iment% for the Chemistry
Curriculum”, U.S.A.E.C., TID No. 6374, available from the Office of
Techniical aerviceg, Waah;ngtan D. C.

Ritupér, and J. W. Sulcoski, Experiments in Nuclear

G. D. Chase, , S _
s Publishing Co., 426 South 11xth Street, Minneapolis,

Science, Bufge
Minnpﬂota 5541

5.,

H. J. Kramer, W. .J. Gémmill Hln]nﬁv xppriment“ in Nucleonics”
available from the Nucleus Tnstrument Co., Post Office Box R, Oalk
Ridge, Tennessee 378730. :

W. J. Price; Nualear Radiation Detection, Second ed., McGraw-Hill,
New York, 1964 - -

J. M. Taylor, "Semiconductor Farticle Detertors", Butterworth,
Washington, 1963. ' -

F. 8. Goulding, "A Survey of the Application and Limitations of VEP?ﬁU“«i
Types of Detectors in Radiation Energy Me surements", IEE Trans. Nuclear

Scilence, NS-11(3) 177, June 1964,

J. L. Durgan, W. D. Adams, R. J
Experiments f@r the Modern Phy

Scroggs; "Charged Particle Detector

S1C3 eri

hysies, Vol. 35(7), p. 631, 1967.
At

Laboratory", American Journal of

Samuel Glas StDNE, sSourcebook on A

Cebo omic Energy, D. Van Nostrand Co., Ine.
Princeton, N.J., 1967. ,

Gregory Choppin, Nuclel and Radiocactivity, Benjamin Press, 1964,

D. Taylor, The Measurements of Badioisotopes, Jolin Wiley & Sons, N.Y., 195
R. T. Dverﬁan; Basic Concepts in Nuclear Chemistry, Relnhold Publishing Co
N.Y., 1963

Allison P. Casarett, Rac ilatiﬁn Biﬁlogyg Prentice Hall, Englewood Cliffs,

N.J.
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Government P:qgramsAthat!arggﬂggigpeﬁﬂtg;H%;EWéplléggsianﬁ .

pﬂivgrs;;ies wi;ﬁrtherfund;ﬁgﬁgf Eéggatioﬁa; Scignﬁéﬁig Eguipmgé;

Three agencies of the United States Governmernt have had programs

to assist colleges in the procurement of scientific equipment for

b

instructional purposes. These programs "are” ir addition to the .

o

various research grant programs conducted by a number of agencies

that include the purchase of research eéuipmant_ Of course, use of

such instructional equipment for student and staff research is

o]

enc

iraged, and it is important that the quality of the equipment
be such that both functions may be served. .

Atomic Energy Commission (Surplus Equipment Program)

For current information write to:

Administrator for Nuclear Energy
Energy Research and Development Administration
Washington, D. C. 20545

National Science Foundation

Oor current information write to:

]

m

Instructional Scientific Equi
Division of Undergraduate Educa
National Science Foundation

Washington, D. C. 20550 -

United States Office of Education

Title VI of the Higher Education Act of 1965 is administered
by the United States Office of Education, which offers support
through matching-fund grants to institutions for the purchase

of equipment to improve the quality of classroom instruction.

It is pertinent to note that Title VI directs that considerations
be given to enrollment pressures and the financial needs of the
proposing institution.
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. This program b
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5

states et -up thelr own priority and Pvaluatlan eriteria,

Qchedule for Plohing dates aﬂd awards.

been developed T s

tehy i Wiy lJrngli,]qulvvﬁ both
it.nte P’DVE*TTTT]E‘F]LE‘.‘ Tn peneral, the
as well-as the

Final evaluatign 15 made by the

Office of Education and the grant is made directly by the:Office of Edu-

cation to the school.

Information on this program

state agenicy that is P§Lp® %ible
State Départmént of Fduecation, a

parable office.

for higher educatilon.
Commiss

Requerts made for information

should be requested from the aﬁprspriate
This might be the

ion on Higher Educatlon, or a cam-

should include requests for

coples of the pertinent information on criteria and on the format of the

proposal itself.

tained from the f@llowingé

. Chief, Collepe Equipment Grant Section

Eureau of Higher Fducation
United States
400 Maryland Avernue

Washington, D. C. 20202

The closing dates range from October 15 t

staten. Con

In order to take part in any of these

written by t
plans to do and how hig propooal

The experiment:s

"What can be done in nuelene chiemiotrvs

In writing this munwl we

familiarity with bacic radioisotope measurement:.

(Appendix T) at the

mation in repard to licensine and Pederal repulations

Information PFFanlﬂF the grant program may also be ob-

Office of Education

to February 15 in varioun

tact your local office for information on thiz datei

programs, o proposal mst be

he principal Invectigntor cxplaining what he needs, what he
will benelTit hirher oducat ior.

in this mamial will help to ancwer the question,

aH

are ancwnityge that Che reader hoo come

T thes General Apperilix

end of the Manual we have included mome valuable infor=

for iootope use. A
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