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The problem with which this investigation is concerned
is that of making ekperimental measurements of proton-induced
K-shell x-ray production cross sections and to study the
dependence of these cross sections upon the energy of the
incident proton. The measurements were made by detection of
the characteristic x-rays emitted as a consequence of the
ionization of the K-shell of the atom. The method for
relating this characteristic x-ray emission to the x-ray
production cross section is discussed in this work.

The measurements made in this investigation have a two-
fold use. First, they add to needed information for testing
of theoretical calculations of inner atomic electron shell
ionization by ion impact. There are three basic theories
which describe inner shell ionization processes. Two of these
theories, the Binary Encounter Approximation (BEA)} and the
Plane Wave Born Approximation (PWBA}, apply to the proton
energy range studied in this work. The BEA is a semi-classical
treatment, and the PWBA is a quantum mechanical treatment.
Corrections have been suggested to the PWBA to account for

the change in the binding energy of the ionized shell caused



by the penetration of the incident ion into this éhell. This
gives three theoretical predictions applicable to this work.

Two of the theoriea; the BEA and the PWBA with binding
energy corrections, give nearly equivalent predictions for
the ionization cross section of an element when bombarded
by protons in the energy range investigated in this work.
The PWBA predicts cross sections which may differ from the
other predictions by as much as a factor of two. Because of
insufficient data to totally test these three theories, it
is not known which theory best predicts the ionization cross
sections for the range of proton energies studied in this
work. The measurements made here compliment existing data
and aid in the testing of these theories.

The second use of these measurements is in the field
of application of x-ray analysis. High resolution non-dispersive
x-ray detectors have made x-ray technigues important as a
non-destructive analytical tool. X-ray analysis techniques
have been found useful for such work as pqllution‘analysis
and characterization of solid-state samples. Studies are
also being done which apply x-ray analysis techniques to medical
research. The most promising method of x~ray excitation is by
ion bombardment. Large cross sections for x-ray production
and lower intensity bremsstrahlung radiation in comparison to
electron bombardment make this a most sensitive means for
detection of trace amounts of elements. To increase the utility

of this method for guantitative analysis, values for x-ray



production cross sections are needed. Since the available
data is limited, the measurements of this work are a useful
contribution to the information needed for studies in x-ray
analysis techniques.

The K-shell jonization and ﬁ—ray'production Cross
sections for Fe, Co; Cu, Zn, Ga, Ge, and As were measured
for proton impact in the range 0.5 to 2.0 MeV., Several of
these elements were chosen for this investigation because of
the need for x-ray production cross sections to facilitate the
characterization of materials used in semi-conductor devices.
The ionization cross sectionslfor Fe, Co, Cu, Zn, Ga, Ge, and
As were found to be 242:23, 173:15, 04,.1+7,8, 70.9£6.9,
56.4+4.6, 36.5t2.7 and 27.1:2.1 barns respectively at 2.0 MeV.
These measurements agree to within less than 17 per cent with
the predictions of the BEA and the PWBA with binding energy
corrections. The predictionswof the PWBA exceed the measured
values by as much as a factor of two at the maximum deviation.
Tt is concluded from a study of the energy dependence of these
cross sections that the BEA and PWBA with binding energy
corrections continue to give a superior prediction to the
PWBA over the proton energy range 0.5 to 2.0 MeV. These
measurements also indicate a trend for the measured ionization
cross sections to drop below the predictions for all three
theories for low projectile energies as well as an increasing
disagreement between the measurements and the predictions of

the BEA and corrected PWBA as the atomic number of the target

decreases.
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CHAPTER I
INTRODUCTION

The study of characteristic x-rays has been active for
many years. Characteristic x-rays were first observed and
identified by Chadwick® in 1912. The x-rays were produced
by the exposure of thick targets of several elements to
alpha particles from radium. K-shell x-rays from
Z = 32 to 79, L-shell wx-rays from Z = 34 to 79, M-shell
x~rays for Z = 83 were excited and measured by Bothe and
Pranz® in 1928 by bombardment with alpha particles from
polonium.

In 1930 Barton3 unsuccessfully attempted to produce
x-rays by bombardment of materials with low energy protons.
Grethsen and Reusse4 successfully preformed this experiment
in 1933 with 30 to 150 keV protons. Livingston, Genevese
and Konopinski5 in 1937 studied characteristic x-rays from
targets in the range %2 = 12 to 82 produced by proton bom-
bardment up to 1.76 MeV. These data as well as that of
Grethsen and Reusse4 agreed with theoretical predictions by
Hennebe;&:g6 made in 1933.

In 1953 Lewis et 2&'!7 using Nal detectors, studied
K-ghell x-rays from thick targets of Mo, Ta, Au, and Db

produced by proton bombardment in +the range 1.7 to 3.0 MeV.



Lewis and Bernstein8 studied L-shell x-rays from thick tar-
gets of Ta, Au, Pb, and U produced by proton impact in the
range 1.5 to 4.25 MeV.

Hansteen and Messelt,9 in 1956, used Nal detectors to
measure x-ray production cross sections for proton impact
in the réng@ 0.2 to 1;6 MaV on Cu and Mo foils. In 1957,
Singhlo used proportional counters to study K-shell x-rays
from Cu and Ag foils produced by impact of protons, deuterons
and alpha particles. Also in 1957, Messeltll reported
K~shell x~ray production cross sections for thick targets
of Fe, Cu, Mo, Ag, Sn, and Ta by proton bombardment in the

range 0.14 to 1.3 MeV.

12 13-20

From 1962 to 1967 Jopsen et al.”™™ and Xhan et al.
did considerable work on x-ray production and ionization
cross section measurements by low energy proton impact.

They used scintillation and proportional counters to measure
K, L, and M-gshell radiatlons from thick targets.

In 1969 Hart et QA.Zl used gas proportional counters to
measure cross sections for K-shell x-ray production in thin
layers of A1203 by bombardment with 0.02 to 0.l MeV protons.

Studies of characteristic x~rays have recently received

renewed interest because of the availability of high reso-

lution non~dispersive 8i(Li) x-ray spectrometers. In 1966,

22

E. Elab and M. Nakamura first reported development of

non-dispersive Si(Li) detectors for photon detection. They

reported detection of Fe K-shell x-rays from the decay of 5700



and Ag L-shell x-rays from the decay of lOBCd. Since this

work several investigators have employed commercially available
Si(Li) detectors for x-ray studles.

These new measurenents have renewed an interest in the
study of the theory for caleulating charged particle ioni-
zation cross sections. Theoretical investigations of inner
atomic electron shell ionizations by ion impact have been
developed semi-classically in the Binary Encounter Approxi-
mation (BEA} by Garcia, Gerjouy, and Welker,23 guantum
mechanically in the Plane Wave Born Approximation (PWBA) by
Khandelwal, Choi and Merzbacher24 and in an impact param-

eter method by Bang and Hansteen.25

The latter theory
applies to the case where the energy of the incident par-
ticle is near the binding energy for the electron removed.
The projectile energies used in these experiments are well
above the threshold energy and in the range where the first
two theories apply. Both of these theories assume the pri-
mary interaction between the incident ion and the orbital
electron is coulombic. These two theories will be dis-
cussed in more detail in Chapter II.

Since the development of these high resolution x-ray
detectors, x-ray technigques have also become important as a
non-destructive analytical tool. The most promising method
of x-ray excitation is by ion bombardment. Large cross
sections for x-ray production and lower intensity brems-

strahlung radiation in comparison to elecdtron bombardment



make this a most sensitive means for detectlon of trace

26,27 To increase the utility of this

amounts of elements.
method for quantitative analysis, values for x-ray production
crogs sections are needed. However, values are available
only for selected elements over a limited energy ranqe.zg
Although several authors have reported measurements of
x~ray processes for protons on thick targets from Fe to As
at selected proton energies helow 2000 kev,é' 11-14, 20, 29
further study is needed in this energy rahge because of
problems assoclated with thick target yields. The reduction
of thick target x-ray data to give the x-ray production cross
section involves the measurement of the slope of the thick
target excitation function and the use of stopping powers
for the incident ions. Uncertainties in these quantities
have led to results whose errors are typically of order
30 per cent or higher. Predictions by the above mentioned
theories are not suitable for analytical work because of
disagreement between the theories and a lack of data to test
the predictions of each. This disagreement will be discussed
in more detail in the next chapter.
The work reported here was undertaken to provide ioni-
zation crosse sectiong for comparison to the theories and

for use in quantitative measurements.



CHAPTER II
THEQRY

As stated in the introduction, there are two basic
theories applicable to this energy range for calculating
the ionization cross section for ion impact. The impulse
approximation considers the dominant interaction producing
the ionization to be a direct energy exchange between the
incident charged particle ahd the bound electron. Calcu-
lation of the cross section (UAE) for exchange of an amount
of energy AE between two moving charged particles was done

by Gerjuoy?o- Garcia, Gerjuoy and Welker?"

developed a
theory of ionization by proton impact based on the work by
Gerjuoy. This theory assumes the only effect of the nu-
cleus of the target atom is to establish the momentum dis-
tribution of the electrons. The collision, via a coulomb
interaction only, is assumed to be between two free charged
particles. Thus the name Binary Encounter Approximation
(REA) is used.

In developing the BEA Garcia, et al. first consider a
collision between two free charged particles 1 and 2 moving
with velocities ?1 = vlﬁl and %2 = vzﬁz in the laboratory

frame. After collision their laboratory velocities will be

+ - J.‘—}‘ - + - I* - LY
v,n=v n and vo=v . Throughout this development



a bar below the symbol will denote a center of mass variable
and a prime will denote a post-collision variable. The
relative velocity between the two particles will be denoted
before and after the collision respectively by

> > > - g

- >, - . > >
v=v -V = and v~ = vo-v, o= v’n’. The center of

mass velocity is given by

, _ > -1 e -
§CM = VCan = M (mlv:L o mzvz)

where M = mj + mz. The relationship between the laboratory

and the center of mass velocities is given by the usual

relationship of 3& = GéM + ii‘ From this relationship it
follows that Vv = v - ¥y = El - iz = vﬁ. The same relations

hold after collision.

By choosing the polar axis of a fixed system along ﬁéM
the polar and azimuth angles of ﬁ and ﬁ‘ are 8, ¢ and 87,¢°
respectively as shown in Figure L.

Let particle 1 be the incident projectile. The energy
gained (8E) by particle 2 (as seen in the laboratory system)
30

can be shown to be:

AE = WV, (cosf - cosf )

where | = mlmZM_l is the reduced mass. Thus for a given
> >

vy and v, the energy transferxed. (AE) is a function of 07.
Differentiating the energy transfer equation gives

d{AR) = quCM(sing’dg‘).
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The total cross section for transfer of all possible

amounts of energy is given by

0’($1 r$2) = fGAE (%1 1%2) d(AE)°
1f g(v;ﬁfﬁ’) is the corresponding differential scattering

cross section in the center of mass system3o, then

0($1 V) = H‘];V " fd(AE) ap “g (VinsB*) .
C

The last two equations imply

GAE(%l,%Z) = uv% ergfg(v;ﬁyﬁ”).
CM

The prominent interaction is assumed to be coulombic.
This assumption designates ¢ as the Rutherford cross section

.

l“«'aA, 2. r
Z 7 e2y\2
- s 172
QCV;E?E”) = — CSG”(X/2)
2uv
where X 1s the scattering angle between n and h* in the
center of mass system and Z;e, Z,e are the charges of the
interacting particles. The relationship between the scat-
teringcangle and the angles which locate the relative ve-
locity wectors is given by
cosy = cosfcosd” + singsing“cos(¢ - ¢").
Using the above relationship and the expression for the
differential Rutherford cross section, it follows that30
22y Ze? )2V, 2

O‘AE(‘;‘J“ r—'GZ) = _ CM (1L - C‘-OSQ‘B‘_“ - AE
| v 2| |? MW

cosg)



where

-1l < cosg - H%%_d <1y
CHM

otherwise o0,, = 0. This restriction guarantees that
4R >0,

The above expression for & . ig a function of the
velocities of the two colliding particles. The quantity
needed for the calculations of the ionization cross sections
is the effective average of UAE($1'$2) over all orientations
of 31 and %2 for fixed speeds Vi, Vi, l..&s G%Ef(VI,VZ).

If particle 2 has an isotropic velocity distribution
in the laboratory system then the effective ¢,n ig defined
by23

eff 1 — e 5
V_ICSAE £ ﬁ fd3n2|v1 - VznzlﬁAE(Vl,Vz).

This definition applies to the case where particles 2 are
electrons bound to a stationary atom being ionized by a
peam of incident protons. In the case of an isotropic dis-
tribution for 32, digf cannot depend upon the direction of
31. Thus digf depends upon the magnitude of 31 and 32 and
can be averaged over 31 as well as 32.

Garcia et §£.23 show that the ionization cross section
for proton impact is given by
o = In ™ o®If (v, vai0) A (AE)
ion i AR ‘VirVar
U
where ) is the ratio of the proton mass to electron mass,

ng is the number of electrons having lonization energy U,
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and By is the incident proton energy. The resultant cross.
section must then be averaged over the speed distributions
of the orbital electrons. Garcia et al. have done the
indicated integrations and the results are listed on page 67
of reference 23.

The speed distribution of the bound electrons can be
determined classically from a microcanonical ensemble from
the expression

£lvy) = ¢ [o(H - E?dsr

2 .
where H = wv, /2 + Zez/r. GarciaBl

has shown for a hydro-
~genic atom with an electron in a total energy state (-U},
that

£lvy) = %%Vg vy 2/ vyt voz)L+

where v _ = (2U/m)%.

Garcia, Fortner and Kavanagh32 have done the averaging
of o, , over the above wvelocity distribution function by
numerical technigues and published the results in tabular
form for the case of proton ionization of the K-shell. It
was this table which was used in generating the BEA predictions
used in this work. Appendix A gives an example of calcu-
lations from this table.

The second theory which applies to the experiments
discussed in this work is the guantum mechanical treatment
originating from the Born Approximation. The Born Approx-

imation gives the differential scattering crogs section as
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do _ M* 2
daa 4w%hu|<@flvly£>>l

where M ig the reduced mass of the particle incident upon
the atom. Since the interaction is assumed to be totally

Coulombic, the interaction potential is taken as

ozl
R - T

where Ze is the charge of the incident particle, R is the
position vector pointing from the atom to the particle and
¥ denotes the position of the atomic electron relative to
the nucleus. Thus |R - ¥| is the separation distance between
the incident particle and the ejected electron. Figure 2
shows this coordinate system. The initial and final wave-
33

functions are taken to be

¥y = Wnexp(iﬁ-ﬁﬁﬁ)

and

yF = wn,exp(ig‘-ﬁﬁﬁ)

respectively, where ¥ and Y, . are the initial and final
wavefunctions of the electron, P and P~ are the initial and
final momenta. of the incident particle and the exponential
functions are the plane wave representations of the incident
particle. Making the indicated substitutions yields the |

following relationship for the differentilal scattering cross

section

2 . =+ e

M v * > Ze“exp(i{P - P }-R/A) B0 g ekt 2

= M v v (%) v_(¥)drdR
i E" lf n % - 7| n

Q.:lﬂr
©ola



Fig. 2-~Coordinate System for PWBA
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where v and v” are the initial and final speeds of the
electron.

Merzbacher and Lewis33

state that by making the sub-
stitution ﬁ& =% - B~ and integrating over the coordinates

of the particle the above expression yields

2 2
Z
_ 2 Je d * o L e
do = 8% m ;g- J“Pn;(r)eXp(lq r) ‘l’n(r)dr

The form factor is defined as
F oo lq) = fw;;fexp(i%-%")wnd‘r’ .

Summing the above expression for the differential cross
section over all the substates of an initially filled atomic
shell (labelled s) and integrating over all directions of
the ejected electron, Merzbacher and Lewis33 gshow the dif-

ferential cross section for transfer of energy between ¢ and

g + de becomes

2 _ 2 Je 2dg
d J.g = 81Z 5 ~;; Fss(q) de

where e i8 the amount of energy transferred to the atom.

The factor 2 enters because of the double occupancy of each
inner electron orbit. Now the dimensionless guantities

w = e/(zng) and Q = a;q2 are introduced where R is Rydberg's

constant, % is the effective nuclear charge for the s shell?4

and a_ = aO/ZS, a

s being the Bohr radius of hydrogen. The

o
effective nuclear charge ZS takes into account the screening

of the s shell by an inner shell or subshell. The values of
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Z, used to develope the PWBA were determined by Slater>?

from interpretation of optical data. Making the above sub-
stitutions gives the cross section for ionization of the

g ghell as

2\2 @l Yax Onax

e gn2 p2 [€2) o a0 |,

Iy 8me Z I " f dwf 5 Fws(Q) .
8 0

If the energy loss is small as compared to the labo-
ratory energy of the incident particle the lower limit of

Q is given by

)
Qmin W /4ns
where
2
8 2 2 - 2 R
ZS e %ZS o

for protons. Under the same conditions the upper limit of
Q is given to a very good approximation by Qmy = ©-
The amount of energy transferred (WZQRM) is related to

the kinetic energy of the emitted electron (T) by

2
WI R, =T + U
where Us is the ionization potential of the s subshell.
This relationship implies that the minimum value of w is
given by
_ 2
Yoin = Ug/ (ZgR,)
when T = 0. The maximum value of w is approximated by

=
Ynax *
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Khandelwal, Choi and Mexzbacher24 define an "ideal ion-
ization potential" (es) by
- " 2
o, = U 82/ (Z2ZR )
where s is a screening number indicative of the shell being
ionized, i. e. & = 1 for K-shell, s = 2 for L-shell, So for

the K-shell Oy is aguivalent to Introduction of these

Yain®
1imits to the integrals gives the K-shell ionization cross
section as
2 [ o ' 2
5 a
_ e ‘o . a9

o = 8n v fdw J‘?« Q‘?‘ FwK(Q) .

OK W/4nK

Making the definition
- do
£y = f dw fz o FwK(Q)
~ Ok w/dny

and using the definition of ns~'allows the “ionization cross

gaction to be written as

K 'K

Khandelwal et g;.24 have published a set of tables which
give values of fK ags a function of O and g These tables
have been used in this work to calculate the Plane Wave Born
Approximation (PWBA) predictions of the ionization cross

sectiong. Appendix B gives an example of calculations from

these tables,

The tables available for each theory must be interpo-

lated to calculate ionization cross section values at even
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intervals which would be convenient to operate at in the
laboratory. The computer code (for the IBM 360/50 system)
SIGCAL was written to do these intexpolations. The code
then calculates the cross section as a function of energy.
Because of the restrictive nature of the tables themselves,
the code was written only for K-shell ionization by proton
impact. The requirements of this work necessitated an
energy range only from 0.3 to 3.0 MeV. Appendix D gives a
listing of this program and a typical set of results.

These two theories, the BEA and the PWBA, differ by as
much as a factor of two over the rangé of these experiments.
The PWBA consistently gives a prediction larger than the BEA.
The data that is available indicates that the BEA is in best
agreement with the experimental measurements.

35 have reported a correction

BRasbas, Brandt and Lubert
to the PWBA to accéunt for the change in ionization energy
of the atom caused by the penetration of the incident
particle into the shell being ionized. This correction
becomes increasingly more important as the energy of the
incident particle decreases. The impact parameter necessary
to cause significant ionization becomes small enough that
the time the incident particle remains in the shell which it
ionizes is large compared to the response time required for
the electrons to adjust to the presence of the particle.
This has the effect of increasing the bimnding energy and

reducing the probability of ionization§6’37 Basbas et al.
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have shown that the relationship between the original

binding energy and the perturbed binding energy isg given by
U”s = gU

where

271
e = 1k o g (£
ZKOK K"K

and gK(gK) ig given to within one per cent by

gplig) = (L + g )°

2 3 "
{1 + SEK + 7.145K + 4.27&:K + 0.9475K)
with 1/2

2-(hK) /

: :
Ko %

Mott38 has shown that the calculations proceed the same

except the original binding energy is replaced with the
perturbed binding energy. In the PWBA this amounts to
replacing Ok with €0y These calculations, termed the cor-
rected PWBA, were made for comparison with the other theories
and the measurements made in this experiment. The com-
parison to the data will be discussed later. Appendix C
gives a sample calculation of the perturbed binding energy
and its result on the ionization cross section.

These corrections, as suggested by Brandt37 were incor-
porated into the computer code SIGCAL. The code does both
the corrected and uncorrected PWBA calculations as well as
the BEA calculations. The corrected form of the PWBA is

included in the program listed in Appendix D.



CHAPTER III
EXPERIMENTAL PROCEDURE

Figure 3 shows the experimental station. Targets were
placed in the vacuum system at a 45 degree angle to the beam.
Proton beams of up to 200 nancamperes from an HVEC 2MV
Van de Graaff were incident on the target. The incident
proton beam was energy analyzed to an energy of Epiz.o keV
by use of a calibrated magnet system. The magnetic field
was monitored by a Hall probe. The 1.85 MeV threshold of
the 7Li(p,n)7Be reaction was used to calibrate the system.
The projectile energy was then calculated from the ex-
pression

E = C(HPV)2
where C is a constahnt determined in the calibration and HPV
is the Hall probe voltage. Beam current integration was
accomplished by standard techniques.

A KEVEX 8i(Li) x~ray detector with a resolution of
172 ev at 5.9 keV was placed outside the vacuum system at
90 degrees to the beam. The x-rays produced in the target
were brought out of the vacuum system through a 0.0125 mm
mylar window. These x-rays were then passed through a
0.025 mm Ba window on the detector cryostat and entered the

30 mm?x 3mm active detector volume. The detector was used

18
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in conjunction with a standard electronics support package
consisting of a preamplifier, amplifier, bias supply, pulse
pile-up rejector, and dead time corrector. This electronics
package was interconnected with the beam current integrator
and multi-channel analyzer so dead time corrections were
made electronically. Figure 4 shows a block diagram of the
electronics.

A 340p silicon surface barrier detector, used to measure
target thicknesses by standard backscattering techniques, was
placed internal to the vacuum system at an angle of 168 deg. to
the beam direction. A 1.5 mm diameter collimator was placed
in front of this detector to restrict the counting area to
the central portion of the detector. The solid aﬁgle sub-
tended by the detector with respect to the beam spot was
measured using a standardized 2%%Cm alpha emitting source.
The alpha source was placed in the target position and the
solid angle determined from the number of alpha particles
(N,) detected during time T by the expression

Q= 4de/(TI)
where I is the intensity of the 2%%Cm source in alpha
particles per second. The solid angle was found to be
1.53 x lo—qsr. by this method. The solid angle was also cal-
culated from measurements of the detector-target geometry.
The assumption was made that the detector face was normal to
a line from the venter of the target to the center of the

detector. A point source geometry was alse assumed for ease
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of calculation. This calculation gave the solid angle as
1.95 x lO‘usr. The difference between the measured value
and the calculated value ig attributable to the assumptions
made in the calculations.

A study of the effects of wvariation of beam spot size
on solid angle revealed no corrections were necessary to
account for the difference between the beam spot and the
alpha source. The beam definition slits, as shown in
Figure 3, were opened to double the area of the beam spot
with no detectable difference in the solid angle.

The absolute detector-system efficiency of the x-ray
detection system was determined experimentally using x~rays
from standardized sources as described in the literature by
Gehrke and Lokken39. The absolute efficiency includes the
solid angle, absorption of x~rays in the air and detector
windows and é€fficiency characteristics of the Si(Li) crystal.
The efficiency measurements were made by placing an x-ray
emitting source in the target position and recording the
number of x-rays (Nx) detected during an amount of time T.
The efficiency is then calculated from the relationship

e = N_/(IT)

where I is the x-ray intensity of the source. Gehrke et gi?g

and Hansen et §£.40

have developed tables which relate x-ray
intensities of a source to its y-ray intensity. The energy
dependence of the efficiency was determined by using several

standardized sources which emit a spectrum of low energy
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x-rays and y-rays. Table I lists the sources used and their
corresponding photon energies. Figure 5 is a plot of the
efficiency vs energy curve determined in this experiment.
The solid line is a least squares fourth order polynomial
fit to the data.

Foll targets mounted to transmit the beam were fabri-
cated from Fe, Co, Cu, Zn, Ge, and As for use in this work.
Self-supporting carbon backings were first affixed to alu-
minum target frames. The element.to be investigated was
then deposited on the backing by standard vacuum evaporation
techniques. Table II lists the target thickne$Ses used in
this work.

The only element investigated which was not prepared by
this technique was Ga. Other techniques had to be used be-
cause the melting point of Ga is 29.78° ¢. An 800 ﬁ.gallium—
nitride film grown epitaxially on a Si substrate was obtained
from Texas Instruments, Inc. for use in this work. No target
degradation was apparent during experiments on this sample.
An elevated count rate in the x~ray detector was encountered
with .this sample due to the characteristic x-rays from Si and
the proton induced bremsstrahlung in the substrate. Addition
of a 2 mil mylar absorber between the target and the detector
attenuated this low energy radiation and lowered the count
rate to a level compatable with the analyzing electronics.
Corrections were made for the additional attenuation of the

characteristic Ga radiations by this absorber.



TABLE I
EFFLCIENCY CALIBRATION SOURCES

Source Photon Energy (keV)
Slep 5.0
54Mn 5.47
5700 6.46

14.36
652n 8.2
2%1am 11.9
13.9
17.8
20.8
26.4

1370y 32.1

24
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TABLE II

TARGET THICRNESSES

Element

Fe
Co
Cu
in
Ga
Ge

Ag

Thickness 3

26

(micrograms/cm®)
13.6 + 1.1
14.5 + 1,1
48.4 & 3.6
29.4 & 22.6
38.0 £ 2.9
62.9 % 4.7

172 £ 13.2
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A typical set of spectra for Fe is shown in Figure 6.

The peaks in the x-ray energy spectrum are E& and K, respec-

g
tively. Because the detector resolution is insufficient to
separate the Kal and LI lines or the Ksl and KBz lines,

these lines appear as K& and EB groups respectively. The

peak to background ratio is approximately 300:1. The

charged particle back scattering spectrum shows the carbon

peak from the backing, the thick target yield from the

Faraday cup and the Fe peak which is well separated from

the other components of the spectrum.

Data was recorded in a Nuclear Data 2200 analyzer system
and transferred to 7 track magnetic tape for analysis. The
count rate in the Si(Li) detector was monitored and main-
tained at less than 3000 cps to facilitate spectrum strippiné
by computer techniques. Peak drift and resolution broad-
ening caused by high count rates did present some problems.

The x-ray spectra were analyzed by a version of the
computer code SAMPOél. A Gaussian with exponential tails is
fitted to the peak. The peak area ig calculated and an appro-
priate background is subtracted. This gives the number of
x-rays detected dufing the experiment. The charged particle
data was analyzed by summing the counts in the back scattered
peak and subtracting a linear background.

Data reproducibility was checked by making ten runs at
each energy‘and checking aata fluctuation. The reproducibility

was found to be within statistical uncertainity which was
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typicallyzless than one per cent. The day to day reproduc-
ibility was checked by running the same experiment on several
different days and found to be within statistical uncertainity
also. The reproducibility of the x-ray detector geometry was
also checked using a standard source. After removing and
replacing of the x-ray detector, the geometry could be repro-
duced to within two per cent.

Problems encountered because of boil off of target
material or non-uniform targets can be minimized by using two
independent analyzer systems to take simultaneous x-ray and
charged particle spectra. Fluctuations in the count rate will
be registered by both systems simultaneously so both spectra
contain the same characteristics and no correction is needed
to the data. When simultaneous spectra were taken the pulse
pile-up rejector and dead time correction were disconnected
from the x-ray system. This was necessary because the inte-
grator cannot be made simultaneocusly compatable with both
systems. Individual dead times were noted for each system
and corrections were made to the data. When no target prob-
lems were encountered energy dependence of cross sections
was determined by normalizing the characteristic x-ray
intensity to the integrated beam and comparing intensities
to the intensity at Ep = 1.5 MeV where the absgolute cross
section measurement was made.

An investigation of the literature reveals most Measure—

ments of ionization cross sections (UI) or x-ray production
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cross sections (gxl have been made using thick Eargets.

When thick targets are used the x-ray production cross

section is given by the following expressionlz
_ L1 dn 1
6, = = g S(E) + H-uN(E) (1)

where n is the number of atoms/gram, dAN/JE is the slope of
the thick target yield function in x-rays/proton/keVv, S(E)
is the stopping power in keV cmzfgxam, y ig the mass
absorption coefficient of the target material for its own.
characteristic x-rays, and N(E) i the number of x-rays
produced/proton. Uncertainties in experimentg done with
thick targets can be large because of the difficulty in
evaluating the slope of the thick target yield function and
the lack of reliable values of the stopping power, S(E).

Thick target problems can be reduced or eliminated by
the use of thin transmission style targets. The energy lost
by a 1 MeV proton in traversing a 100 microgram/cm2 target of Fe
is less than 3 per cent and self-absorption of characteristic
radiation is less than 1 per cent. Evaluation of the cross
section from the data is simplified because no thick target
corrections have to be made.

When a proton beam is incident upon a foil target the
number of x-rays emitted (N} is given by

N = NT(TXNP

2

where Ny is the number of target atoms/cm” and N_ is the

P
number of protons incident upon the target. The number of
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x-rays detected (N} is given by

Nx = gN

where e is the efficiency of the detection system. Combining

these equations gives the x-ray production cross section as

=

(4} =
X

mI[—-‘

L
Ny

A
U %

The number of target atoms/cm2

can be determined using
back seattering techniques. A particle detector is placed at
a known angle. By counting the number of protons scattered
into the detector and making use of the expression for the
differential Rutherford scattering cross gection (d&/dn), N

is given by the expression

_ " do
Nc = NT ) NPQ

where O is the solid angle the detector subtends with respect
to the target.
The x-ray production and ionization cross sections are

related by

where w is the fluorescence yield coefficient for the shell
ionized. The values for W r the K-shell fluorescence yield
coefficient, used in this work were taken from the liter-
ature%zﬁ

The assumption made in this work is that the wvalid fluor-

escence yield is the fluorescence yield for the atom with one
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K-shell electron removed, 1. e. g™ gy where wu ig the

Ko
fluorescence coefficient for the single hole configuration
(15)1(28)2(29)6. Calculations by Bhalla and Hein43 have
shown this assumption valid for proton energies less than

2 MeV. Richard et g;.44 have shown that for 800 keV protons
on Ti the multi-hole configurationg account for lesg than

10 per cent of the x-ray intensity.

The expression for determining the ionization cross

section from the data is then given by

LT o ¢ N, N, do (2)
where pr and NPC are the number of protons incident on the
target during the acquisition of the x-ray and charged
particle spectra respectively. This equation assumes the
scattering of the incident protons is totally Rutherford.

The energy dependence of the charged particle data was
checked for agreement with the E-z dependence of the
Rutherford cross section. This agreement was found to be
within statistical uncertainty. The scattering was found

to be Rutherford in agreement with the work by Golovnya,g§_§£.45.

The following expression was used to calculate the differ-

ential Rutherford scattering cross section for proton scattered

at 168 deg.,

L 2
4 = 1.327 x 107%7 zﬁ-{cmz),
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where E is the energy of the incident proton and 2 is the
atomic number of the target atom.

The standard deviation of each crogs section wasg cal-
culated using standard error analysis technigues. The
deviations of the experimental terms in equation 2 were
calculated and the deviationsg of the terms taken from the
literature were those deviations quoted in the literature.
The major contributions to the deviationg of the cross
section were from the deviation in the efficiency which was
6.2 per cent and the deviation in the fluorescence coefficient
which was typically 3 to 5 per cent. The deviations in the

cross section values are § to 10 per cent.



CHAPTER IV
DISCUSSION OF RESULTS

The cross sections measured in this work are listed in

Table III. Comparisons are made to the data of Messelt}l

of Ferreef;6 and of Lui47

for the elements Fe, Co, and Cu.
This work and the thin target data of Ferree and Lui gen-
erally agree to within 20 per cent. Comparisons are also
made in this table to the predictions of the BEA, DPWBA and
corrected PWBA.

This work shows that for protons in the energy range
0.5 to 2.0 MeV incident on the elements Cu through As the
BEA and the PWBA with binding energy corrections give nearly
equivalent predictions to the measured values for the K-shell
ionization cross sections. The BBEA and the corrected PWBA
give equivalent predictions for Fe and Co in the proton
energy range 0.5 to 1.5 MeV. From 1.5 to 2.0 MeV the BEA
predictions are in better agreement with the measured values
than are the predictions of the corrected PWBA. 1In all
cases the BEA and corrected PWBA fit the data better than
the uncorrected PWBA which always gives predictions greater
than the measured values.

Comparison between the data from this work and the three

theoretical predictions is made in Pigure 7. All data and

34
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theoretical predictions are plotted in terms of the units
used in the BEA. The abscigsa is in units of the dimen-
sionless quantity E/CAUK) where X is the ratio of the proton
mass to the electron mass, E ig the energy of the incident
proton and U, is the K-shell ionization energy. The ord-
inate is in units of GIUK2. The use of this system of units
allows all déta to be plotted on one universal curve which
allows the overall fit of the theory to be investigated.

The predictions of the PWBA with binding energy cor-
rections fall below the measured values for 0.035<E/LKUK}<0.17.
This is in agreement with previous investigations by Brandtﬁl-
Polarization effects have not been included in the PWBA cal-
culations. The BEA predictions fall below the measured
values for 0.035<E/{1UK)<0.13. In the range
0@13<E/(AUK)<0.17 the measured values for Co and the BEA
predictions for Fe are in agreement. The measured values
and the BEA predictions are in agreement again at
E/LKUK)NO.lSS. The region below E/(AUK) = 0.035 suggest
that both the BEA and the corrected PWBA tend to overestimate
the measured cross sections. In all cases the PWBA without
corrections overestimates the observed K-shell ionization
cross sections for the elements studied in +this work.

Figure 8 shows the gooduess of fit of the theory to the
data as a function of E/IKUK). The BEA seems to more cor-
rectly predict the energy dependence than does the corrected

PWBA. The corrected PWBA underestimates the observed crosgs
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sections at the higher values of E/(MUg) and overestimates
for the smaller values, whereas the BEA underestimates the
observed ionization cross sections except at the lower end
of values investigated.

The results of this work show the BEA and corrected PWBA
give equivalent predictions for the purpose of applications
of x~ray techniques. These results do suggest further work
at the low energy end of the excitation curve. Tt ig also
noted that the disagreement between the data and the pre-
dictions of the BEA and corrected PWBA is increasing for
decreasing Z of the target as exhibited by the Fe and Co
results of this work. This suggests that further work be
initiated to investigate the elements lighter than Fe in
order to assess the systematics of the K-shell X-=ray pro-
duction processes in comparison to the theories for this

proton energy range (0.5 to 2.0 MeV) and target mass range.



APPENDIX A

The BEA predicts that the theory should follow a general
curve for proton bombardment of all elements. The inde-
pendent variable in this theory ig E/LXUK). The dependent
variable is Uch/le. These symbols have been identified in

Chapter IT. E and Up must be given in keV and o will be
2

-

in cm

For 2000 keV protons on zinc, Zy = 1 and UK = 9.66 keV.
Substituting these wvalues into the above exprassion gives
the independent variable as

E/ (0Uy) = 2000/(1836 x 9.66) = 0.113.

Garcia’t has published a table which gives values of

Uqu/le for corresponding values of E/(AUK?

X Because

E/(AUK) = 0.133 is not given in the table, the proper value

of Uqu/le must be extrapolated from the table which gives

2
UK ¢

Solving this equation for v gives

6.15 x 10”21,

o = 6.15 x 10721/ (9.66)2 = €.50 x 10"23cn2.
Thus the BEA prediction for the cross section for lonization

of the K-shell of ’n by 2 MeV protons is £5.9 barns.
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APPENDIX B

The ionization cross section predicted by the PWBA is

given by the expression

_ 2 2
gy = 8nZ a, ZS n f

where
e

. o= 8
‘s m 2
o) ZS R

&
The symbols used in this theory are identified in Chapter II.
The factor £ is obtained from a table published by

Khandelwal et §£.24 by knowing the value of ng and o_ where

_ 2, 2
6y = Ugs /(Zs R.J.

For K~-shell ionization by proton impact

- _ 2
0p = 73.4970,/(z - 0.3)%,

hg * 0.04E/(2 - 0.3)°
and
7.038 x 10710

K

K )

(z - 0.3) g

where Z is the atomic number of the target atom and E and Uy

are given in keV.
The equations hold for K-shell ionization by proton

impact of any atom. For 2000 keV protons on %n

46.
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_ (0.04) (2000)
(30 - 0.3)2

g = 0.091

and

_ (73.497) (9.66)

e 2 = 0.805 L]
(30 - 0.3)

K

Extrapolating the tables to give the value of £, corres-
ponding to the above values of nKkand @K‘qivas

- : -3
Substituting these values into the expression for the cross

section gives.

e e 16y e e =3 :
o - (7.038 x 10 %cg.ss 210770 g4 x 10723,
(29.73°(0.091) -

The PWBA prediction for the cross section for ionization of

the K-shell of Zn by 2 MeV protons is 84.0 barns.



APPENDIX C

The change in binding energy caused by the penetration

of the incident proton into the shell being ionized is given

by Basbas et al.°® as
U” = eU
where
22,
e =1+ Tty g (Eg)

and g(EK) is given to within 1 per cent by
(£.) = (1 + £072(1 + 52, + 7.148.% + 4.27¢.3 + 0.047:.%
gleg K K YR calop : K
3 12
where EK ~.2nK /GK.

Identification of symbols is made in Chapter II.
From Appendix B,

Ng = 0.0091

and

GK = 0.805

for 2000 keV protons incident on zinc. Substituting these
values into the expression for Ex gives

EK = 0,1749.

Substitution of £, in the expression for g(f,) gives
K , ®!.

g(iK) = 0.662.
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The expression for ¢ then becomes

_(2){0.662)
(30 - 0.3) (0.805)

€ = 1 + = 1-055&

Thus the perturbed ionization energy becomes
U”* = (L.055) (9.66) = 10.19 KeV.
The calculation of the cross section now proceeds the same
as that for the PWBA but with U replaced by U®. S8ince U
only appears in the @k terms this amounts to replacing Ok
with Op given by
Og"= &Op-
For this example
0" = (1.055) (0.805) = 0.849.
The f, value corresponding to these g and 0" values is
Fo = 7.44 x 1073,
Substitution of these valueg into the cross section
expression gives
(7,038 x 1070y (7,44 x 1073

o, = 3
(29.7)°(0.091)

K

= 6.52 % 10"23cm2.

The corrected form of the PWBA predicte the cross section
for ionization of the K-shell of zinc by 2 MeV protons to
be 65.2 barns, as compared to the prediction of 84.0 barns

by the uncorrected form of the PWBA.



APPENDIX D

The calculations preformed in computer code (SIGCAL} are
done by interpolation of existing tables for both the BEA
and the PWBA. Binding energy corrections are also made to
the PWBA. The calculations proceed as discussed in
Appendixes A-C. The interpolation is done by first calcu-
lating the energies and corresponding cross section for the
exact values given in the tables which are within the energy
range specified on the range card. fThese values are then
fitted with a polynomial and the cross sections at even
energies are calculated from this polynomial., For greatest
accuracy specify a range larger than the actual range of
interest i. e. the range printed out was 500-2000 keV but
the range card specified 300-3000 keV. Both exact values
given by the tables and the interpolated values are printed
out. The interpolated values should be compared to the
exact values before being used.

If no projectile is specified on the projectile card
(i. e. no projectile card used) the program defaults to

protonsg.
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MAIN 21

C THIS PROGRAM DOES BEA AND PWBA CALCULATIUNS BY MAKING USE

[ (F PUBLISHED TABLES ON EACH THEQRY

C THE RANGES OF APPLICABILITY ARE AS FOLLOWS

C BEA=—~ PROTONS UNLY--ENERGY UP TO 5 McV-~~TARGETS UP TO 2 = 55

C PWBA ~= PRUOJECTILES UP TO ALPHA PARTICLES.=~ ENERGY TU 5 MEV

C TARGETS uP 70 2 = 58

C

Cc

CHERREREERLE LY WAL NS RG e Rd i r P S m @ TR d Ty AP v A kN e e al bk
C LAk DATA CARD FORMAT & vk Xl e
C - ITEM COLUMNS FORMAT e
C CUODREWNRD 1-4 A4 *
C LABEL 11-20 2A44A2 ﬁ
G WHAT{1) 21-30 Flo.0 LS
C WHAT(2) 31«40 Fi0.D #
C WHATI3) 41-50 ) F10.0 &
C WHAT( 4) 51-¢&0 Fl2«0 *
" WHAT(5) 61-70 F10.0 *
c WHAT(6) 71-80 F1%.0 hd
Cor e ook % N B R R R R R R AN PR R R R R RE YR G A A e G e
C

c B

LR FETE R, R R R AR PN SN R IR T P A AN R MG e v M R R AR R

CODEWORD RANGE

LABEL LEAVE THIS BLANK

WHAT(1) MIN ENERGY (KEV)

WHAT{2) MAX ENERGY (KEV)

IF THIS CARD IS OMITTED THE PROGRAM DEFAULTS 71O

RMIN = 300, == RMAX = 3000, »
A BB P E YRR R RR MR AR BB R AP GNFER R RS A E KR RAREN A S S P

% * F > ¥

CCBEWORD PROJECTILE “
LABEL NAME OF PROJECTILE {IE. ALPHAS]) *
WHAT{1) I OF PRUJECTILE *
WHATI(2) MASS OF PROJECTILE (IN AMU) ke
#
*

IF THIS CARD IS OMITTED THE PROGRAM DEFAULTS TO PROTONS
VRERRREERE SN R ARE OB RERTR R R ARG SRR kG AR AR DX DRSS R RE T p TR R K

C
C
C
C
c
C
C
c
c
C R A g g o 70 o RO O R o e sl s o 0 T e e e e e A Gt e R A s ik kR R
C
c
G
C
C
G
C
C
Cocdem ok e etk af b OISR AN R S RS P RN R R e R AR S RN E AR

c CODEWORD BEA *
C LABEL NAME OF TARGET ELEMENT *
C WHAT(1} Z OF TARGET ELEMENT *
c WHAT(2) MASS OF TARGET ELEMENT {IN AMU) *®

CRUBEEEREN GO S S FRE RN RE PSRN TR R LSRRG RGPt e p e R s R e Y AR
C . .

C

G fodmlodso xR R kRor sk Bk ok Aokt Bt R MR R ST R N RE PR R KR
C COUFWQRD PWBA #
c LABEL NAME OF TARGET ELEMENT *
C WHAT(1) ' 7 OF TARGET ELEMENT &
c WHAT (2) MASS OF TARGET ELEMENT (IN AMU} &
c THE PWBA WITH BINDING ENFRGY CORRECTIONS 1S ALSO DONE WHEN S
c PWBA 15 CALLED. &
CORpNE BRI RN SRR RN RPNk AR g R S R e b R AR YRR R RN Ok
C .



MAIN

52.

C

Cosd g S on i 1wl BN CF s B T R b Ll T e AR b g% b bk Wk
C COGUEWORD BOTH *
€ LABEL NAME OF TARGET ELEMENT ki
C WHAT (1) Z OF TARGET ELEMENT *
L WHAT (2} MASS OF TARGET ELEMENT {(IN AMU) .
C THIS CODEWORD CAUSES BOTH BEA AND PWBA SECTIONS OF PROGRAM &
c TO BE CALLED *
C*&!ﬂw&&m&mmwamyaww%tm***@*wmﬁmwwttwﬂmﬂ&gmcmﬂwwuﬂﬁggam%x&h!Fﬁwkﬁ$ﬁ*%hk$ﬁ
C

c

C*ﬁzy*m**twnﬁx&w?@*?@wmmﬁ%ﬁ%$%$?#&ﬁ!aﬁw$mﬁ$m¢x@mm%fwﬁﬂ*m«ﬁkya#*kﬁw&x#tﬁ&
c CODEWORD stap | *
C THIS CARD TELLS THE PROGRAM TO TERMINATE 4

CW&wmtﬁaﬁwﬁﬂm4mwmﬁﬂwmm$r$@$¢m$¢wﬁtmmﬁgha&%z*tmw@wm#wﬁw&m&mm$£#¢$$$¢x*&&&

FOR EXPLANATION ON THE ACURACY OF THE CALCULATIONS SEE REFERENCE
FROM WHICH THE DATA TABLES WERE TAKEN

THE ACCURACY OF THE FITTED DATA SHOULD Bt CHECKED WITH THE
PRECEEDING TABLE BEFORE THE FITTED VALUES ARE USED

o000

DIMENSION X{1i0} «XLABL(1D}WHAT(10)
DATA X/4HSTOP4HBEA +4HPWBA+4HBOTH,» 4HPROJ+4HRANG/
DATA B5+B6+87/4HPROT 44HONS +2H 7/
COMMON A2+A30A4¢PZ+PMASS+RMINIRMAX s UsZ s AS4AL +AT
100 FORMATLA4+6X+2A%44A2,6F10.01)
20 PMASS=]1.
PZ=1l.
AS=R5
Ab=B6
AT=87
RMIN=300.
RMAX=3000C.
9C READ(S5.LO00M{XLABLIJI)eJdJ=Le& ) o IWHAT(JJJ) +JJI=1,+3)
IFEXLABLLL) LEQ.X{1)) GO TO }
IFIXLABLIL)EQX{2)) GO TO 2
IFIXLABL(1)«EQsX(3}) GO TO 2
IFIXLABL{1)sEQeX{4)) GO TO 2
IFIXLABL{1)+EQeX(6}) GO TO 6
5 AS=XLABLI{Z2)
Ao=XLABL(3)
AT=XLABL (&)
PI=WHATILL1)
PMASS=WHAT(2)
G0 TO s0
& RMIN=WHATI1)
RMAX=WHAT({2)
GO TO 90
2 AZ=XLABL(2)
AZ=XLABL(3)
Aqa=XLABL4)
I=WHAT (1)
U=WHAT{2) ,
IFIXLABLEIL) eEQ.X{2)oORaXLABLI1)WSEQsX({4)) CALL BEACAL
TFIXLABL{L)oEQaX{3)aORaXLABL (L) WEQuaX{4)}) CALL PWBCAL
GO Ta 20
1 5ToP
END



BEACAL 53

SUBROUTINE BREACAL

DIMENSTON BISN) «C{B50)+EE(50) «SIGMA{S0)

DATA B/+t08354e016T 100250 0ali3540 0341l Teal 500 40" 5842a"668+e0751
ColB35+009]180el090l0940l1740)250e13410l42+e15%40l75+e192+e209a217
Cel2540250002750030100326402510e4lT 1046504582 4106999eB815,0932,1.557

{J&TA C/.%)*)\JIZ‘:?'.OCJIfgo.007380.6192..“38q“f660..1(:‘7' 0157.-218!
Co2894e3T710a46200563406T2¢0T79040915+10050163301062+109342e0%+2e41,
CZ2e07¢3a060305414a0104045140¢8845e87 064551707 )15e%42¢Be8449e3349677/

COMMON A20A30A44PZoPMASSIRMINGRMAX ¢ UsZoAS AL AT

200 FORMATALOXeF1lecsaXaF15.5])

300 FORMAT (LH1) \

400 FUORMAT{10X.' BEA IONIZATION CROSS SECTIUN CALCULATIONS FORY,
C/¢10X+* BOMBARDMENT OF "42A44AZ¢/+10Xe? WITH ',2A4,
C/7/7+15Xe? ENERGY* 48Ks? CROSS SECTIONY)

500 FORMATI///7+.10Xe' THE FOLLOWING IS A LEAST SQUARLS POLYNOMIAL FIT O
CF*)

WRITE(64+4300)

WRITE{6+400) AZ2+A34A4.A5,A6

KNT=0

IP=0,

J=0
R=1836.929%PMASS

D=R%U

F=la/0U%y)

DO 10 I=1.42

E=B{1}*D

IF{EaLEsRMIN) GO TO 10

IF{E.GT.RMAX)} GO TO 40

NENE ST

EE(J)=E

SIGRCIIIRFRPLEPIH(L0%%44.)

SIGMALJ)Y=SIG

WRITE(6+200) E«SIG

10 CONTINUE
40 WRITE(64500)

WRITE{6+400) A2,A3+:A44,A5,A6
CALL INTERPIEE+SIGMALJKNTZ2PsU)

RETURN

END



PubCAL 54

SUBROUTINE PWBLAL .

DIMENSTON D{20+12)¢G(20)1 o THTLL2)4EE{5)) ¢ SIGMALSI)4CSIGMISD ),
CTllZGI-?&(ZGIoTH(ZO}.T#(Eﬂ)-T5(25lchlEG)«T?(Z(I’TB(EQIoTQ(ZUIo
CT10420)

DATA T1/6e7T2F=08e3e336E~NTs1e746FE=06+1.082E-0543.T763E-"5,
Cl.999£~04o6.086E~04v1.3?7E~03c2.597&—03-6.636&“03'1.301E—02v
C3sG02E=02¢TaT27E=0241a7T5E=01+2e932E~01044126E~0145253E-01
ChauNBF~01sTe453E~01+34336E=~01/

DATA T2/54455E=08e2e TNOE=0T+1e42T7E=N6484G380~0¢+3,136E~05,
Clet693E=C4e5a22FE~N40a1e192E-03+24273E=03+45.895E-03+14169E~02,
C3.5T3E=020Te159E=02¢1466TE=0142o775E=019430922E~01454048E~D1s
C6e123E~01lyTal34E-01y»8.955E~01/

. DATA T3/4.433E=C8+242N5E=07414170E-006, '
CTo4D3E=0602e621E~0541043TE=04144488E=04,1.037E-03,1.992E~03,

C5.241E-03-l.OSGE—OE-3.2735*02.6.635E—QZ'1.567E~C1'2.627E~01'

C3.731E-0134.818E-01-5.857E~0116.835E“01.8.598E~Ol/

DATA T4/3e611E=D8s1e803E~07494634E~07,6e15.iE-06424196E-D5,
C1le222E=04s32862E=0bsGe021E~04s1.T4TE~03+4.662E~0349,452E-03,
CZ.999E-02-b.lSBE—OZ-l.QTBE—O1;2.4896-01.3.552E~61c4.&915-01'
(50 606F~01+64553E=01¢84262E~01/

DATA T5/3e264E=08es1e634E~0718e752E=0715e614E-06+24016E-05,
Cl.lZ?E*Oé.3.585&-04.8.415E—04.1.637E—03'&.399E—03¢8.965E~03.
C2.872E~02-5.9265*02-1-4285-01-2.424E—01-3.467E—Gl:4.498&*01-
C5.486E=01+6,419E~01+48,101E=C1/ .

DATA T6/2e954E~08y1e48LE=~0T07e959E=0T454127E~C6414845E-05,
CloO4lE=Dby 34229 E~04s Te852E~040¢1¢534E-03444150E-03+484505E-03,
C2.T50E=020 50 708E=(2+1e3856-0L+2.360E-0143.384E~01+44397E-01,
C5.37CE~014+64288E-0147.945E=~01/

DATA TT/2e426E-08+1e221E=07162598E=07+4e286E~0641e554E-C5y
CB.BB&E-OS.2.8732*04-6.8435-04.1.348E~03o3.6975—03'7.657E—03v
CZ.SZZE-DZc5.2975-02.1.304E-O1.2.23BE-01o3.225E-01,4.205E~010
C56L4TE=~01e6.037E~010 Tab645E-01/

DATA T8/2e00iE~08+14011E=07954438E~07434593E~06,14312E-05,
CTe599E=05420484E=0G0 54 970E=04¢14185E-03434295E-0346.897E~03
C20313F~02¢4.91TE=02+14227E=N1+20124E=0143e0GT6E-CLe4eC24E~01¢
C4e93TE=01s50801E=01+7.362E~01/

DATA TG/ 1 ab56E~0BeBe397TE~D8e4e58NE=0T34021E-06414111E-C5,
Cbe510E=05¢2a150E=0445502L5E=04+1.004E~0342.938E-03+464215E-02y
C2e123E~02+42566E~02+1e156E~C19240L6E~01+24935E-C1+3.852E-01,
C4e T3BE~0145.,57T7E-0147.095E~01/

DATA T10/Le376E~08+60999E~08+3e834E~0742+546E~C6+9.427E-06,
C5.588F=05¢1eB864E=08+%e560E~04:9,199E~04+2.6226~03+5,603E~03
Cle949FE=02¢40241E=02+14089E<01+12915E-01¢2802E-01¢3469CE-010
C44550E~01+54364E~01+64.841E-01/

DATA G/00005:0e007+0601,04015+¢0402+040340+04:0205¢0406+0.08+0e10
C0e1500626063¢0649065904640e7004841./



PWBCAL 55

DATA THT/Q-?B'C.ﬁﬁpO.BZ'O-BQoﬁm8510;ﬁ6v0-380§.95¢0.92v5094/

FEQUIVALENCL (0(1]¢T1(1)3-(szlivT2[1}lv(U(41}073(1)10
C(D(©1’0¥4‘1)’v(D‘BI'!TS(l',Q(D(IOI)QTb(l’Il(D(lEl'QT?‘l’)l
C{Ullﬁl)qTB(lIlc(U(16l}o79(l)lo(Dllﬂl).Tl”(l)l

COMMUN AZe A30A‘i’tpz¢PMASS'RMIN!RMAKQUDL s AS LA W AT

200 FURMAT(lﬂXvFlloﬁo4Xv3F15o5’

300 FORMAT (1HY)

400 FORMATU(10X.' PwWBA IONIZATION CROSS SECTION CALCULATIONS FUR'
C/+10Xs" BOMBARODMENT OF P 2AG A2/« 10X Y WITH YelAby
C//7¢15%Xet ENERGY'+8Xs" CROSS SECTION') .

500 FORMAT(///7+1CX* THE FOLLOWING IS A LEAST SQUARES POLYNOMIAL FIT O
CF')

600 FORMAT(10X."' THE CORRECTED FORM OF THE ')

700 FORMAT (10X, PwHA IONIZATION CRUSS SECTIOGN CALCULATIONS FOR*,
C/+«10Xs? BUMBARDMENT OF Vo 2AG+A247 +10XKe? WITH "4 2A4%4,
C//715%s% ENERGY' +8Xs? CRUSS SECTION')

BOG FUORMATI1OX+' PWBA IONIZATION CROSS SECTION CALCULATIONS FOR',
C/+10Xe? BOMBARDMENT OF '.2A44A2+4/+10Xs* WITH Vy2hhe
C/7+15%e? ENERGYY 48X+ CROSS SECTION' 44Xy CHECK?")

WRITE{£.300)
WRITE(6+700) A2+,A3,A4+A5.A0
F=18326.929%PMASS
KNT=0
Zpaz“’003
THETA=T3 +45TH*U/( IPX1P)
N0 40 J=2.12
JM= J- ]
IF(THETA.GE.THT(JM);AND-THET&.LT.THT(JIl GO TO 70
#0 CONTINUE
70 FACTR={THETA=THT (JM) ) /{THT{J)=-THT(IM) }
JJ=0
DO 50 K=1+20
E*G{K)WZP*ZP*Fﬁ(Oaalabﬁﬁ)
IF(ELLERMIN) GO TO 50
IF(E.GT.RMAX) GO TO 60
Ja=dd+l
EE{JJI=E
DP=D‘K'JM’“‘D(K!JM'"D{KQJ’)*FACTR
SIG=7.037*DP$pZ“PZ*(10-*“8.‘/(ZP@ZP*ZP*ZP”G(K),
SIGMALJJ)=S1G
CE=2.% (GIK)##,5)} /THETA
GGﬁl.*S-WCE+7o14$lCE**2-§f4n27*{CE**3.3*0.947*(CE**4.?
GG=GG/{{1.+CE)®" 5, )
EPS&1.+{2.NGG/(THETA$ZP))
CTHTA=THETAX®EPS
CHECK=G(K)/(CTHTARCTHTA)
DO B0 L=2.12
LM=l~]
IF(CTHTA.GE.?HT(LM’.AND.CTHTA.LT-THT‘L)l GG TO 90
B0 CONTINUE
30 CFﬁCTﬂiﬁTHTA‘THT(LMliftTﬂT(L)*THT(LMI}
ﬁupﬁﬁtKoLMi*(D(K!LM)“D(K-L,3$CFACT
CSIG=T.03T72CDPRP IRPI% (10, ™48, 3/ ( (ZPw %, )wG{K]))
CSIGMIJJI=CSIG
WRITE{(6+200) EW«SIG
50 CONTINUE
60 WRITE(6.500)
WRITE(6+400) A24A3¢A44A5.A6



PWBLAL

CALL INTERP{EE+SIGMA.JJKNT4Z2PWU)
WRITE(6+300)

WRITE(6H.500)

WRITE(b+6208)

WRITE(G.800) AZ24A34A44A5:A6

KNT=1

CALL INTERPIEE«CSIGMeJJoKNT e LPSU)
RETURN :

END ‘
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SUBRCGUTINE INTERP(EE;SIGMA.N;KNT.ZP.U)
DIMENS TON A(21) +EEL50)SIGMALS50)

200 FURMA’T (10XeFila2 ¢4Xs F155)

300 FORMAT(LIOXeF11la24+4X+2F1545)
NUM=0
MAX=15
RF=10%% (=84}
CAaLL CRVFITIEE:SIGMA.N.RF;AFcNUMoMAXoA)
F=400a
po 10 i=1.16
E=E+100.
51G=0.
DO 20 J=1.NUM
Fd=J=1
SIG=SIG+A(JYH(EB=F S}

20 CONTINUE
IFIKNT.EQ.0)} GO TO 30
ETA={0+042E)/(LP#ZIP)
THETA={73.49T72U)} /{IP*IP)
CE=2.»{ETA*3,5}/THETA .
GG31.+5-”CE+T.14*(CE**2-1+4-27${CE”*3-l+$.947$(CE
GG=6G/1(1.+CE)I*¥5.)
EPS=1let{2.5GG/{THETA®ZP))
CTHTA=THETAX®EPS
CHECK=ETAZ{CTHTA®CTHTA)
WRITE{6+300) E+SIG.CHECK
GG Ta 10

30 WRITE{64+200} E«SIG

10 CONTINUE
RETURN J
END

“Hly)
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CRVFIT 58
SUBROUTINE CRVFIT{XsYsNsRFsAF+NUWsMAX,C)
LEAST SOUARES POLYNDMIAL FIT SUBROUTINE
DIMENSION A(ZloZIloC(ZlicSX(#BI-U(BGGIcV(ZlIoW(SCCl;X(5GGl.Y(500!!

1CX{21)
NOW HAS THE VALUE ZERO WHEN STARTING A NEW CURVE
IF (NCWeLELDIGD TO 490
40 NN=NOW+1
DO 470 J=NN+MAX
CX{J)=CxX{J-1)/XMAX
NOwW=4J
NM= -1
M= J# 2=1
SY=0.
SX{M-11=0,
SX{M)=0,.
DO 18C I=1eN
XX=X{1)Y/XMAX
WD) =W{I)#®XX
SY=S5Y+Wil)
SX{M=11=SX{M=1)+U{]}
ULI)=Uul{Tl}*xX
SX{M)=SXIM)+UL 1}

180 UtII=u(I)®XX
Alds1)=5X1J}
AlleJ)=SX{J)/A(1.1)

DO 270 K=2.d
MMz K],
A{JeK)=SXINM+K)
DO 250 L=1+MM
250 AlJeKI=ALJoK)I=ALJLIRALL WK}
IF(K.EQ.J)IGO TO 280
270 A{K JI=ALJLK)/ZAL{KIK)
280 VIJ)=5Y
DO 300 L=Ll.MM
300 viJi=viJd)i~AlJd.L)*VIL)
VIJI=ViJY AL 3)
Ci=vid)
M=
330 L=M-1
C{L)=VI(L]}
DO 360 1=M.J
360 ClL)I=C{L)~A(L,I)®*CLT)
M=M-1
IF{M.GT41)1G0 TO 330
AF=0.
00 397 I=l.J
397 CL1i=CL1)%CX(])
DO 450 I=1sN
PX=C{J)
DO 440 L=L«NM

J M= J~=

440 PX=X(1)}#PX+C (M)

450 AF=AF+{PX=Y{1) 1% IPX=Y (1))
AF=AF/SX(1)

IFIAFJLELRFIGO TO 480

470 CONTINUE

480 RETURN

490 NOw=1



495

540

59C

620

CRVFIT

XMAX=(a

YMAX=0a

N 495 I=1eN
KMAX=AMAXL(ABS (X (1)) XMAX)
YMAX=AMAXLCABS{Y{]I)).YMAX])
CX{1)=YMAX

SY=0.

DO 540 I=1+N
ULT)=X{IM/XMAX
Wil)l=Y{1})/YMAX

SY=SY+WiI)

SX{1l)=N

All+L)=5X{Y)

VIL)=8Y/5X(1)
Cli)=vIiL1l)=YMAX

AF=0a

D0 590 I=1.N

AF=AF+{Y(1)=CLL D )*{Y{1)-C{1)})

AF=AF/SX(1)
IF(MAX.NE.L)GO TO 620
RETURN

IF{AF.GTLRFIGD TO 40
RETURN

END
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BEA IONIZATION CROSS SECTION CALCULATIONS FOR
BOMBARDMENT OF ZINC
wITH PROTGNS

ENERGY CROSS SECTION
44362 fa 75086
592.067 2.05753
739.96 4016864
8§89.01 T.287u8

1036.29 1l.46644%
1185435 1682458
1332.63 23.36153
1481 .68 30.97009
1628497 3G9,75745
1774.47 49,50%31
1934.17 60.33273
2070413 72.01352
2218409 B4.65877
2377479 98.05414
2519.75 112.521C4
2821l.41 142.52679

THE FOLLOWING IS A LEAST SQUARES POLYNOMIAL FIT oF
BEA IONIZATION CROSS SECTION CALCULATIONS FOR
BOMBAKOMENT OF ZiINC

WITH PROTONS

ENERGY CROSS SECTION
5¢0.00 1.21328
6£00.00 211343
760400 3.42905
BUC N0 5421155
900.00 Te49617

1000.,00 10.30377
11¢0.00 13.6411C
1200400 17450485
1300.00 21.88354
1400.00 2676076
1500400 32.110658
160000 3793959
1700.00 44,21909
1800400 50.95488
1900.00 58.15141
2000.00 65.81496



PWBA [ONIZATION CROSS SECTION CALCULATIONS FOR
BOMBRARDMENT OF ZINC
WITH PKOTONS

ENFRGY CRUSS SECTION
330e69 C0.51629
440493 1.36121
661 .39 4.21529
881.85 11.35808

1102.321 20.,88560
1322.78 33.22687
1763.70 64e830601
2204.63 103.09491

THE FOLLOWING IS A LEAST SQUARES POLYNOMIAL FIT OF
PWBA IONIZATION CROSS SECTION CALCULATIONS FOR
BOMBARDMENT OF ZINC

wiTH PROTONS

ENERGY CROSS SECTION
500,00 2.02286
600.00 3.64365
700.00 5.84838
8C0.C0 B4 65587
900 .00 12.077C8

1000.00 16.11493
1100,.00 2076384
1200.00 26.00922
1300.00 31.82599
1400.00 38.17792
1500.00 45.,01264%
©1600.060 52426811
1700.00 59.86162
1800400 67.71082
1900.C0 7575572
2000.00 84.,02182



THE FOILUWING IS A LEAST SQUARES PULYNOMIAL FIT OF

THE

PWARA IDNIZATIGN (ROSS SECTION CALCULATICNWS FOR
BOMBARDMENT OF ZINC
WITH PROTONS

CORRECTED FURM OF THE

ENERGY
L0000
TG00
B0 W00
Go0.00

100G .00
110,00
1200660
L3C0L00
P400.30
1500 O
1oQCa.00
17uwla00
18G0.00
1900400
2000.00

CRUOSS SECTIGN

leZ283
2429774
e TGT S
HalH01Y
BelB2LY
1le1297¢
14458101
1055348
2oeNNG 52
28.021 27
33.47678
39.31813
45447167
8185053
58439856
65..T622

CHECK
Pel32356
n,03678
Lo 14302
C’o '\34929
0.05558
fle 16138
DL 6827
CellT454
e NBUEG
Uu 38725
{a0GE63
Lo 10002
ColitO4Z
te 11282
0.11924
CellB67
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