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INTRODUCTION

Background

Collisions of heavy, charged particles with atoms at keV energies
and greater are, by nature, highly inelastic. Inelastic energy losses
'which are large enough to suggest the production of inner shell vacancies
in the colliding particles have been reported by several workers., A sur-
vey of this work has been given by Kessell, Kessel, et.al.? have observed
energy losses so large--almost 30 keV in large angle 13* on Xe collisions--
that they can be accounted for only in terms of vacancy production in the
L and M shells of the colliding parficles. Thus, the study of inner shell
vacancy production is a means of gaining more insight into the dynamics of
the collision process. In particular, an understanding of the coupling
between elastic and inelastic processes in these collisions has yet to be

attained.

An atom that contains an inner shell vacancy can de-excite either
radiatively by the emission of an x-ray photon or non-radiatively by Auger
and Coster-Kronig processes with the resultant emission of electrons.
Therefore, inner shell ionization can be studied indirectly by the observa-
tion of these photons or electrons or both. Spectroscopic analysis of the
Auger electrons is a relatively new technique and has proven quite success-
ful3:¥, The emphasis of this paper, however, will be on the observation of
the characteristic x-rays. |

Merzbacher and Lewis> have given a review of the early experiments in
which characteristic x-ray production was studied. Since their article was
published, a number of other experiments have been performed to measure

inner shell ionization cross sections in bombardment of solid targets with



protonss'lu. As far as proton-induced ionization of gaseous targets is con-
cerned; however, little work has been done outside of just identifying the
characteristic x-raysz. Saris and Onderdelindenis have measured cross sec-
tions for the production of L-shell x-rays of argon bombarded by 70 to 130
keV protons; however, their work overlaps the present exﬁeriment neither in
incident proton energy nor in the energy of the emitted x-rays. Specifi-
cally, the aim of this experiment is to study K-shell ionization of argon
and krypton and L-shell ionization of krypton by observing the character-
istic x-rays produced in collisions of these gases with 1.5 to 4.5 MeV
protons. A summary of this work has been submitted to the International
Conference on Inner Shell Ionization Phenomena and will be published inrthe
proceedings of that conference., In addition, the summary is included as
Appendix I of this paper. Alsc included as an appendix (Appendix II) are
the initial results on characteristic x-ray produciion in proton bombardment
of xenon.

Although the technical difficulties associated with using gas targets
are greater than for solid targets, the former affords a simpler means of
data analysis and a greater amount of information about the collision
process than the latter. There are two reasons for this: 1) The targets
can be made thin enough that self-absorption is negiigible, and 2) single
eollision conditions prevail.

In the case of solid targets, the thick target yleld of x-rays per

unit solid angle in the direction of the detector is given by5

Te(x) = (n/#T()LXO ev(x0 - x)de[E(x)]dx

where . lE(x)] is the cross section per atom per incident proton for
e P

emission of an x-ray, E is the incident proton energy, x is the residual



range of the proton with a total range of X,, n is the number of target
atoms per unit volume, and/a;is the absorption coefficient of the target
for its own characteristic x-radiation. It should be noted that the form
of the exponential in the above formula applies only if the distance
traversed by an x-ray in the target is the same as the distance traversed
by the proton that produced it. If negligible self-absorption is assumed,

the exponential drops out so that one has
o (Yo, '
1(x)= ¥ ja 3. [E(x)] dx.

For single collision conditions, each proton strikes at most a single tar-
get atom so that the dependence of deEE(xﬂ on x drops out, and the total
range of protons is simply L, the interaction length viewed by the detector.
Then for monoenergetic protons incident on a sufficiently thin target, the
x-ray yield reduces to

I-= Iiﬁ_:. a.(E). (1.1)

Thus, a knowledge of stopping powers and absorption coefficlents is un-
necessary for obtaining x-ray production cross sections in thin target
experiments.,

The greatest advantage in using thin targets, however, is the imount
of information that can be obtained. In thick targets, the incident ion
may undergo many ccllisions both before and after the collision that pro-
duces a given x-ray. Thus, one does not know either the initial or final
state of the ion. Moreover, information regarding scattering of the ion
is lost. Such information is quite important if one is to obtain useful

results regarding the collision process. X-rays alone cannot give these



results, and herein lies the usefulness of the thin target. The single
collision criterion means that it is possible, at least in principle, to
correlate the production of the x-ray with such characteristies of the
collision as impact parameter, charge state, elastic and inelastic energy
loss, excitation state, and lifetimes, It is hoped that the present ex-
periment, in addition to providing experimental data on x-rays in a region
where such data has not previously been available, will also be the first
step in a study of heavy-ion collisions by particle-photon coincidence

methods,
Theory

One may speak qualitatively of the process of inner shell ionization
by heavy, charged particle impact in terms of the velocities of the collision
partners. Letting v be the velocity of the incident proton and u be the ef-
fective velocity of the atomic electron, then the three regions to consider
are v2 > u2, v¥~ u2, and v2<<u2. In the region of va>> ua, large energy
transfers from the incident proton to the electron are possible so that one
would expect inner shell ionization to occur. The behavior of the cross sec-
tion here is analagous to the situation for electron excitation of atoms, an
approximate 1/E dependence being exhibited in both — Moreover, the
stopping cross section in this veloeity region is dominated by a 1/E depend-
encel? and is a result primarily of the electronic component. The general
trend of decreasing ionization cross section with increasing energy in the
high energy region is a result of the decreasing time of interaction.

In the adisbatic region of v2<?fu2, the situation is quite different

for proton- and electron-induced ionization. For the electron-atom collision,

the indistinguishability of the incident and atomic electron results in an



energy threshhold below which ionization cannot occur. This threshhold
energy is simply equal to the binding energy of the atomic electronl8,

For proton bombardment, however, this complication does not arise. In
this case, the increased mass of the projectile coupled with the high
velocity of the inner shell electrons allows energy transfers large enough
to eject inner shell electrons. One can obtain a rough qualitative view
of this by using conservation of energy and momentum to determine the
maximum energy which a heavy particle of mass M and velocity v can trans-
fer to a 1ight particle of mass m and velocity u in a free collision.

This energy transfer is
Tm = EZ.Mm/(M + m)ﬁ(}ﬁv - mu){v + u). 5 (1.2)

For the proton-electron collision we have (m/M)<<(v/u) so that (1.2)
reduces to 2mv(v + u), showing that for a given value of v, an increase
in u means a larger energy transfer. Thus, in the adiabatic region, the
jonization cross section increases with inereasing proton energy. The
steepness of ascent should depend on the binding energy of the atomic
eléctron, the cross section rising less rapidly for more tightly bound
electrons. Therefore, for a given atom and a given projectile energy, the
cross section for K-shell ionization will be lower than that for L-shell
jonization in the adiabatic region.

For the region vzniuz, equation (1.2) reduces to a value on the order
of the binding energy of the electron. The cross section for lonization is
expected to have its maximum in this region.

Merzbacher and Lewis? have used the Born approximation to derive a
form for the cross section for inner shell ionization by proton and alpha

particles in the region v<u. The perturbation that results in ionization



is taken to be the Coulomb interaction between colliding.particles so that

the cross section is proportional to the square of the matrix element

jy/f (,B.z) | ¥i(Ryr)ardB.

q/i and ]V} are the initial and final wave functions of the system, ze is
the projectile charge, and IB -.g| is the separafion of the particles.

A number of assumptions were employed5 in order to simplify the
problem. These are summarized below.

1) Setting u = 0 in equation (1.2) and letting Ig be the binding

energy of the electrqn in its orbit, the following restriction is

placed on the maximum energy transfer:

T, = (hmln)ﬁ(\ Le (1.3)

where the symb012#> means not much greater than. This is equiva-
lent to assuming that v~u and results in a simplification of the
form factor in the ‘calculations. _

2) Letting Z be the nuclear charge of the atom and s the principal

quantum number, one imposes
s(zu/zv) < 1. (1.4)

This condition, which is equivalent to zazlhv<Kl, places a lower limit

on the incident particle energy and also on the atomic number of the tar-
get. It also serves to motivate assumptions 3) to 5).

3) The distortion of the wave function of the projectile by the

electron is ignored. This assumption should begin to break down

for the slowest collisions.

4) The wave function of the electron is taken to be that for the



unperturbed atom. This means that polarization of the electron
orbit by the projectile is neglected. This should be valid for
small projectile charge (z~1 and z <K 2).

5) The Coulomb repulsion between the projectile and the nucleus
is ignored by using plane waves for projectile wave functions.
Such an approach may be valid if the distance of closest approach,
b, of the projectile to the nucleus is small compared with the

radius, ag, of the electron orbit. Explieitly,

b/&s <<1o

where b = zZe2/E. This condition is essentially the same as

(1.4); in fact, Henneberg has demonstrated the validity of the

plane wave approximation for K-shell ionization if (1.4) is truel?,

6) Relativistic effects associated with the velocity of the atomic

electron are neglected. This assumption should get worse as the

atomic number of the target increases and should be worse for the

K-shell than for the L-shell.

Proceeding on the above assumptions, the low~energy'1imit of the
K-shell ionization cross section was obtained. In this derivation, atomic
screening was ignored, hydrogenic wave functions were used for the electron,

and an S-wave approximation was employed with the result that
Oy = (220TTag2/u5)(22 74 /24) (1.5)

where g, is the total K-shell ionization cross section and 7%, is the dimen-
sionless energy parameter mE/MZZ(Rydberg). Thus, in the adiabatlc region
ch increases as the fourth power of E and decreases as the twelfth power

of Z.



Atomic screening was taken into account by introducing an effective
nuclear charge Zg and a screening number 8s that may vary between O and 1.
Zg reflects the reduction in Z due to screening by inner electrons, whereas
0s reflects the raduétion in binding energy due to screening by outer elect-

rons, ©s is defined by
Ig = 05(2s2/s2)(Rydberg) (1.6)

where Ig is the actual ionization potential of the shell with principal
guantum number s.

These effects were included in a calculation of the cross section for
ionization of the s-shell to obtain a result that is applicable over the

entire energy region of interest (szu/z2v~u). The result is
& = (81Ta°222/2522g)fs(95,3§) (1.7)

where fg can be determined from a knowledge of the form factor. Form fac-
tors have been given for the K, L and M shells and subshells5v20, and tables
of fg have been compiled by Khandelwal, et.al.2! for the K shell and L
subshells.

To obtain theoretical cross sections involving the particular para-
meters of this experiment, appropriate substitutions were made into formula
(1.7). Values of Zg were determined using Slater's rules?2 with the result
that Zg = Z=0.3 and Zp = Z-4,15. Ionization potentials for computing 8s
were taken from Bearden and Burrza, and values of fg were obtained by inter-
polating on the aforementioned tables 21, since proton projectiles were
used throughout the experiment, z = 1. The parameters Zg, Ig, and Og are
summarized in Table I. |

It is convenient to plot qucglzz versus 7% for a given 85. This has
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TABLE 1

Born Approximation Parameters for Argon and Krypton

Atomic z Zg Ig(ev) I
Level
Ar K 18 17.7 13202.9 .752
Kr K 36 35.7 14325.6 .826
Kr Ly 36 31.85 1921.0 | 557
Kr LII 36 31.85 1727. 2 «501
Kr LIII 36 31.85 1674.9 _ 486
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been done for K-shell ionization of argon and krypton and L-shell ioni-
zation of krypton. The results are presented in Plates I and II. The
general shape of the curves is as expected. The cross section rises

sharply from zero to a broad maximum and then falls off slowly. The max-
imum lies at a smaller value of 77, for Jy than for ch, this being consis-
tent with the fact that the ionization.potential.of the K-shell is greater
than that of the L-shell for a given atom. A similar, although much smaller
effect is seen for the L subshells of kryoton for which a downward trend

of the maximum with 5(L occurs as one progresses from the most tightly bound
Ly shell to the least tightly bound Lyyy shell. In all cases, the maximum
occurs, as predicted, in the region of T slightly greater than I.,. This

is easily seen from the following approximate expression for 77
Mg = Tm/bszls

The magnitude of the cross section is also a funection of the binding
of the electron. Ionization of the L-shell of krypton is three orders of
magnitude greater than that of the K-shell of the same atom, the latter
being two orders of magnitude less than that of the K-shell of argon. The
difference in ionization of the Ly and Lyy subshells of krypton is similarly
attributable to binding, whereas the large difference in the Lyy and Lyyr
cross sections is the result of the doubled occupancy of the LIiI subshell
over the LII subshell.

A final note concerns the energy region (1.5 to 4.5 MeV) of this ex-
periment. The theory under discussion predicts that the maximum in the
L-shell ionization cross section lies in this region. The experimental
determination of the slope of the excitation function in the region of the

broad maximum will then provide a test of the theory. For argon K-shell



11



THIS BOOK
CONTAINS
NUMEROUS PAGES
THAT WERE
BOUND WITHOUT

PAGE NUMBERS.

THIS IS AS
RECEIVED FROM
CUSTOMER.



BXPLANATION OF FPLATo I

Theoretical ionization cross sections for the K-shell of argon and
krypton in the Born approximations. The abscissa is the dimensionless energy
parameter 77, = mE/MZKZ(Rydberg), and the cross section is scaled by ZKu/zz.
@ is the screening parameter IK/ZKE(Rydberg). The energy region of this
experiment is enclosed by dark circles for both the argon and krypton

curves.
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EXPLANATION OF PLATe II

Theoretical ionization cross sections for the L-shell of krypton in
the Born approximations. The total L-shell cross sections as well as the
subshell cross sections Ly, LII’ and LIII are given, The abscissa is the
dimensionless energy parameter 77, = mE/MZLz(Rydberg), and the cross sec-
tion is scaled by ZLu/zz. @ is the screening parameter hlL/ZL?(Rydberg).

The energy region of this experiment is enclosed by the dark circles.
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ionization the experimental energy region is on the rising edge of the
peak; whereas, for the krypton K-shell, it is much nearer the adiabatic
region.

Many experiments have been performed to determine the validity of the

8'11. In

Born approximation in the region of low incident proton velocities
general it has been found that below incident energies of apout 500 keV,

the experimental data lie below the theoretical predictions, the dis-
agreement being worst for the lowest energies. At these energies, differences
between theory and experiment of an order of magnitude or more are typical.

It has been suggested by all of the above authors that the discrepancy is

due, ai least in part, to Coulomb deflection of the incoming particle by

the target nucleus. As a result of this Coulomb interaction, the projectile
cannot penetrate the inner shells of the target atom so deeply, ;hus causing
a reduction in the cross section. This implies a breakdown of assumption

5) of the Merzbacher treatment.

Bang and l-ls.nsteenz""r have approached the problem of low-energy collisions
semi-classically, assuming a hyperbolic path for the projectile., Khan,
et.al.25 have demonstrated that this treatment brings the theoretical curve
closer to the experimental data for K-shell ionization of aluminum by protons
of energy between 20 and 200 keV, but considerable discrepancies still re-

11,26 have been able to account for this remaining

mained, Brandt and Laubert
discrepancy by including in the cross section a correction for the binding of
the atomic electron to the projectile, an effect neglected (assumption &) by
the Born approxiration treatment of Merzbacher.

At the high-energy end of the interval included in this treatment; that
is, at energies in the vicinity of the peak of the excitation function, the

theory for K-shell ionization has been found to predict results lower than
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the experimental data. The data of Bissinger, et.al.12 for K-shell ioni-
zation of calcium, titanium, and nickel by 2 to 28 MeV protons is
approximately 25% to 50% higher than theoretical predictions at the peak
of the excitation function and beyond; however, agreement improves at iowar
energies. Watson, at.al.27 have made similar observations for 30 to 80
MeV alpha particles incident on various solid targets.

These experimental results may reflect the breakdown of condition (1.3)
in addition to that of condition (1.4) for the lighter elements and the
neglect of relativistic effects for the heavier elements. The inclusion
of rqlativistic considerations has the effect of inereasing the theoretical
eross sections because of the increased electron-density at the origin.
Jamnik and Zupancic28 have performed relativistic calculations of the K-
shell ionization cross section by using Dirac Coulomb wave functions for the
afomic eleétron. Cho1?? has done similar calculations for L-shell ioniza=-
tion. Littie has been done in terms of evaluating these results for par-
ticular elerments.

In view of the devarture from theory exhibited by both the low-energy
and high-energy data, one would expect to find that the experimental excita-
tion function érossas the theoretical one on the low-energy side of the
peak. Such a crossover point has been observed.by Hart, et.al.10 for pro=-
ton bombardment of oxygen and by Khan, et.a1.25_for proton bombardrent of
aluminum. The loecation of this point, of course, will depend on the choice
of fluorescence yield, a subject to be discussed in the following section,

Recently, Garcial® has proposed a classical, binary-encounter model to
describe inner shell ionization at the higher proton energies. In addition,
he has presented an approximate correction to account for nuelear repulsion
of the proton at lower incident energies. The binary-encounter model em-

ploys the assumption that a direct energy exchange between the incident
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proton and a single atomic electron is the major interaction in producing
inner shell ionization. The differential scaitering cross section, in the
laboratory frame, for this energy exchange is integrated over all possible
energy exchanges, with the lower limit being the electron binding energy
and the upper limit being the proton energy. This result is then averaged
over the velocity distribution of the electron to obtain the total cross
section. Garcia shows that this approach yields the same result as the
quantum-mechanical impulse approximation and does account adequately for
the ionization process for wvalues of E/IS;ESOO. At hizh energies, the
binary-encounter (impulse approximation) results are in fair agreerent with
the Born approximations, and at 1ow.energ1es, the former results corrected
for nuclear repulsion of the proton agree guite well with the calculations
of Bang and Hansteenzu.

An interesting and useful result of Garci&'s treatment is that the pro-
duct of the ionization cross section for a particular shell and the square
of the binding energy of an electron in that shell is a function only of
the ratio of incident proton energy to electron binding energy. There is
no dependence on other target parameters, such as nuclear charge, as long
as nuclear repulsion of the proton is negligible. This means that a plot of
Iszc% against E/Ig should be a universal function for all target atoms.
Garciadl has compared this function with existing proton data for K-shell
jonization and has found quite good agreement at hizh energies. Likewise,
Bissinger, et.al.l2 have obtained a universal curve for the Born approxi-
mation by plotting BKZKuok against 77k/9K2 and have compared it with proton
data in the same energy reszion. They find that in nearly all cases the data
lie above the curvé. Therefore, the impulse approximation appears to be

better than the Born approximation at describing the inner shell ionization
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process for high energies. The universal curves for both approximations
are presented in Plate III, For the Born approximation, the ordinate and
sbscissa have been modified to 6xZy*(Rydberg)?cfx = Ix?Ok and M, /még =

E/IKc
Fluorgscence Yields

Since the filling of an inner shell vacancy can proceed either by
radiative or non-radiative means, an experiment which looks only at the x-
rays produced does not directly provide ionization cross sections., To
convert from an x-ray production cross section to an ionizatlon cross sec=-
tion, a knowledge of the fluorescence yield and, in some cases, Coster-
Kronig yields is necessary. The fluorescence yield, ¢+, of a particular
shell (or subshell) is defined in terms of the total x-ray transition rate,

Ty, and the total Auger transition rate, T,, of that shell (subshell):

L = Ty f(Ty + Tg)e (1.8)
It should be emphasized here that an Auger transition is oneé in which a
vacancy in a particular shell is filled by an electron from a higher shell
with the resultant ejection of a second electron from the atom to conserve
energy and angular‘mOmentum. The Auger yield of the shell (subshell) is
similarly

a = T, /(T ¥ Ta)s

For the K-shell, Auger and x-ray transitions are the only ones which can

oceur so that one has
wk"'a[{:lo

W, relates the x-ray production cross section O, to the ionization cross.
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BXPLANATION OF PLAT: III

Universal curves for K-shell ionization as a function of the scaled
energy parameter E/IK. The ordinate is the scaled K-shell ionization
eross section Ixzcjﬂ. The two curves are the Born approximation result

of Merzbacher and Lewisd and the binary-encounter result of Garciaal.
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section d¢ by the simple relation

Iy = O'xe/ Wi (1.9)

For the L-shell and higher shells, however, the situation is not quite
so simple, Here, one has the possibility of Coster-Kronig transitions oc-
curring. Such a transition involves the filling of a vacancy in a ﬁarticular
. subshell by an electron from the same shell but higher subshell with the re-
sultant ejection of an electron from a higher shell., These transitions
become important because they have transition rates on the order of those
for Auger processes. They have the effect of redistributing initial va-
cancies to other subshells before an x-ray is emitted and thus effectively
inecreasing the fluorescence yield. For example, an L1 (LI) vacancy may be
shifted to the L, (LII) or L3 (Lill) subshell where the probability of de-
excitation by x-ray emission is greater. To gccount for such effects, it
is necessary to redefine the fluorescence yleld in terms of probabilities
for Coster-Kronig transitions., Let fij be the probability that the Costér-

Kronig transition Lif'Lj occurs, Then the new definition of "fluorescence

yield", V;, for subshell L; becomes

Y W + £, + (f13 + £1pf23)W;,

Vo = W, + f5W;, (1.10)
V;, = "‘-’3' -

Now one has the following relations among the aj, Wi, and fij for
the L-shell:
(733 +a1+f12+f13=1,
W, +ap; + f23 =1,
1.

w.a+3.3



The relation (1.9) then becomes

Vidy, + V9, + YO, = e (1.11)

This relation demands that a comparison of theory with experiment be done
by first converting theoretical subshell ionization cross sections to a
total L-shell x-ray cross section. Or equivalently, one can first convert
the experimental x-ray cross section to a total L-shell ionization cross

section by use of the relation
oL * ULQ/VL (1.12)

where ;i_ is a mean L-shell fluorescence yield obtained by weighting the A
with their relative occupation numbers, Ny, and assuming that the ioniza-

tion probability is the same for electrons in each subshell. This results in

Vo =NV, +NpVy + N3V |
or Yo =i + Vo) +3Vs. (1.13)

Tnis last result is valid only for a closed L-shell as is the case for
argon and krypton. A similar development may be carried out for higher
shells but that is not a concern of this experiment.

Values of fluorescence yields used in this experiment were taken from
several sources. For argon, the value of &k = .,119 *+ ,007 was obtained
from the measurements of Bailey and Swedlund32, while the value of Wy = ,675

i
for krypton was selected from theoretical calculations of Walters and Bhallal>,

The argon value agrees well with recent theoretical calculation533'35 as does
the krypton value with older experimental measurerents summarized by Fink,
et.al.36 For the L-shell of krypton, the experimental data is quite sparse.

Fink lists two mean values which are quite at variance with recent Hartree-
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Fock calculat;on537‘39. The results of these calculations, which give
fluorescence yields smaller than the experimental values by factors of
one-third and one-sixth, were used in this experiment. Values were selected
from reference 37 since this reference gives a complete set of fluorescence
and Coster-Kronig yields for the krypton L-shell, These yields are listed
below. The mean L-shell fluorescence yield, ii, calculated from these

values is .0238,

w, = ,00185 Y, = .0240 f12 = .230
W, = ,0220 Y, = .0241 f13 = .686
u.)3 = .0236 yj = .0236 f23 = 0089?

Obviously, ionization cross sections will be sensitive to the
choice of fluorescence yield. This is particularly true for the L-shell
where the various subshells and the possibility of Coster-Kronlg tran-
sitions complicate the situatién. In addition, there are no recent experi-
mental values for krypton that would provide a check on theoretical values.
Thus, a considerable uncertainty is introduced into the experirental ioniza-

- tion cross sections for the krypton L-shell.
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EXPrRIMENTAL APPARATUS AND MuTHODS

A general description of the experimental apparatus and methods is

given in Appendix I. A more complete description is given below.
Apparatus

A schematic diagram of the Tandem Van de Graaff accelerator used to
produce proton beams and the beam line on which the experiment was carried
out is shown in Plate IV. H™ ions produced in the dc discharge source are
magnetically selectéd and accelerated to the high voltage terminal. There,
they are stripped of electrons and then accelerated away from the terminal
to be magnetically analyzed by the 90° bending magneﬁ. The magnet, which
is calibrated by a nuclear magnetic resonance, provides a very narrow
energy window for the beam, the spread in beam energy being less than 10
keV. The absolute calibration of the beam enérgy is determined from
threshhold nuclear reactions.

The beam is directed into the beam line by means of a switching magnet
and is collimated by two sets of tantalum slits before reaching the target
chamber. The target charber, which houses the gas cell, 1s illustrated in
Plate V. The gas cell is differentially pumped by means of two six-inch
NRC diffusion pumps using DC-704 o0il and liquid nitrogen traps. Foreline
vacuums are maintained by two Welch 1376 mechanical roughing pumps. The
residual pressure of the beam tube was typically 10=7 to 100 torr and
was measured by an NRC 831 Vacuum Ionization Gauge.

Target gas pressures were regulated by means of an MKS Baratron Type
90 Capacitance Manometer coupled to a Granville-Pﬁillips 213 Automatic
Pressure Controller. In addition to being calibrated at the factory, the

manometer has been calibrated in experimental use by a Gil-1004 lMcleod gauge
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EXPLANATION OF FLATs IV

Schematic diagram of the Tandem Van de Graaff accelerator and the

beam line on which the experiment was carried out.
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EXPLANATION OF PLATE V

Schematic diagram of the apparatus used to observe x-ray production

by proton bombardment of gases.
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supplied by Consolidated Vacuum Corporation and itself calibrated at the
National Bureau of Standards. The accuracy of the manometer calibration is
better than 10% at pressures between one micron and one torr,

The proton beam enters the gas cell through a pair of circular graphite
apertures and exits the cell through a second pair of apertures larger in
diareter than the first pair. This allows for a well-collimated beam and
total beam transmission through the gas cell. The entrance apertures were
chosen large enough to allow bear currents of 500 na to one ua on target
as well as to minimize slit-edge scattering. For the data presented in
this paper, the aperture sizes from front-to-rear were 1.5m, 2.0 mm, 2,0 mm,
and 3.0 mm. The beam was collected By a Faraday cup having a suppressor
ring maintained at =300 V. Beam current was monitored and integrated by a
Brookhaven 1000 current integrator.

X-rays resulting from collisions in the gas cell were detected by
means of a Kevex 3000 1liquid nitrogen ccoled Si(Li) detector mounted inside
the gas cell and at right angles to the beam direction. The detector,
ﬁhich was drifted to a depth of 3 mm, had an active area of 80 mm® and was
maintained under separate vacuum ty means of a .025 mm beryllium window. A
bias voltage of =300 V was applied across the detector in rormal oﬁeration.
The amplification system for detector pulses consisted of a pulsed optical
feedback preamplifier and a Kevex 4500 x-ray amplifier. Pulses from the
amplifier were converted in a Geoscience Nuclear ADC and analyzed in a TMC
4096~channel analyzer. The data was stored on magnetic tape and transferred
to a PDP=15 computer for analysis.

The resolution of the detector was typically 200 eV FWHM at 5.9 keV;
however, this was highly dependent on noise vibrations picked up by the

microphonic detector. This sensitivity to noise was reduced considerably
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by shielding the liquid nitrogen dewar of the detector with foam rubber,
Nevertheless, the close proximity of the Granville-Phillips pressure con-
trolling valve to the detector still degraded the resolution by almost a
factor of two when the valve was controlling. This is illustrated in
Plate VI for the argon K x-ray peak. Because of this effect, it was nec-
essary to turn off the pressure controller while data was accumulating.
The resulting pressure drift could be kept small by carefully setting the
valve and monitoring the output of the capacitance manometer continuously.
A precision in the pressure setting of better than 2% was maintained for
all runs.

A removable iron-55 source mounted within the gas cell was used to
energy-calibrate the detector. This source gave two well-séparated peaks:
the Mn KX at 5.895 keV and the Mn KB at 6.492 keV, A pulse height spectrum
of these peaks is shown in Plate VII. In addition, sample spectra of the
Ar K, Kr K, and Kr L lines are shown in Plates VIII, IX, and X respectively.
Using the midpoints of the Mn K peaks as well as that of the proton-induced
K& 1line of argon, a calibration curve was obtained by using a linear least
squares fitting routine. A graph of this curve is shown in Plate XI. The
curve was used to determine the experimental energies of the lines listed in
Table II. Comparison was made with the weighted energies given by Storm
and Israeluo. Agreement is, in general, excellent with the greatest de-
viations occurring for the KX and K8 1lines of krypton and amounting to less
than 20% of a peak width,

Five background x-ray peaks were also observed, and the above cali-
bration was used to identify them as Cr K& (5.411 keV), Cr KB (5.947 keV),
Fe Kot (6.400 keV), Fe KB (7.059 keV), and Ni K& (7.472 keV)., These were

believed to originate from Coulomb excitation and fluorescence excitation of



Comparison

TABLE 11

of Experimental and Weighted X~-ray cnergies

3

X-ray Experimental Weighted Ex = By (keV)
Line X-ray Energy,| X-ray Energy,
Eyx (keV) Ew’*g (keV)
Kr L 1.616 1.631 -.015
Ar Kex 2.957 2,957 + 000
Ar KB 3.179 3.191 -.012
Mn Kot 5.896 5.895 001
Mn KB 6.491 6,492 -.001
Kr Ko 12,675 12,630 JO45
Kr K@ 14,190 14,126 . 064

Experimental calibration:

Ex (keV) = .039%4 x (Channel number) - 1702
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EXPLANATION OF PLATE VI

A comparison of resolution on the argon K x-ray peak with the Granville-
Phillips valve controlling (upper spectrum) and with the valve not controlling
(lower spectrum)._ The incident proton energy is 3.0 MeV, and the manometer

pressure is one micron.
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EXPLANATION OF PLATE VII

Pulse height spectrum of the iron-55 source. The large peak is the

Mn Kol at 5.895 keV, and the small peak is the Mn K8 at 6.492 keV.
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- EXPLANATION OF PLATE: VIII

Pulse height spectrum of the argon K x-ray lines., The main peak 1s

the K& at 2.957 keV, and the shoulder on the high energy side of the K&

line is the Kﬁ line at 3.191 keV.
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EXPLANATION OF PLATE IX

Pulse height spectrum of the Kot and KB 1lines of krypton. The larger

peak is the Kx at 12,63 keV, and the smaller peak is the KP at 14,126 keV,
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EXPLANATICN OF PLATE X

Pulse height spectrum of the krypton L x-rays. The energy of the peak

is 1.631 keV.



- 8000

YIELD

16000
14000
12000
10000
8000

6000

4000 |

2000

PLATE X

¥ T

| Kr L: 180 eV FWHM

T I
—— —

I

T

T

T

ioeoponenets®®”

.0 15
ENERGY (keV)

2.0

41



42



BXPLANATION OF PLAT: XL

Calibration curve for identification of x-ray lines. The curve was
determined from weighted x-ray energies given by Storm and Israe’.I.40 for

the Mn K& , Mn Kﬁ , and Ar Kac 1lines.
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the stainless steel from which the gas cell was made. This background was
reduced by lining the gas cell with graphite, which emits x-rays too low in
energy to be seen by the detector. From Plate XII, it can be seen that at
low incident nroton energies, the background peaks are quite small; how-
ever, for the highest incident energies, the peaks are large even with the
graphite lining. 1In addition to the characteristic x-rays, a continuum
background of x-rays was observed. Plates XIII and XIV illustrate that this
continuous background is significantly greater for high incident energy than
for low. Plate XIII makes this comparison for the background in the viecinity
of the Kr L x-ray peak for the same-counting rate conditions in the‘peak and
incident energies of 1.5 and 4.5 MeV; whereas, Plate XIV shows background
spectra for an evacuated gas cell and incident energies of 1.5 and 4,5 MeV.
This increase of background with incident energy is attributed to scattering
of high energy gamma rays from nuclear reactions in the various collimating
slits. In particular, with graphite apertures, the background becormes pro-
hibitively large when the proton energy is above 4.8 MeV, in which case the
inelastic scattering channel contributes to the background. The apertures
were originally of tantalum, but this resulted in a large background even at
low energy and they were replaced by the graphite ones. In order to con-
tinue this experiment at energles above 5 MeV, it will be necessary to insure
that the beam is collimated before the gas cell and that the siits inter-

cepting the beam are thoroughly shielded from the detector.
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EXPLANATION OF FLATE XI1

Background peaks resulting from excitation of the stainless steel gas
cell, The upper spectrum is taken with graphite lining the gas cell at an
incident energy of 1.5 MeV, the middle spectrum with graphite lining at an
incident energy of 4.0 MeV, and the lower spectrum without graphite lining
at an ihéident energzy of 4.0 MeV, All spectra were taken for the same amount
of collected beam. (Note that the energy calibration for the upper two

spectra is different than that for the lower spectrum. )
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EXPLANATION OF PLATE XIII

Comparison of the continuous background in the vicinity of the krypton
L x-ray peak for incident proton energies of 1.5 and 4,5 MeV. Counting

rate conditions in the peak are the same for both spectra.



L8

PLATE X111

2 SPrpenant, p%0e |
10 f Kf L X-RAY %?ﬁ‘%b‘&%.
. PEAK

| { -l l. l.l 1

CHANNEL  NUVRER



49



EXPLANATION OF PLATE XIV

Comparison of the continuous background at residual gas cell pressures
for incident proton energies of 1.5 and 4.5 MeV. The low energy and high
energy portions of the x-ray spectra are shown. The amount of beam col=-

lected is the same for both spectra.
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Corrections Applied to X-ray Yields

Single Collisions

The extractior of x-ray production cross sections from thick target
yields is complicated by the multiple collisions which an incident proton
may undergo. To correct for this, one must utilize stopping oowers as
well as the slope of the excitation function. However, if the target is
. thin enough so that single collision conditions prevail, then these cor-
rections are unnecessary since each incident proton produces one x-ray at
most and the energy of the proton is essentially unchanged in the gas
target. These conditions were mainﬁained in the present experiment by
operating in a range of target pressures for which the growth of x-ray
- yield with pressure was linear. For gas pressures less than five microns--
the region in which x-ray yields were normally otbtained--this criterion
was indeed satisfied., In fact, thin target conditions were found to pre-
vail up to manometer pressures of at least 30 microns, as illustrated in
Plate XV for krypton L x-rey yields. Thus, no cofrection to x-ray yields

for multiple collision effeects was required.
Electronic Dead Iime

The use of the pulsed optical feedback system made necessary a
significant dead-time correction to x-ray yields. This correction was
achieved electronically by use of the circuit shown in Plate XVI. The
amplifier gating pulse restricted the counting of integrated beam current
to detsctor live time only. Inversion of the gating pulse also made it
possible to count for dead time only, and a comparison of this dead time

résult with the total time provided a check on the live time result. At






EXPLANATION OF PLAT= XV

Yield of krypton L x-rays as a function of manometer pressure. The
yields have been normalized to one microcoulomb collected beam and corrected

for electronic dead time, The incident proton energy is 3 MeV.
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EXPLANATION OF PLATE XVI

Electrical circuit used to correct the x-ray yields for amplifier

dead time as well as ADC dead time.
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the highest counting rates, corrections of up to 40% were applied by using
this method., The accuracy of this correction technique was tested by using
two different amplification systems to observe the lMn K x-rays from the
iron-55 source. One of the systems was that described above while in the
other syster;, the Kevex amplifier was replaced by an Ortec 450 arplifier
which was not gated off during feedback and needed no dead time correction.
The x-ray yields obtained at high counting rates agreed to within 2% for
the two systems.

A dead time correction technique similar to that used for the Kevex
amplifier was also used for the ADC. This is shown in Plate XVI. The
ADC dead time correction was typically less than 1% except at the highest

counting rates for which it was less than 3%.

Iarget and Detector Geometry

If one assumes that x-ray emission from the target is isotropic, then
it becomes a relatively simple matter to correct the x-ray yields for the
solid angle subtended by the detector. The validity of this assumption
has been shown to 2% by Bernstein and I..em“}.s""1 for emission of L x-rays of
gold, and it is assumed to be valid in all cases.

If the total interaction length, L', seen by the detector is small
compared to the distance, x, from beam to detector, then a good approxi-

mation to the solid angle is
1 =10y (2.1)

where {1, = A/LYTx2, A being the active area of the detector. It is
assumed fhat the interaction region is a line source. For our geometry,

the detector was quite close to the beam so that a better aprroximation
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was deemed necessary.

A diagram of the geometry is shown in Plate XVII with the relevant
distances labeled. L is the interaction length seen by all points of the
detector, and 21 is the interaction length seen by fractional portions of

the detector so that L' = (L + 21). It can easily be proven that

L

(a -dor)/(1 = r)

dor/(1-r)

and 1

where r = /\/x. Now each point on the length L is the vertex of a cone of
solid angle subtended by the detector. Integration of this cone over L
will then give the contribution of L to the total solid angle correction.

The result to first order is
L1 = LA cose,

where coseC, = |1 + (L/2x) '1/2. If (L/2x)2 is small, a good approxi-
0 .

mation to this result is
DU = Lo (1 - 12/82°) (2.2)

where cosck has been expanded in a binormial series. For the geometry of
this experiment, the first-order term of (2.2) results in a contribuiion of
about 0,8% to .)'. A somewhat larger contribution, however, cores from the
length 21, By following a similar procedure as for L but taking into account
the fact that the detector area seen is different for each point on 1, one
obtains 1110 as the contribution--in first approximation--to the solid angle
correction due to 21. This contribution amounts to about 55 of the total
solid angle. For our'geometry, then, an excellent approximation to the total

solid angle correction used to determine x-ray ylelds from the gas cell is
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EXPLANATION OF PLATs XVII

Target and detector geometry for which solid angle corrections were

determined.
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Ne =NfL+1-13/68:22), ' (2.3)

Using A = .80 on® + 1%, x = 7.66 cm + 5%, L = 1.54% cm + 1.7%, and
1= ,08 cm + 9.4%, one obtains for this experimental geometry (li=
00175 cm + 7%, It should be noted that the above development assumes a
wall-définad position for the detector. If, however, the detector is
located in such a way that part of it is shadowed from the interaction
region, then the above value of L)+ will be too large by some amount. From
the present knowledge of the detector geometry; howéver, there is no

reason to believe that this is the case.

Target Thickness

The number density of gas atoms used to convert the x-ray yields to
single-atom yields was 9.67 x 1015pp/(293 +AT) om=3 where P is the target
gas pressure in microns and AT is the deviation of gas temperature from
200C and is neglected. '

Pp, however, is no£ the same as the pressure, Py, indicated by the
manometer because the flow of gas through the large gas cell apertures
sets up a pressure gradient between the manometer and the cell. Ah
approximate analysis of this effect provides a means of experimentally
determining the magnitude of the necessary corrections to Py.

Fig. 1 is a schematic diagram of the target chamber with the pertinent
quantities labeled. Sy is the unknown pumping speed from mznometer to cell,
S1 and Sz are the pumping speeds through the inner apertures, and Py is
the pressure of the intermediate region. Conservation of mass requires

that

(Py - Pp)Sy = (PT = P1)(S1 + S2).



Manometer PM

ﬂ : r'//‘_/f':ias cell
— |
— T

51[ Py I S2 Pump
Px \
N\
| Pump \\\\\
Intermediate pumping
region

Fig. 1. Schematic diagram of the target chamber

Assuming that PI<3:PT and setting S; = S, = 5, one obtains an eguation

for PH:

Now the dependence on the particular target gas divides out in the ratio
S/SM. In addition, S is closely proportional to d% where d is the aperture

diameter*?, Then one obtains for Pps
Pp = (1 + bd?)~tpy (2.4)

where b is a gas-independent constant.

The gas cell pressure, Pp, is proportional to I, the cbserved yleld
of x-rays. Under thin target conditions, one can experimentally determine
the straight-line slope ¥ = AI/APy for a given aperture diameter, d, and

rianometer pressure, Py. Then Y 1s related to d according to
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1/Y = e(1 + bd?)

where ¢ is a constant which depends on the x-ray production cross section.
For five different aperture sizes ranging fromd = 1.0 mm to 3.0 mm, the
value of Y was measured for Ar K, Kr K, and Kr L x-rays. The incident
proton énergy was 3.0 MeV in all cases. For the three lines, the value
of b was extracted using a linear least squares fitting routine. (It should
be noted that the data for argon at d = 1.0 mm was not included in the fit,
because the alignment conditions under which it was taken are believed to
be different than those for the remaining data.) The results of the fitting
procedure are plotted in Plate XVIII.

The values of b obtained were in reasonable agreement for the three
lines. They were .131 + 10% for krypton L x-rays, .118 * 15% for krypton
K x-rays, and .138 % 15% for argon K x~rays. The value b = .13, which is
believed to be accurate to 158, was chosen to make the pressure correction.
For the data presented in the last section of this paper, the value of d
was 2.0 mm so that a correction of 52 * 7% was applied to Py in order to

obtain PT.

Absorption of X-ravs and Detector Efficiency

For x-rays below 5 keV in energy, absorption between source and
detector is an important factor in obtaining x-ray production cross sec=-
tions. Absorption occurs in the target gas, the berylliur window, and the
gold and insensitive silicon layers of the detector. Self -absorption
in the target is negligible and amounts to less than .0lp--2s determined
from mass absorption coefficients of Storm and Israel*0-—for all the X=-rays

observed in this experiment., However, absorption in the remaining three






EXPLANATION OF PLATE XVIII

102/Y versus the square of the gas cell aperture diameter, d, for
argon K x-rays (triangles), krypton K x-rays (closed diamonds), and kryp-
ton L x-rays (open diamonds). Y is the change in the observed yield of

x-rays with respect to manometer pressure.
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layers must be taken into account in determining detector efficiency.

Published experimental efficiency curves for Si(Li) detectors have
been obtained27!43; however, these do not cover the energy region of in-
terest. This lack of absolute efficiency standards 1s a fundamental
problem which has not been solved for low energy x-ray detectors in gen-
eral., The experimental uncertainties associated with the higher energy
efficiency curves suggest that a theoretical calculation may be as accurate.
The problem with this type of calculation is that the thicknesses of the
absorbing layers, in particular the gold and silicon layers, are not well
known, and one must turn to manufacturer specifications for the purity
;ﬁd thickness of the beryllium window. Nevertheless, a reasonable es-
timate of the efficiency can still be obtained, e#pecially if absorption
due to the gold and silicon layers is small. This method has been used to
cdmpute an efficiency curve for this experimept. Such a curve has also
been obtained by Marrus and Schmieder™ for a windowless Si(Li) detector
in the energy region below 5 keV.

To compute the efficiency curve, we ussd the following thicknesses:
.025 mm + 20% Be, dead layer equivalent of .1 micron Si at 6 keV as es-
timated by the detector manufactureru5, and 20,ug/cm2 Au, Absorption
coefficients were taken from the work of Storm and Israel"®, The results
;re plotted in Plate XIX along with separate absorption curves for each of
the three layers. At energies below 2 keV, the absorption is dominated by
the beryllium window, and the correction can be estimated to 20% accuracy
as long as the beryllium is pure to better than 99.99%. For krypton L
x-rays, the efficiency is estimated to be 49 * 10%. For x-rays near 3 keV,
the absorption is comparable for all three layers. The correction here can

be estimated to an accuracy of only 50% because of the uncertainty in the
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LXPLANATION OF PLATL XIX

Fractional x-ray transmission through the detector absorbing layers
as a function of x-ray energy. Curve 1 is the transmission through 0.1
micron of silicon, curve 2 is that through 20/g,g/cm2 of gold, curve 3
is that through .025 mm beryllium, and curve 4 is the total transmission

efficiency obtained from the product of curves 1, 2, and 3.
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thickness of the gold layer. For argon K x-rays, the estimated efficiency
is 85 + 5%.

For the higher energy K x-rays of krypton, the absorption is less than
1%, and the efficiency is taken to be unity. At these energies, the effici-
ency may be dominated by collection effects within the detector since it
was normally operated at a bias voltage of 360 volts. This could be raised
to 1000 volts with a slight deterioration of detector resolution but an
increase of collection efficiency if higher energy x-rays were to be ob-
served. Because the correction is statistically insignificant for the K

x-rays of krypton, this was not dons.
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DATA ANALYSIS

For each target gas at each energy, x-ray yields were obtained for
at least five different target thicknesses with manometer pressures from
zero to five mierons. At each pressure setting, x-ray spectra were ob-
tained for a fixed number of protons monitored by the current integrator
during electronic live time of the detection system. Data for these five
points were then fitted by a linear least squares fitting routineu6, and
the yield of x-rays was determined per micron 6f gas pressure on the ca=-
pacitance manometer. By using this procedure, errors resulting from
statistical uncertainty in the x-ray counts and relative uncertaiﬁty in
the gas pressure were less than 2% for argon K and krypton L x-ray yields
and less than 3% for krypton K x-ray yields. Examples of the linear fit
for all the lines are shown in Plates XX to XXIII. Separate data points
deviate from the fit by less than 2% for krypton L and argon K x-rays and
less than 10% for krypton K x-rays. Application of the pressure correction
discussed previously to the fitted yields then gave yields nbrmalized to
one micron target pressure.

The procedure used to obtain the x-ray yields from the spectra obtained
on the multichannel analyzer was to set markers on either side of the x-ray
-peaks at the points where the peaks merged into the background and then sum
the counts channel by channel between the markers. The integration was
done either by a PDP-15 computer or from a printout of the data. For argon,
the full K x-ray peak was integrated since the Kf appeared only as a shoul-
der on the larger Ko peak as shown in Plate VIII. For krypton, however,
the K« and K3 peaks were well resolved so that these were integrated

separately. The L x-ray peak of krypton showed no signs of discrete linesg
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EXPLANATION OF PLATE XX

Yield of argon K x-rays as a function of manometer pressure for in-
cident proton energies of 2.5 (open triangles) and 4.0 (closed triangles)
MeV. The yields are normalized to one microcoulomb collected charge and

are corrected for electronic dead time.
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EXPLANATION OF PLATE XXI

Yield of krypton L x-rays as a function of manometer pressure for
incident proton energies of 2.5 (open triangles) and 4.0(closed triangles)
MeV. The yields are normalized to one microcoulomb collected charge and

are corrected for electronic dead time.
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EXPLANATION OF PLATs XXII

Yield of krypton Ko x-rays as a function of manoheter pressure for
incident proton energies of 2.5 (open triangles) and 4.0 (closed triangles)
MeV. The yields are normalized to one microcoulomb collected charge and

are corrected for electronic dead time.
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EXPLANATION OF PLAT: XXIII

Yield of krypton K8 x-rays as a function of manometer pressure for
incident proton energies of 2.5 (open triangles) and 4.0 (closed triangles)
MeV. The yields are normalized to one microcoulomb collected charge and

are corrected for electronic dead time.



YIELD ( counts/ microcoulomb )

PLATE XXIII

78

A 4 MeV .

425 MeV

3 4 5 6 7 8
~ PRESSURE (ricrons) '



79

so it, like the argon K, was integrated as a single peak.

In the analysis, no correction was made for a pressure~independent
component of background since such a correction was an automatic consequence
of the fitting routine discussed above. There was also a pressure-dependent
component of background for which no correction was made because its origin
was not understood. The contribution of this background to the pressure-
normalized x-ray yields is estimated to be less than 5% except at the
highesf proton energies for which it may be slightly greater, Typical
_f)eak-to-background ratios for the three x-ray lines were 80:1 at low proton
energy and 4031 at high proton energy.

: An ever-present feature of the argon K and krypton L X-ray lines was
the existence of a tail which extended from the low-energy side of the peak
to the electronic cut-off. A portion of this feature can be seen in Flate
QI for the argon K line and in Plate XIII for the krypton L line. The tail
may originate from events related to Compton scattering within the gas cell
as well as surface effects on the detector and inefficient charge collection
within the detector. To what extent this tail may contain events removed
from fhe full-energy peak has not been determined; however, the total number
of counts in the tail amounts to 3% to 10% of the counts in the peak, this
percentage being dependent on the proximity of the peak to the electronic
cut-off. An experimental efficiency calibration and a study of the detector
line shape may help to resolve this problem. No correction was made for it
in the present experiment.

Once x-ray yields were obtained, x=-ray production cross sections were

extracted using the relation

Ce =I'/nin€0y (3.1)
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where I' is the x-ray yield corrected for electronic dead time and pressure
effects, n is the number of target atoms per unit volume, nj is the number
of incident protons, & 1s the detector efficiency for the x-ray being
analyzed, and {l: is the total solid angle correction of the detector-gas
cell combination. By normalizing I' to one micron target pressure and to
one microcoulomb collected charge, equation (3.1) was simplified with ny =
6.25 x 1012 protons per 4Coul, n = 3.30 x 1013 atoms per e per micron

at 20° C, and L2 ¢ = 1.?5.x 10-3 em to give
Ce = (2.78 x 10'2‘*)qu/8 em? fatom/proton (3.2)

where qu is the yield of x-rays per micron of target pressure per micro-
coulomb of collected charge, Having determined o&, ionization cross
sections were obtained by dividing ot by the fluorescence yield for the
particular x-ray as discussed in the introduction.

Accumulation of error in quadrature from the data analysis and the
various corrections resulted in a total uncertainty of about 20% in abe
solute cross sections. The relative uncertainty is much better than this
since errors due to solid angle, pressure effects, and manometer calibration
divide out. For a given x-ray line, the relative uncertainty is about 5%,
and for different x-ray lines it is about 10%, the increase being due to
the uncertainty in detector efficiency.

The relative uncertainty of 5% for the same x-ray line is borne out
by the data. The yield of x-rays as a function of incident proton energy
for all the x-ray lines studied is presented in Plate XXIV. These yields
are normalized to one micron manometer pressure and one microcoulomb collected
charge and are corrected for electronic dead time. For a given x-ray line,

the scatter in data points from a smooth curve drawn through the data is
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EXPLANATION OF PLATE XXIV

Yield of x-rays as a function of incident proton energy for argon
K (open triangles), krypton L (closed circles), krypton K (closed tri-
angles), krypton Kx (open diamonds), and krypton KP (closed diamonds)
x-rays. The yields are normalized to one micron manometer pressure and
one microcoulomb collected charge and are corrected for electronic dead

time.
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typically less than 5%. An exception to this is the krypton data at 3.0
MeV for both the L x-rays and the K x-rays. The deviation for this data
is as much as 10% but may be interpreted in terms of the efficiency of
beam collection. It is possible that improper beam focussing conditions
through the gas cell could result in a significant reduction of incident
beam intensity. Thus, for a given amount of collected beam, more x-ray
counts would be registered than in the case of total beam transmission.
This effect points out the need for taking great care in focussing the
beam.,

In addition to previously discussed uncertainties, there are a number
of possible systematic errors ﬁhi&h were not accounted for in the error
analysis. Such errors may result from improper gas cell alignment, im-
purities in or on the beryllium window of the detector, surface effects on
the detector, subtraction of background from x-ray peaks, and setting mar-
kers for peak integration. The first of these can be kept at a minimum
by taking care in the alignment process; however, the others are much more

difficult to account for and hsve not been analyzed in this experiment.



RESULTS AND DISCUSSION

The experimental results are summarized in Tables III and IV. In
Table III are listed yields (qu), x-ray production cross sections (cns),v
and ionization cross sections (¢ ) for the argon and krypton K-shells
and the krypton L-shell. The krypton K-shell results are broken down into
separate K& and K@ yields and x-ray production cross sections in Table
IV. Also given are the ratios of K to Kf3 yields, These relative in-
tensities were determined simply to provide a check on the relative accuracy
of the data and are not considered to be best values due to uncertainties in
detector efficiency and line shape..

For a discussion of the results, see section III of Appendix I.



TABLE III

Experimental X-ray Yields, X-ray Production Cross Sections,

and Ionization Cross Sections

X-ray Y Ce o
Line (ctsfkofe) | (10-2% em2) | (10-24 cm2)
Ar K 1.5 79.3 259. 2180,
2,0 116, . 380. 3190,
2.5 147, 78, Lozo.
3.0 173. 566. 4750,
3.5 192. 625, 5250,
4.0 195, 635. 5340,
4.5 21k, 200. 5880,
Kr K 1.5 2.08 5,78 8. 56
2.0 4,48 12,4 18,4
2.5 7.4 20.6 30.5
3.0 13.0 36.1 53.5
3.5 16.2 45.0 66.7
i.0 21.8 60.5 89.6
4.5 27.5 764 113,
Kr L 1.5 254, 1440, 60400.
2.0 309. 1750. 73400.
2.5 2. 1940, 81400,
3.0 383. 2170. 91100.
3.5 368. 2080, 87500.
5.0 382. 2160. 90800.
b.5 377. 2135, 89700.




TABLE IV
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Experifnental X-ray Yields, X-ray Production Cross Sections,

and Relative Intensities for Krypton K&« and K3 X-rays

~ Krypton K Krypton K@

E Y Oe Y Ce Rel. In.,
(MeV) | (ots/hefe) | (10-24 o) | (ctsfkGju) | (10-24 en2) | (Ket/KP)
1.5 1.64 4,56 N 1.22 3.72
2.0 3.80 10.5 . 684 1.90 5.56
2.5 6.11 17.0 1.19 3.29 5.13
3.0 10.9 30.3 2.10 5.82 5.19
3.5 13.7 37.9 2.55 7.09 . 5.37
4.0 18.1 50.2 3.71 10.3 4.88
b5 25 64.0 4,48 12,4 5.16
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I. Introduction

The process of inner shell ionization in proton-atom collisions has

been described by Merzbacher and Lewis1 in terms of a plané.wave Born ap-
proximation (PWBA). More recently, Garcia? has proposed a classical binary-
encounter mod=l (BEM), which he shows to be equivalent to an impulse ap-
proximatian. Both the PWBA and BEM treatments predict an excitation func-
tion which rises steeply from the origin to a broad maximum and then falls
off gradually. However, for incident proton energies in the vicinity of
this maximum, the BEM predicts larger cross sections than the PWBA and is im
slightly better agreement with the experimental data.3 In these experi-
ments, the ionization phenomena are studied indirectly by observing charac-
teristic X-rays emitted in the de-excitation process. Most of the work has
been done using solid targets, although Kessel, et. §£.4 have observed K
X-rays of argon in collisions with 3 MeV protons while Saris and
Onderdelindén5 have obtained argon L X-ray yields for proton energies oi

70 to 130 keV. By using gaseous rather than solid targets, ome may achieve
negligible self-absorption of X-rays in the target as well as single coli-
lision conditions, thus making the gas target a potentially more powerfui
tool for the study of the collisional mechanisms. In the present experi-
ment, thin target; of argon and krypton were bombarded by 1.5 to 4.5 MeV
protons, and K and L x—rayé were observed. Absolute X-ray production cross
sections as well as ionization‘cross sections were determined and, in the
case of K-shell ionization, compared with the PWBA and BEM treatments. For
L-shell ionizétion of krypton, comparison was made with the PWBA descrip-

tion only. In this case, experimental ilonization cross sections are quite



sensitive to the choice of fluorescence yleld.
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II. Experimental Methods

A schematic diagram of the experimental apparatus used to observe X-ray
production in gases is shown in Fig. 1. A momentum—analyzé& proton bean
from the Tandem Van de Graaff accelerator passés through the differentially
pumped gas;cell and is collected by a suppressed Faraday cup and integrated
in a Brookhaven curfent integrator. Beam currents ranged from 500 na to 1
ua.

X-rays resulting from collisions in the gas cell are detected by a
Si(Li) detector with an active area of 80 mm2 mounted inside the gas cell at
right angles to the beam direction and at a distance of 7.66 cm from the
beam. The interaction region of the gas cell viewed by the detector is
1.70 cm in length and the solid angle used to calculate total X-ray yields
is .0136 steradian. To reduce background radiation, the gas cell is lined
with graphite inserts; in addition, the beam apertures of the cell are
fabricated froﬁ graphite. The detector is energy calibrated by means of a
removable iron-55 source mounted within the gas cell. The energy re-
solution on the 5.9 keV MnKa line is typically about 200 eV FWHM. 4 pulsed
optical feedback preamplifier is used with the detector and, as a result, a
significant dead time correction to X-ray yields must be made. This is
done electronically by using_the amplifier gating pulse to count integrated
beam current for detector live time only. Tests performed with an X-ray
source and two amplification systems give an accuracy of 2% to this correc-—
tion technique even under high counting rate conditions for which the dead
time is unusually large. Under beam copditions bf this experiment, the

correction was less than 407 at the highest counting rates.



92

A major factor in determining absolute yields of low energy X-rays is
to account correctly for absorption between source and detector. Omne dis-
tinct advantage in a gas target experiment is thag self-absorption 15 ex-
.;remely small; for example, it amounts to less than 0.1%¥ for krypton i,
X-rays in our geometry at a pressure of 10 microns. To account for absorp-
tion in the .0025 cm beryllium window and the.gold and siliconrdead layer of
the detector, an efficiency curve as a function of X-ray energy was esti-
mated from absorption coefficients of Storm and Israel.6 At 6 KeV, the de-
tector manufacturer7 estimates a dead layer equivalent to 0.1 micron of
silicon for our detector. We have used this amount plus 40 ug/cm2 of gold
to obtain the efficiency curve. In the region below 2 keV, the total
absorption is dominated by the effect of the beryllium window, and the
correction can be estimated to 20% accuracy. For krypton L X-rays (1.63
keV), the estimated efficiency is 51%10%. For X-rays near 3 keV, the ab-
sorption is comparable for the beryllium, gold, and silicon layers, and the
correction can be estimated to no better than 50% because of the uncertainty
-in the thickness of the gold layer. For argon K X-rays (2.97 keV), the
estimated efficiency is 89%5%. For the higher enmergy K X-rays of kryptom
(Ko at 12.63 keV and KB at 14.13 keV),.the absorption correction is very
small and is probably dominated in determining the efficiency by the omset
of collection effects within the detector.

The pressure in the gas cell was determined by means of an MKS Baratron
capacitance manometer coupled to a Granville-Phillips leak value for con-
trolling the target thickness. However, the pressure was not regulated

while X-ray data was accumulating since vibrations produced by the pressure
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coﬁtroller considerably degraded the energy resolution of the highly micro-
phonic detector.

The absolute accuracy of the manomcter calibrétion is less than 107
and the precision of the pressure setting was considerably better than 5Z%.
In order to obtain complete beam transmission through the gas targets, exit
apertures with diameters of 2 mm and 3 mm were used on the cell. The flow
of gas through these large apertures required a significant correction to
the target thickness because of the pressure gradient between the manometer
and the cell. It can bé shown that the target pressure PT is related to

the manometer pressure gu by the relation

2,-1
Py = PM_(l + bd"™)

T
where d is the diameter of the apertures and b is independent of the target
gas. Using five different sets of apertures éhe magnitude of the cérrec-
tion was obtained to an accuracy of 15%. For the data obtained in this ex-
periment, corrections of up to 50+7% have been applied.

Although the gas cell was normally operated at pressures below five
ﬁicrons, thin target conditions were found to prevail up to manometer pres-
éuéés of at least 30 micromns corresponding to a target pressure of 23
microns. This is illustrated in Fig. 2 by the linearity of the yield of
krypton L X-rays as a function of manométer pressure. Absolute X-ray pro-
duction cross sections were extracted from the data by first determining the
slopes of the yield versus pressure curves with a linear least squares fit-
ting routine. The slopes were then corrected for target thickness, detec-

tor efficiency, target geometry, beam collection, and dead time of the

electronic equipment. This procedure resulted in negligible statistical



errors. In addition, it eliminated the need to correct for the pressure
independent background. No correction was made for the pressure dependent
background, but this 15 estimated to result in an uncertainty of less than
3% in the slopes. The accumulation of error in quadrature from the experi-
mental uncertainties and the data analysis proGides an accuracy of about 20%
in absolute X-ray yields and considerably better than that rélatively. Tnis
figure includes, in addition to previously discussed uncertainties; an 8%

uncertainty in the target geometry.
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III. Results and Discussion

Analysis of the yield of X-rays as a function of gas target thickness
and beam intensity has been used to extract absolute cross sections for the
production of X-rays per target atom. Ionizatlon cross sections have been
obtained by dividing the cross section for X-ray production by the fluores-
cence yieid. K-shell fluorescence yields used were .119 for argon from the
experimental work of Bailey and Swedlund8 and .675 for krypton from theo-
retical calculations of Walters and Bhalla.9 Uncertainties introduced by
the use of K-shell fluorescence yields are usually small witﬁ differences
between experimental and theoretical values being less than 5% for the
gases considered here. For L-shell ionization of krypton, however, the
situation is quite different. The authors are aware of only two experi-
mental measurements of the krypton L-shell fluorescence yield.l0 Recent
theoretical calculations of McGuire11 differ from the experimental values
by factors of 3 and 6. After including the contribution to the fluores-
cence yield for Coster-Kronig transitions that also have been calculated by
McGuire, ionization cross sections are obtained which are larger than those
obtained using the older expergmental values, but are in considerably better
agreement with experimental ionization measurements. The mean krypton
L-shell fluoresce;ce yield of .0238 derived from McGuire's work was chosen
for the data in this experiment. No estimate of error is given, although
it may be considerable.

The experimental Krshéll ionization cross sections of krypton and argon
that have been obtained for protons in the energy region from 1.5 to 4.5 MNeV

are shown in Fig. 3. Also included in the figure are theoretical
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calculations of these cross sections in the PWBA and DEM approxima-

12,3 As suggested by Garcia,2 the incident encrgy, E, and the cross

tions.
section, O s have been scaled with the K—;hell binding enecrgy, Ik' to pro-
vide a universal theoretical curve for comparison with experiment,

For krypton, the experimental points are consistently higher than the
theoretical curves, with absolute agreement within 25% for the PWBA and a
factor of two for the BEM. The energy dependence of the experimental data
compares favorably with both approximations in the lower energy range, but
at ﬁhe upper end of the interval the data may slightly favor the BEM over
the PWBA which rises less steeply in the region below the peak.

- The energy region of the experiment for argon K X-rays is considerably
closer to the peak of the theoretical ionization cross section than for

K X~-rays of krypton. In this region, the results of the two approximations
Cross o#er while the energy dependence of the experimental da;a is inter-
mediate, rising more steeply than the PWBA and less so than the BEM. In
absolute value, the argon K-shell ionization cross sections are lower than
;he theoretical results by amounts ranging from about 5% to éver 30%.

B Although the absolute experimental uncertainty of the ionization cross
sections is of the same order as the discrepancy with the theoretical
models, the relative uncertainty is considerably less than this betweea the
two target gases for which the solid angle, pressure corrections, and
electronic dead time effects are the same. It is not expected that de-
tector efficiency and fluorescence yields can account fully for the dis-

crepancy with theoretical models in opposite directions for the argon and

krypton data.



L-shell ionization cross sections of krypton by protons from 1.5 to
A.SIMcV are presented in Fig. 4 and compared to the results of a calculatien
in the Born approximation. The scaling adopted in presenting the data is
that of Merzbacher and Lewis.l The dimensionless parameter used for the

energy dependence is n, = BE where m/M is the ratio of electron

5 nzi (Rydberg)

to proton mass and ZL is the screened nuclear charge seen by an L-shell
electron. Agreement between theory and experiment is quite favorable with
both exhibiting approach to a broad maximum. The absolute agreement is

within 10% but must be considered somewhat fortuitous because of the

magnitude of the experimental uncertainty -and the fluorescence yield.
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Figure Captions

Experimental apparatus for the determination of X-ray yilelds from

gascs.,

Yield of krypton L X-rays as a function of manometer pressure.

K-shell ionization cross sections as a function of incident

proton energy. The open and solid triangles are the experi-
mental results for argon and krypton respectively. The solid
curve is the Born approximation result12 and the dashed curve is
the impulse approximation-result of Garcia's binary encounter

3

model.

L-shell ionization cross sections for krypton as a function oi

the dimensionless energy parameter np - The closed circles are

the experimental results, and the solid line is the Born ap-

. . 12
proximation result.
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AFPPENDIX II

Inner Shell Ionization of Xenon by Proton Bombardment

(Preliminary Results)
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Herein is reported the initial step in an extension of the present ex-
periment to proton-induced ionization of xenon. The experimental setup
for the xenon was exactly the same as that reported previously with the ex-
ception that the inner gas-cell apertures each had a diameter of 1.5 mm.
Xenon L x-ray yields were obtained for manometer pressures of zero to fif-
teen microns at a single proton energy--3.0 MeV. These yields have not yet
been converted to cross sections since a method of data analysis for the
complicated spectra has so far not been developed by the author.

The L x-ray spectrum is shown in Plate XiV. By using an experimental
x-ray energy calibration and x-ray energies of Storm and Israeluo, the
ma jor components of each of the six x-ray peaks were determined. These
components are given in Table V with the energy of the midpoint of each
peak, In addition, the particular transitions associated with the various
lines are listed in Table VI,

No X x-rays were observed, this probably being the result of the very
small K-shell ionization cross section of xenon. Using higher energy pro=-
ton beams may reveal the presence of these x-rays.

This is the extent of the present work with xenon. The next step will
be to obtain an L-shell excitation function for proton energies between

one and five NMeV.
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EXPLANATION OF PLATE XXV

Pulse height spectrum of the xenon L x-rays. The incident proton

energy is 3.0 MeV.
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TABLE V

Calibration of the Xenon L X-ray Spectrum

X-ray Experimental X-ray
Lines Energy (keV)

Ll 3.705

Lex 1,2 4,132

LP 1,3,k saa

LY, ' 5.027

L 32,3 ] 5.279

- TABLe VI

X-ray Notation

X-ray Transition
Notation
Kot K-L
KB K-M,N
Loty Lirr-Mv
L2 LIIT-MIV
LB LII-MIv
LB2 Lizr-Nv
LB3 L1-MI1II
LBy LI-MI1
LB1s Lirr-viv
L¥q Lyr-NIv
L 2 LI-N1I
L&5 L1-NTIT
Ll Lirr-MI
L7 Lyr-Mx
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LIST OF SYMBOLS

Description
Velocity of the incident proton

Effective velocity of an atomic electron in its orbit
Mass of the electron
Mass of the proton

Maximum energy which one particle can transfer to another
particle in a free collision

Principal quantum number as indicated by s = K (1), L (2), ...
Actual ionization potential of the s-shell

Incident proton energy |

Charge of the projectile

Actual charge of the atomic nucleus

Screened nuclear charge as seen by an s-shell élactron

mE/MZs2(Rydberg), the energy-scaling parameter in the Born
approximation

Is2/2s2(Rydberg), the screening parameter in the Born
approximation

Cross section for ionization of the atomic s-shell in an
ion-atom collision

Generalized notation for the ionization eross section

Cross section for production of characteristic x-rays of
the target atom in a proton-atom collision

Fluorescence yield of the s-shell

Fluorescence yield of the i subshell

Auger yield of the i subshell

Coster-Kronig yield corresponding to the transition Lj to Lj

Generalized fluorescence yield for the i1 subshell (includes
the effect of Coster-Kronig transitions)



L
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Generalized mean L-shell fluorescence yield

Number density of target atoms

Number of protons incident on the target

Efficiency of the x-ray detector for a given x-ray energy
Pressure indicated by the capacitance manoreter

Pressure of the target gas

Observed yield of x-rays normalized to one microcoulomb
collected charge and corrected for electronic dead time

Slope of the plot of I versus PM.

Slope of the plot of I versus Pp

Diameter of an inner gas cell aperture

Distance from the proton beam to the detector

Active area of the detector

Interaction length seen by all points of the detector

Interaction length seen by fractional portions of the
detector

Total interaction length viewed by the detector (L + 21)
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ABSTRACT

Thin gas targets of argon and krypton were bombarded by protons of
1.5 to 4.5 MeV energy, and the resulting x-radiation was observed with a
S8i(Li) detector. K-shell x-rays of argon and krypton and L-shell x-rays
of kryﬁton were identified, and the total yields of x-rays as a function
of gas target thickness in the region of zero to five microns were deter-
mined for each of the three cases. For both gases, the Kol and KB
components were observed; however, separate x-ray ylelds for these com-
ponents were determined only for the case of krypton. Absolute cross
sections for the production of K- and L-shell x-rays were obtained and con-
verted to ionization cross sections by using recent theoretical and experi-
mental values of the fluorescence yields. The K-shell ionization cross
sections were compared to the theoretical ﬁredictions of the Born approxi=-
mation as well ;s to the binary-encounter model of Garcia. For krypton,
the experimental results are consistenfly higher than both theoretical re-
sults while the reverse is true for argon. However, the energy dependence
of the argon cross sections, which fall near the peak of the excitation
function, is intermediate to the two theoretical predictions. For krypton,
this energy dependence agrees well with both theories except at the higher
collision energies for which the binary-encounter model may be favored
slightly. The L-shell ionization cross sections were compared only to the
Born approximation, with agreement being favorable. 'These experimental
L-shell cross sections are sensitive to the choice of fluorescence yield
for which few experimental values are available, and this results in con-

siderable experimental uncertainty.



