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X-RAY INDUCED ELECTRON EMISSION

Charles A. Aeby

B.S., Physics, University of New Mexico, 1962
M.S., Physics, University of New Mexico, 1964
Ph.D., Nuclear Engineering, University of

New Mexico, 1980

The development and use of a magnetic spectrograph
for the measurement of X-ray induced electron emission
is described. Results are presented for metal and
dielectric targets ranging in atomic number from 2=6 to
2=82. Materials studied were lead, tantalum, copper,
aluminum, magnesium, solar cell cover glass, silica
cloth, thermal control paint, Kevlar, Mylar and
conducting and non-conducting epoxy. Direct measurement
was made of the quantum yield and energy distribution of
electrons emitted at angles of O°, 300, 45° and 60° with
respect to the surface normal of targets exposed to
normal incidence filtered and unfiltered 50kV
bremsstrahlung X rays.

Experimental results are compared with previous
measurements where possible and with computer code

predictions where predictive capability matches the

measurement range. The experimental results corroborate







the cos6 angular dependence predicted by simple
theoretical models, particularly for medium and high 2
materials. A trend toward isotropic emission
distribution is noted for the lower Z materials.
Compared to the measured results, the emission yields
predicted by a commonly used analytical model are low by
approximately a factor of two for the unfiltered X-ray
spectrum. This spectrum has a relatively large low
energy component and highlights a deficiency in

predictive capability for X-ray energies below ~10 keV.
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SECTION I







INTRODUCTION

Statement of Problem

Satellites and other exoatmospheric systems are
subject to various radiation effects due to natural and
manmade environments which result in the generation of
localized electromagnetic conditions. These conditions
can disrupt normal electronic system functions. One
effect, known as System Generated Electromagnetic Pulse
(SGEMP) results from X-ray interactions with the
materials comprising the system. The source term

generating the SGEMP environment, given a photon source

of known intensity and energy distribution, is the X-ray

induced emission of electrons from external and internal
surfaces of the system. To accurately calculate the
electromagnetic environment, the emitted electrons must
be characterized in terms of their yield and energy
distribution as a function of emission angle. This
characterization is required as a function of emitting
material, photon energy, and various angles of photon
incidence. An understanding of and a solution to the
SGEMP problem must therefore begin with quantitative

understanding of the X-ray induced electron emission.
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A beam of photons characterized by the number of
photons of given energy per unit time per unit area
impinges on a target. The properties of the material,
i.e., the cross sections for various types of
interactions with electromagnetic radiation, and the-
incident flux determine the reaction rate within the
material. The energy of the incident photons and the
appropriate cross sections determine the depth at which
an interaction takes place and the type of interaction
through the relative magnitudes of the cross sections
for the interactions possible. The specific interaction
then determines the initial conditions for the residual
particles. Principal photon-material interactions which
produce electrons are (Fig. 1):

a. Photoelectric interactions with a "bound"
electron

b. Compton interactions with "free" electrons

c. Pair production interactions with the Coulomb

field of a charged particle

Residual photons will have additional interactions

determined by their energy and the material properties

until they are absorbed or escape. Primary electrons

generated by the photon interactions undergo various
types of collisions, likewise determined by their energy

and the characteristics of the material. Subsequent
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transport of these electrons to a surface, with
intervening deflections and energy losses determine
their emission characteristics in terms of the number,
energy and angular distribution. The principal electron
interactions are elastic and inelastic collisions with
target nuclei and atomic electrons. Residual particles
from these interactions are generally the initial
electron degraded in energy deflected from its original
path plus secondary electrons resulting from ionization.
bremsstrahlung in turn results from nuclear inelastic
electron collisions.

For the X-ray energy range of interest for
satellite SGEMP effects, the primary interactions are
the photoelectric and Compton effects, subsequent
generation of Auger electrons and electron scéttering

processes.

Theoretical Model
A simple empirical model for X-ray induced electron
emission has been proposed [1] which develops the major

1

features of the emission process. It accounts for

emission yield contributions from photoelectrons, Auger

lrhe experimental results will be compared'primarily
with QUICKE 2M, a state-of-the-art analytical code
currently used for electron emission calculations.







and secondary (knock-on) electrons, defines an expected
angular dependence and predicts the electron energy
distribution. The model will predict reverse emission
of electrons from a vacuum/material interface exposed to
an arbitrary fluence of X rays. Four simplifying
assumptions are made: (1) the electrons are generated

with uniform density in the exposed material with the

photoelectron source densities given by ¢u/cosa where ¢

is the X-ray fluence at the surface, H is the
photoelectric linear absorption coefficient and ® is the
angle of incidence of the X rays with respect to the
surface normal; (2) the electrons propagate i-
sotropically from their point of origin; (3) electrons
in the material travel their mean forward range,
determined by their energy at birth, in straight lines
and; (4) the electrons lose energy continuously
according to an effective stopping power approximately
twice the ordinary stopping power. This assumption is
based on the observation in some materials that the mean
forward range is approximately one half the mean path
length (comparable to the continuous slowing down
approximation range); and that dE/dx is relatively
material independent for electron energies of a few keV

to several hundred keV,







Material

FIGURE 2. Photoelectric Yield Model Geometry

With reference to Fig. 2 the contribution to the
yield coming from a primary photoelectron created by an
X ray of energy hv in a unit volume dv at slant range r

and angle 6 is

dy _ u(hv) cosé8

dv cosa 4mr?

In this equation wu(hv)/cosa is the source density per
photon interacting in dv and cos6/4nr? represents the
angular distribution of electrons leaving the surface at

angle 6 from an isotropic source at range r. The unit

volume dv can also be written as r?dQdr;hence the

differential yield can be expressed as







dy _ u(hv) coséb

dQdr cosa 4m

The differential yield per unit energy and unit solid

angle is then

dy _ u(hv) cos8 <dE>—l
dQdE cosa 4T dr

Integration of equation 3 over angle to obtain the

electron energy spectrum gives

dy _ p(hv) (ds)“
dE 4cosa dr

The equations were developed for primary photoelec-
trons. However, the same energy and angle distributions
apply to the Auger and secondary electrons. The Auger
electrons result from atomic de-excitation after
photelectron ejection and the secondaries arise from
collisions of the primary photoelectrons and Auger
electrons with atomic electrons. Their contribution to
the emission yield is determined by the efficiency with
which they are created in the target material and the
limits of their energy distribution determined by the
energies they obtain at birth. The total yield of
emitted electrons from this model is the sum of the

individual contributions from photo, Auger and secondary







electrons. The energy distribution is obtained by
superposition of the individual distributions.

The major features of X-ray induced electron
emission predicted by this model are: (1) the angular
distribution of emitted electrons per unit solid angle
is proportional to cos6; (2) the shape of the energy
distribution is independent of angle; (3) since the
range of electrons in many materials is proportional to
E?, the yield distribution, (equation 4), will be
proportional to E, that is, a simple triangular dis-

tribution; and (4) for angles of X-ray incidence other

than @ = 0, the yield increases as 1/cosa. The model does

not treat Compton interactions nor low energy
secondaries, but does include the primary elements of
electron emission resulting from photoelectric

interactions.

; ¢ Existi Inf .

The characteristics of electrons emitted from
materials exposed to X rays have been the subject of
intense investigation since Roentgen's discovery of X
rays in the late 1800's. Much of this work has been
focused on experiments which yield information on the
details of the interactions of the photons with

individual atoms to clearly define the cross sections







for the various interactions taking place. By analyzing
the products of the interactions, i.e., the residual
particles, the nature of the encounter can be inferred
and the fate of the initial particles established.
Experiments performed for this purpose were
intentionally designed to minimize effects such as
multiple scattering of the primary electrons so that the
details of the individual interactions would not be
masked. It is precisely these effects, however, that
determine the characteristics of the electron emission
that are investigated in this experiment.

Prior to the early 1970's the bulk of the
experimental work had been directed at the measurement
of individual features of photon-induced electron
emission of importance to specific problems.
Independent measurements were made to determine.emission
yield or energy distribution or angular distributions
for given source conditions and target materials. For
example the Soviet work in the early-to-mid 1960's
[2,3,4,5] concentrated on measurements of total yield,
energy and angular dependence of emission from various
cathode materials exposed to X rays in ionization
chamber and spherical condensors. X rays used in these
works were "monochromatic", obtained by selective
filtration of continuous bremsstrahlung spectra. (The

discrete X-ray energies covered a range of 4-28 keV).

10







These results, corroborated by later experiments [6],
gave relative numbers of primary photoelectrons, Auger
electrons and secondary electrons emitted from the
materials studied. Later Soviet work [7] gave
experimental evidence for the cosine behavior of
emission yield and the relative angular independence of
the emission spectrum on emission angle.2

The problem of interest to the satellite community
required corroboration of the Soviet experimental data,
an expansion of the data base to a wider variety of
materials and validation of the various computer codes
which can be used to predict electron emission. Toward
this goal, just prior to design and development of the
magnetic spectrograph system employed in this work,
Bradford [8] performed a series of measurements on
aluminum, copper, tantalum, and molybdenum employing an
electrostatic analyzer. The targets were placed in an
evacuated chamber and irradiated with a collimated beam
of bremsstrahlung X rays from a tungsten anode source
operating at 50kV potential. Two different X-ray
spectra were employed, determined by the presence or
absence of a thick aluminum filter. Electrons were

measured in 1 keV energy intervals from approximately 3

2The cathode materials investigated in references 2

through 7 included Al, Cr, Fe, Co, Cu, Ag, Sn, Te, Ta,
W, Pb and Bi.

11






keV up to 50 keV. A variable source/target/detector
geometry permitted a determination of angular
dependence. The initial data (originally in error as a

result of a calibration source saturation problem) were

revised.3 This work was later augmented by an ex-

perimental determination of the dependence of the
emission properties on X-ray angle of incidence [9].

In 1974 Dolan [10] published the results of
bremsstrahlung X-ray induced electron emission from
aluminum, copper, silver and tantalum. Various
accelerating voltages and filter combinations were
employed to provide X-ray spectrum variations. Two
configurations common to Bradford's measurements were
used for comparison. The experiment used lithium
drifted solid state devices to detect electrons of
energy greater than 5 keV. Variable positioning of the
detector permitted determination of the emission yield
angular dependence. The measurements of Bradford and
Dolan have been used as primary sources of experimental
data for comparisons with computer code predictions of
X-ray induced electron emission.

A number of computer codes have evolved with

capabilities of predicting X-ray induced electron

3The revision was documented as a 26 December 1972

addendum to Air Force Cambridge Research Labs Physical
Sciences Research Paper 510.







emission. Their genesis has followed one of two primary
paths (see Table 1). The more complex detailed codes
have been built on the Monte Carlo technique employed by
Berger and Seltzer in the ETRAN (electron transport)
family of codes [11]1. Codes of this type e.g., SANDYL
[12] include primary and secondary photon interactions
and primary and secondary electron interactions.
Primary and secondary electrons are treated with single
and multiple scattering techniques in the Monte Carlo
codes., On the other hand the analytical codes (e.g., RDA
model [1] and QUICKE 2 [13]) use simple exponential
attenuation for X-ray interactions and transport, and
approximations (effective electron stopping power) or
exact solutions to transport equations for electron
interactions. The analytical codes ignore secondary
photons and electrons and their subsequent interactions.
Another code, POEM [14], is a composite employing
analytical treatment of photon transport and condensed
Monte Carlo treatment of the electrons. Improved
versions of this code include secondary photon and e-

lectron interactions. A common deficiency of all these

codes is their inability to predict the emission

characteristics of low energy electrons. Although these
codes are "forced" to run at energies as low as 1 keV,
their low energy cut-off is typically in the 5-10 keV

region., This deficiency is a result of poorly known
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X-ray and electron interaction cross sections at these

low energies as well as the complications introduced by
the dominance of multi-scattering processes at low
energy for the primary and secondary electrons.

Other measurements and comparisons with code predic-
tions have been made on materials and at photon energies
outside the range of interest for the satellite
applications [15,16,17]. These experiments have often
employed MeV photon energies typical of medical
diagnostic equipment and have studied the distribution
of electrons emitted from bone, lead (source shielding)
and lucite to determine tissue dose distributions. 1In
addition Bernstein [18,19] has performed a series of
measurements employing pulsed and steady state sources
of extremely low energy X rays (<5 keV) to determine
emission characteristics of various conducting and

nonconducting materials using a plasma radiation source.

Specific Obj .

The specific objective of this experimental work is
to develop and employ a technique to measure directly
the yield, energy distribution and angular distributiocn
of X-ray induced electron emission from various
materials. Experimental results will be compared with

previous measurements, where they exist, and with







analytical predictions where predictive capability
matches the measurement range.

The measurement instrument has been designed and
fabricated to make simultaneous determination of
electron emission yield and energy distributions at four
discrete emission angles, markedly increasing the
efficiency of data accumulation relative to other
techniques. 1Its configuration is adaptable to measuring
both forward and reverse emission (relative to the
direction of incident X rays) over a limited range of
X-ray incidence angles. Measurements presented here are
limited to reverse emission from normal incidence X
rays, a condition of fundamental importance in
understanding electron emission characteristics.
Extension of the electron energy range over which these
measurements are made allows intercomparison with
existing data, but more importantly, the determination
of yield below a few keV provides an experimental data
base previously missing. This experimental information
is important for comparison with analytical calculations
to determine the validity of the various computer codes
which are presently used to predict electron emission as
a first step in calculating SGEMP response. Limited
predictive capability of available codes at X-ray and

electron energies below a few keV contribute to

16







unacceptably large uncertainties in response

calculations.

Data for materials of particular interest to
satellite applications have been included in these
measurements. The dielectrics studied represent an
important, widely used class of materials which have
received inadequate attention in previous

investigations.

Experimental Approach

The experimental technique is based on magnetic
analysis of the energy of the emitted electrons. The
analysis is done in a semicircular magnetic
spectrograph, configured to define specific emission
angles relative to the direction of the incident photon
beam and surface normal of the target. Target materials
are placed in the beam to obtain the emission
characteristics at normal incidence. Emission yields
are measured in terms of the number of electrons of
energy E at selected emission angles ek for specified
conditions of target material and orientation relative
to the photon beam. Measurements are made using a
photon source of known intensity and energy

distribution.

17







The photons are generated by a constant potential

industrial radiographic X-ray unit employing a tube
rated at 2.5 kW at 100 kV potential. The tube contains
a tungsten anode and X rays exit through a beryllium
window. X-ray flux and energy spectrum are measured by
a NalI scintillation detector in conjunction with a
multi-chapnel analyzer. The materials to be
investigated are placed in the evacuated spectrograph
body with the collimated X-ray beam entering through a
thin Mylar window. Vacuum conditions are maintained by
a mechanical roughing pump and a gas absorption pump.
The variable magnetic field required for energy analysis
of the emitted electrons is established by an
electromagnet enclosing the spectrograph body.
"Windowless" helical channel electron multipliers
(Channeltrons or CEM) are used in the pulse saturation
mode as electron counters., The output of these de-
tectors is fed through amplifiers to scalers. (This
experimental setup is shown schematically in Fig. 3).
The X-ray source generates a bremsstrahlung
spectrum with a maximum energy variable from 25 keV to
100 keV. Instrument calibration permits reliable
detection of electrons in the energy range 100 eV to a
few hundred keV. Data are obtained by counting for a
predetermined period at a given magnetic field strength

for a number of field intensities. The electron energy

18
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spectrum is constructed in a stepwise fashion. The

targets were thick compared to the range of the most
energetic electrons created by the X-ray interactions.
Investigation of backward emission under these
conditions maximizes the effect on the yield due to
multiple scattering events. Representative metals
investigated for backward emission characteristics were
magnesium, aluminum, copper, tantalum and lead.
Measurements were also made on the following materials
used extensively in satellite construction: Mylar,
silica cloth (external thermal blanket), SiOé (solar
cell cover glass), Kevlar (antenna dishes), conducting
and nonconducting epoxies (structural members) and a
conducting paint (thermal control surface).

The remainder of the dissertation describing this
effort is organized as follows: Section II details the
spectrograph design and describes experimental
equipment. Section III discusses instrument
calibration. Section IV contains the experimental
results and Section V concludes with interpretation of

results, comparisons with existing data and a summary.
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SECTION II







SPECTROGRAPH DESIGN

Basic Instrument

Basic design parameters and theory of standard
semicircular magnetic spectrographs are described by
Siegbahn [20]. 1In its simplest form, such a device
consists of a source of energetic charged particles,
defining slits which define a beam of particles in the
plane of the spectrograph, deflecting magnets producing
a field perpendicular to the particle trajectories and a
means of detection arranged in such a way that particles
in the beam with equal radii of curvature in the
magnetic field will be focused on the detectors after
traversing a semicircular path. Depending on the ap-
plication intended, such devices can be made for
high-resolution beta spectrometry or other charged
particle analysis. Various detectors can be employed
(photographic plates, nuclear emulsions, GM tubes, solid
state detectors, photo multipliers, Faraday cups, etc.)
and several operating configurations (relative locations
of source and detector) are possible. The basic
advantages of the single focusing semicircular

spectrometer are simplicity of design and operation,

accuracy of magnetic field control and measurement,







adaptability to various detector types and ease of
calibration.

The fundamental scalar equation governing the
behavior of electrons in the constant magnetic field

region of the spectrograph is

Y = gvB (5)

where m is the relativistic mass of the electron, p the
radius of curvature of the electron trajectory, q the
electronic charge, v the velocity component in the plane
of the spectrograph determined by the electron kinetic
energy upon emission from the surface of the source and
B is the uniform magnetic field perpendicular to the
spectrograph plane. Based on Fig. 4, two important
quantities describing performance parameters of a
semicircular spectrograph with a finite source of width

s are as follows:

2
e 2 (6)
o 2
o (7)

These quantities are strictly determined by the

instrument geometry and can be determined by simple

physical measurement. The resolution can be readily
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confirmed by calibration measurements with appropriate
sources. The base resolution R° determines the range of
acceptable values of p (at fixed B) which can be
detecfed by the instrument. The spread in the Bp values
(ABp) divided by Bp, is the momentum resolution of the
device. For instruments with fixed geometry in which
the magnetic field is a variable, the momentum
resolution is a constant. Q defines the solid angle
determined by the height and width of the defining slit.
Since the slit openings are normally small compared to
the electron path length from the source to the slits,
the area defined by the aperture is approximately 422 0y
where 2 is the path length to the aperture and 2¢ and 2y
are the horizontal and vertical angular apertures,
respectively. The fraction of the total 4w solid angle

is then given by equation 7.

Modifi é ¢ T d : ] 1 E
i :

The instrument used in these measurements is an
adaptation of a semicircular magnetic spectrograph. The
coordinate system used to describe the trajectories of
the electrons within the spectrograph is shown in Fig.

5. The target is represented by the rectangle in the

X,2 plane at the origin of the coordinate system with n







- TN e X rays

i Trajectory in the X,Y Plane

FIGURE 5. Spectrograph Coordinate System
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defining the surface normal. Electrons are emitted with
a velocity vector Gé forming angle y with respect to the
plane of the spectrograph (X,Y plane) and whose com-
ponent in the spectrograph plane forms angle 6 with
» . . . s
respect to n. Electron trajectories with radius of

curvature po are described in the plane of the

spectrograph as determined from equation 5 by |3p| and

the magnitude of the magnetic field |§Z| perpendicular
to the plane of the spectrograph.

The fundamental adaptation to the basic design was
to define four separate channels viewing different
emission angles relative to the target normal. This was
done by locating defining slits (primary and secondary)
and detectors for each emission angle 6 in accérdance
with Fig. 6. From this figure, it is seen that in terms
of emission angle in the plane of the spectrograph,

coordinates x.

L,yL (an edge of a defining slit) and a

radius of curvature p of a trajectory passing through

(0,0) and (X,Y),
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and

=<

tamy = — (11)
X
These equations reduce to
2 2, %
cos(e +a) =_£X___LY_) (12)

2p

Angular acceptance bands as a function of p and the co-
ordinates of the primary and secondary defining slits
can now be calculated from equation 12. Table 2 gives
the primary and secondary defining slit parameters, and
Table 3 contains the angular acceptance band parameters
for source locations corresponding to the finite extent
of the target, the value of Agmax and the area of the
acceptance bands. Fig. 7 shows the predicted acceptance
bands for a source located at (0,0). The acceptance
bands are obtained from equation 12 by plotting the
values of ¢ as a function of p for specific locations of
primary and secondary defining slits. The line marked
Py is determined by the upper edge of the primary, P is
determined by the lower edge of the primary and SU and
SLby the corresponding edges of the secondaries.

Notice the anticipated response curve from a
monoenergetic source for such an arrangement would

consist of no response for p < p,, a linear rise in re-

sponse from p, to p2, flat response from p2 to ps3, a
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linear decrease from p;3; to p, and no response for
P> Py, (This predicted behavior will be examined
experimentally in Section III), 1In a manner similar to
that described for the simple semicircular spectrograph,

the baseline resolution is given by

Ap = Py = P1 (13)
Po Po

For the configquration used, the value of Ap/p, for each
channel for a source located at (0,0) is approximately
0.05.

The use of the secondary defining slits between the
primary slits and the detector is necessitated by the
mounting arrangement of the detectors and their finite
extent., Without the ‘secondary slits serving as a
detector aperture, the entire detector area would be
available to intercept electrons which had passed
through the primary. The detector width (1 cm) relative
to the target width (0.2 cm) would significantly degrade
the energy resolution since electrons with a larger
range of Bp values would be accepted. 1In addition, the
secondary apertures prevent off-trajectory electrons
from striking the detector mount surrounding the
detector opening thus eliminating a source of secondary
electrons which would be counted by the detectors.
Definition of the vertical extent of the beam is

accomplished at the primary aperture. The geometry for
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vertical collimation as a function of the source height

h height of the primary aperture h_ (placed midway

s' P
along the electron path length from target to detector)
and detector height hd is shown in Fig. 8. The detector
height is selected in such a way that any electron
leaving the source and passing through hp is intercepted
by the detector. It is seen that the source height is

given by

h. = h. = 2h (14)
P

FIGURE 8. Vertical Collimation Geometry

The detector response r as a function of source height
and primary aperture height is proportional to their

product. That is
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r « h h
S P

To maximize the response, equation 14 is substituted in

equation 15, the result differentiated with respect to

hP and set equal to zero. From this it is found that

h

hs=_d_
2

h
%
i

The final internal configuration of the spectfograph
included two other sets of isolation barriers in
addition to the primary and secondary apertures. The
functions of these barriers were to (1) minimize virtual
sources of electrons "seen" by the primary aperture
resulting from scattered X rays within the spectrograph;
(2) suppress the number of "noise" electrons emitted
from the target or scattered within the target region

from reaching the primary aperture and (3) isolate the

individual channels from one another. The first two

functions were performed by a baffle isolating the
target region from the primary apertures. This baffle
consisted of a lead sheet (covered on the target and

aperture sides by low-2Z material) with openings provided







such that beam definition by the primaries was not

compromised. Isolation between channels was provided by
thin aluminum barriers placed between the primary
apertures and the detectors which separated a detector
region from its neighbors. The resulting "trajectory
tubes" are open to electrons at the primary aperture,
enclose the secondary aperture between the primary and
the detector and terminate in the detector itself. The
arrangement of target, barriers, apertures and detectors

within the spectrograph are shown in Fig. 9.
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SECTION III







INSTRUMENT CALIBRATION

X- S o bt

Any attempt to measure the yield of photon induced
electron emission in an absolute sense (i.e., electrons
emitted per incident photon) requires certain knowledge
of the photon source. 1Ideally, intense monoenergetic X
rays of known intensity should be used. Practical
limitations imposed by X-ray source strength and
electron emission efficiencies dictate thé use of
sources with X rays distributed in energy. With this
constraint the minimum information required about the
X-ray source is the total number of photons incident on
the target. Information regarding the spectral
distribution is of value for intercomparison of
experimental data and comparison with calculations from
computer codes which will accommodate photon energy
distributions. Qualitative and semi-quantitative
evaluation of the relative importance of photon energy
in emission efficiency also requires knowledge of the
X-ray energy spectrum,

For the purpose of initial experimental
determination of the beam intensity, energy distribution
and spatial distribution, the X-ray source was set up as

follows: The X-ray tube was placed in the position it
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occupies during backward emission measurements with a
lead collimator used to define the beam. Because of the
detection method used and the intensity of the source,
the detector was placed a significant distance from the
source and the detector area severely restricted. (See
Fig. 10). Detector output was routed through a preamp
to a linear amplifier, Direct output from the amplifier
was sent to a 400 channel analyzer and the multichannel
analyzer coupled to an X-Y plotter. In parallel with
the direct output, a signal was routed to a single
channel analyzer and from the SCA to a scaler. To
further reduce the beam intensity the X-ray generator
was operated at 1 ma current, These restrictions
permitted measurements to be made of the source output
at 25, 50 and 100 kV potential at counting rates below
saturation level of the electronics.

Energy calibration points for the X-ray pulse

height distributions were obtained using isotopes of

cesium and americium, C8137 and Am241 give usable ref-
erence energies of 32 and 8 keV (Csl37; BaKa/BaKB and

iodine K, escape) and 60, 31.5 and 18 kev (am?4l; Y./7,,
iodine K, escape and NpLg X rays). The single channel
analyzer (SCA) "window" was established by a péecision
pulser and was set to cover the energy range resulting
from a given X-ray tube potential. Resolution of the

scintillation detector as a function of energy was
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determined using the isotopes above and information pro-
viéed by the manufacturer. The filtered and unfiltered
50 kV X-ray spectra ultimately used in the electron
emission measurements are shown in Fig., 11. For these
X-ray spectra, the 2.54 cm x 2.54 cm Nal scintillation
crystal is totally absorbing and hence no energy
dependent efficiency correction was applied. Also the
effect of K-iodine escape radiation was neglected. (The
measured spectra compare favorably with results obtained
by other investigators using similar operating
conditions [8,9,;211})) . Determination of the source
intensity was made using the data from the SCA and
scaler. The scaler counted all pulses between the low
energy cut-off (determined by the beryllium window in
the tube) and Enax (determined by the maximum X-ray tube
accelerating potential). The detector collimator
consists of a 0.32 cm thick lead disk with a 0.0152 cm
aperture on center. This defines an effective detector
area of Ay = 1.82 x 10°% ¢m?. The photon flux at a
distance D is obtained in terms of the number of counts
per unit time passing through AD and is given by
¢D:: C/tI\D where C is the total counts and t counting
time. The lower level used for the SCA window was 3
keV. The upper level was arbitrarily set above the maxi-

mum enerqgy anticipated for each accelerating potential

(46, 82 and 122 keV) for 25, 50 and 100 kV potentials re-
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spectively. The photon fluxes determined in this manner

with 1 ma tube current were:

¢ photons
D

Tube Potential (kV) cm” sec
6

25 7.44 x 10
50 19.38 x 10°
100 54.06 x 10°

The source intensity at the target position in the
spectrometer (25.4 cm) was too high to measure directly
with the scintillation detector. However, measurements
can be made closer than D = 198.9 cm at 25 kV potential
and 1 ma current. Using the source detector collimator
and identical settings on the SCA from the previous 25
KV run, the X-ray flux was again determined, this time
at D = 50 cm. Since the source dimensions are small
compared to the source/detector separation and the de-
tector views the entire radiating area of the source, a
l/D2 behavior is anticipated. The expected X-ray flux

8 2

under these conditions would be 1.18 x 10° photons/cm

sec. Measured values (averaged) yielded an X-ray flux

8 photons/cm2 sec, This l/D2 behavior is al-

of 3,48 x 30
so valid at the targetr location (1.,€., 25.4 €8
source/target separation compared to a projected X-ray

source spot size of 7mm x 7mm) and hence the photon flux

at the target can be calculated from measurements made
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with the scintillation detector used as a normalization

counter.

Detector Characteristics

The quantum efficiency as a function of electron
enerqgy for channeltron detectors is a function of
several variables associated not only with their
specific design but also of the experimental
configuration in which they are used. Ideally,
detectors should be measured individually to determine
the energy sensitivity function in their intended mount-
ing conf iguratd oni This involves an elaborate
calibration arrangement requiring an accurately
controlled electron source for the absolute measurement
of detector efficiency which was not available for these
experiments., Other investigators have measured the
quantum efficiency of several types of channeltrons and
data from these investigations compare favorably with
manufacturers specifications. Information supplied by
the manufacturer of the detectors used in this
spectrograph (Fig. 12) has been used to obtain the fol-

lowing expression for detector quantum efficiency.

o .
€, = exp [4.5954 - (2.79306 x 10 ) ¢nE - 7.7847 x 10 E -

(18)

-2
1.15498 x 10 ]
E
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Channel electron multipliers work on the principal
of electron multiplication via emission of secondary
electrons from a continuous "dynode" and acceleration of
the secondaries in an electric field within the detector
between multiplication "stages". Since the devices are
not electromagnetically shielded, their operating
characteristics will be affected by the electromagnetic
conditions in which they operate. The detectors in the
spectrograph must operate in the applied magnetic field
used for energy analysis of the emitted electrons.
Previous investigators have shown that curved channel
multipliers exhibit alterations in their operating
characteristic as a function of the strength of the
magnetic field within which they are immersed. Data are
available on simple curved channels as a function of
field strength and detector orientation relative to the
field. Minimum perturbation to the detector operation
is noted when the plane of the simple curved detector is
aligned along the magnetic field vector. Maximum
perturbations occur when the field lines are
perpendicular to the plane of the detector. The
perturbations appear as a reduction in the count rate
from a constant source as the magnetic field increases.
Some improvement is possible by increasing the high
voltage bias on the detectors. This tends to diminish

the effect of the magnetic field turning secondary

47






electrons into the wall of the channel before they have
acquired sufficient energy to create additional
secondaries., Proper orientation of the detectors and
increasing bias to the maximum level recommended by the
device manufacturers yields a flat response up to 150
gauss for a simple curved channel.

The same characteristics were investigated for
helical detectors used in this electron emission
spectrograph. If the helix has a very shallow pitch and
is oriented such that the axis of the helix is
perpendicular to the magnetic field, behavior similar to
that obtained with the curved channel with the plane of
the curve parallel to the field should be expected.

The X-ray generator was used to provide a constant
source of particles uninfluenced by the magnetic field.
This gives a controllable source of excitation which can
be turned on and off for source and dark count and dark
count only comparisons as a function of field strength.

Source strength and exposure geometry were such that

beam filtration and a limiting aperture were employed to
3

obtain a reasonable count rate (i.e., < 10°cps.). Use
of a 0.08 cm aluminum filter and a 0.015 cm diameter
source aperture provided a constant count rate of 350
cps at B = 0 gauss. Background (dark current) count

rate at B = 0 gauss was < 4cps. A diagram of the

measurement geometry is shown in Fig. 13. Results of
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the measurements made at 3.5 and 4.0 kV detector bias
are shown in Fig. 14. The 4.0 kV operating condition
was used for the magnetic field correction in electron e-
mission measurements., Subsequent calculations used the
following magnetic field correction to the detector

response,
€. = 1 - aB? (19)

where €M is the efficiency as a function of magnetic
field strength B and the constant a = 0.13 x 10_6. (The

maximum correction required was A 3% at B = 60 gauss).

Background Count Rates

Since the experiment is designed to measure
electrons emitted at extremely low count rates into
small solid angles, the detectors must exhibit an
inherently low "dark count". In addition, since the X
rays enter the spectrograph to interact with the target
and must subsequently traverse the instrument to exit,
the potential exists for many secondary sources of
electrons which would constitute background in the
signal to be measured. 1In particular, the target mount
must present an extremely small interaction

cross section for the X rays. This was accomplished by
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designing the mount in such a way that the only material
in the target plane other than the target was small
segments of 0.0025 cm diameter aluminum wire (Fig. 15).
The background from the target holder alone, which was
subtracted from the target emission, was obtained by
direct measurement of emission in each channel reduced
by the fraction of the counts which comes from those
portions of the wires which would normally be covered by
the target.

Measurements of the dark count CD in the detectors
operating at 4 kV potential with no intentional source
of electrons in the spectrograph (i.e., X-ray source and
ionization gauge off) established a baseline of CD < 3
cpm. Specifically, determinations were made under the
conditions shown in Table 4. For data runs the
background was established under condition 3.
Corrections for background including dark counts were
made for all targets. The degree of background
suppression from secondary sources within the
spectrograph (the target volume is a virtual sea of
cscattered X rays and electrons) is evidenced by the lack
of cross-talk among the channels and the absence of
of f-peak signal when using the electron source for
energy resolution measurements as will be shown in the

following section.
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0.0025 cm Aluminum Wires

Target Location (2 mm x 3.5 mm)

3.5 cm Beam Coverage at Target

Positive Stop Position
Indicator

Lo ] esee—

FIGURE 15. Target Mount

TABLE 4

Background Count Rates

Count Rate
1. Holder removed <1 cpm all channels
Source Qff ion gauge on
2. Holder in place <1 cpm all channels
Source Qff ion gauge 9on
3. Holder in place <4 cpm all channels

Source Qn ion gauge Qn

Magnetic Field Conditions
The magnetic field conditions within the

spectrograph are coupled with the spherical aberrations

of the electron optics to determine the instrument
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resolution. Ideally, the magnetic field should be
constant and uniform throughout the working volume and
in the absence of intentional space focusing should
exhibit negligible gradients perpendicular to the plane
of the spectrograph. Direct measurements within the
active volume were made to determine the field distribu-
tion. Two Hall effect gaussmeters were cross-calibrated
with reference magnets to establish correct settings for
the internal calibration mode of the instruments used
for subsequent measurements. One unit was used with its
probe in a fixed reference position to monitor any drift
in the field established within the active volume while
the probe from the second unit was mounted to permit
measurements along the paths of 10 cm radius defined by
specific emission angles. Measurements were made at 5°
intervals along the arcs with field strength settings at
the control probe locations of 0, 5 and 95 gauss.
Deviations in the fields were <0.02 gauss, < 0.07 gauss
and < .25 gauss respectively indicating approximately
*1.5% uniformity. Measurements of the spectrograph
resolution discussed in the next section include the

effects of magnetic field uniformity.
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Energy Resolution

Measurement of the energy resolution of the spectro-
graph was used to verify the operation of the instrument
and as a cross-check on the mathematical formalism used
to determine emission yield from measured quantities.
From the discussions in Section II it is noted that for
a spectrograph operating with a fixed radius of
curvature and uniform magnetic field strength, the
momentum resolution ABp/Bp, is a constant determined by
geometry. In the range of magnetic field strengths of
interest to this experiment the energy resolution
AE/E = 2ABp/Bpy.

Experimentally, the resolution was determined by
measurement of electrons emitted by a thermionic source.
The energy was established by accelerating electrons in
a fixed geometry through an electric field accurately
controlled by a regulated high voltage power supply. A
thermionic source was chosen in preference to a
conversion electron isotope source due to the larger
currents available from the electron gun and its
adaptability to the spectrograph geometry. This choice
was made with some sacrifice in source stability. A
schematic and block diagram of the electron source and
its control circuit are shown in Fig. 16. The electron

source consisted of a thin walled machined brass

cylinder 1.25 cm high and 0.83 cm diameter. Insulated
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FIGURE 16. Energy Calibration Electron Source
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end caps of machined epoxy were center drilled and used
to position a 0.01 cm diameter tungsten filament along
the axis of the cylinder. Small brass connector
assemblies on each end provided mechanical support and
electrical contact for the AC current supply to the

1 The accelerating voltage was ap-

tungsten filament.
plied to the filament as a negative DC bias. The brass
cylinder was clamped at the spectrograph (ground)
potential. The electrons were emitted in a 180° pattern
in the plane of the spectrograph through a 0.076 cm wide
half circumferential slot in the middle of the brass
cylinder. Currents on the order of 1 ampere. were

4 counts/min

sufficient to generate on the order of 10
(peak) in the detectors. (Figure 17 shows a photograph
of the target mount, a detector and the electron
source) .,

The energy of the electrons was established by
setting the accelerating potential via the régulated
power supply. With the spectrograph at vacuum ('\'10_5

torr) the AC supply current was turned on, the location

of the peak count rate was then established by
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