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ANNUAL SCIENTIFIC REPORT

’ . )
? AFOSR GRANT 84-0001 DT‘C 3
DEVELOPMENT AND APPLICATION OF ELECTE
LOW ENERGY X-RAY AND ELECTRON PHYSICS FEB7 185
h. (01 October 1983 through 30 September 1984) -

The work of this AFQSR program for the past year has been
concentrated upon the completion of a spectrographic system
development, specially designed for the absolute spectrometry of
pulsed, high temperature plasma x-ray sources. The principal
immediate applications of this new system are for fusion energy and
for the development of x-ray lasers.

The basic approach, first initiated on this AFOSR program, has
been to use elliptically curved crystal/multilayer analyzers in a
k, two-channel system, one time-resolving and the other time-integrating.
A new, specially designed x-ray streak camera has been developed here.
Its absolute calibration is obtained through time-integrated
spectrometry by the second channel using photographic detection.
Accurate, absolute x-ray response models have been developed for
+ appropriate photographic films, expressed as analytical functions

suitable for microcomputer conversion of spectral photographic density
directly to photons/stearadian-pulse for a given transition (spectral
line) of a pulsed x-ray source.

Presented in this report are works that have been recently
+’ submitted for publication and entitled:

1. A Two-Channel, Elliptical Analyzer Spectrograph for Absolute, w
Time-Resolving/Time-Integrating Spectrometry of Pulsed
X-Ray Sources in the 100-10,000 eV Region (p. ‘1)

Large Aperture Picosecond X-Ray Streak Camera (p. 61)

Numerical Solution of Poisson's Equation (for electron ray
tracing) (p. 82)

Low-Energy X-Ray Response of Photographic Films: Part I.
Mathematical Models (p. 96)

Low-Energy X-Ray Response of Photographic Films: Part II.
Experimental Characteristics (p. 142)

k.
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o These works have also been presented by this Principal
Investigator as seminars at the National Laboratories,
Sandia/Kirtland, Albuquerque, Los Alamos, Livermore and Brookhaven,
and at the University of Rochester, N.Y. State University at Stony
Brook and the University of California-Berkeley. A listing of these
seminars given in 1983/84 is included below (p. 214),
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The testing, evaluation and first applications of this new e
spectrographic system has been carried out this year using the 0MEGA<
24-laser beam source facility at the University of Rochester. The #
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L\':.f- results have been described as excellent and the spectrograph is now
A being used routinely for every shot with this facility on fusion
energy and x-ray laser research at this Laboratory for Laser
Energetics. L
During this project year we have one of our research associates,
o Dr. Paul Jaanimagi, carrying out the initial testing and applications
-2 of the new spectrographic system at the OMEGA facility in Rochester.
Here at the University of Hawaii we also have had the important
F assistance of another research associate, Dr. Narayana Balakrishnan, ®
- on the development of the elliptically curved multilayer analyzers
.- that are being applied on the new system for the low-energy x-ray
diagnostics of the Rochester experiment. We have been able to obtain
‘ Department of Energy supplemental contracts for the participation of
- g these two post-doctoral assistants through the National Laser Users
‘ Facilities (NLUF) and through the National Laboratories at Los Alamos ¢
¢ and Livermore.
Finally we present in this report a listing of recent
publications of this AFOSR program on Low-Energy X-Ray Physics and
{echno]ogy along with a listing of several reports now in preparation “
p. 215). 3
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A Two-Channel, Elliptical Analyzer Spectrograph
for Absolute, Time-Resolving/Time-Integrating
Spectrometry of Pulsed X-Ray Sources

in the 100-10,000 eV Region °

B. L. Henke and P. A. Jaanimagi* Accession For
. N ] T ; T e
Department of Physics and Astronomy “Tr S AL ]
11T s A
U I MY W .
University of Hawaii | J‘fain; o !
Honolulu, Hawaii 96822 |
Digt :

ABSTRACT

A new'sbectrograph system has been developed and calibrated in
this laboratory for the absolute spectrometry of high intensity
pulsed x-ray sources in the 100-10,000 eV region. This spectral
region is analyzed with fixed elliptically curved crystals and
molecular or metal multilayers of 2d-values in the 3-160 A range.
Twin channels are utilized for simultaneous time-integrated
photographic recording and for time-resolved x-ray streak camera
recording. Absolute calibrations of the elliptical analyzers, of
the photographic film, and of the gold and Csl transmission
photocahodes have been made using monoenergetic, CW laboratory x-ray

sources. The overall transmission characteristics of the
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spectrograph have also been determineé. The instrument has been
designed for mounting through a pneumatically-controlled high-vacuum
valve onto a four-inch port of a one-meter diameter source chamber
and includes an appendage, high-vacuum, sputter/ion pre-pumping
station. The initial dynamic testing and application of this new
spectrographic system has been on the University of Rochester's LLE

24-1aser-beam OMEGA -facility.

*Current address: University of Rochester, Laboratory for Laser

Energetics, 250 East River Road, Rochester, New York 14623.
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I. INTRODUCTION
a
There is a considerable need at this time for absolute N
time-resolved/time-integrated spectrometry of high intensity, pulsed ;
x-ray sources in the_:lOO-l0,000 eV photon energy region. Typically ;f‘:
these sources are t}\e high temperature plasmas as involved, for }
example, in fusion energy research, and in ﬁateria]s excited by the .
Jarge synchrotron radiation facilities. The spatial extents of the '
sources to be measured (or imaged) wusually subtend a relatively J
small angle at the spectrograph. The pulse structure to be analyzed i
reéuires time resolution in usually the picosecond to microsecond -
range. We describe here an instrument that can accomplish this type *
of spectrometry which has been-constructed and CW-source calibrated i‘
in this laboratory and 1is now being applied to the diagnostics of
laser-produced plasmas with the OMEGA facility at the Laboratory for 1
Laser Energetics, University of Rochester. .
%
In preparation for this type of x-ray spectrograph development _i
we have recently completed some basic studies in low-energy Xx-ray *
spectroscopy as reported in Refs. 1-9. ' ,
. In Ref. 1 we discuss the geometrical and physical x-ray optics ..‘,,
E for fixed, Bragg reflecting analyzers for pulsed source ’
E spectrometry. This study led to the choice of elliptically curved, 1
E ¢ fixed Bragg crystals or multilayers for the analyzing element ;:‘
Ez
-
r..
i .
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ELLIPTICALLY CURVED ANALYZING CRYSTAL

-

*":"";':/ R
- o

GRAZING INCIDENCE TOTAL-REFLECTION MIRROR,
FLAT OR CYLINDRICAL-FOCUSSING
(HIGH-ENERGY CUT-OFF)

STREAK CAMERA
ORFILM

DETECTION CIRCLE

SMALL APERTURE LIMITING OF DIFFUSE
RADIATION BACKGROUND, WITH THIN-WINDOW FILTER
(LOW-ENERGY CUT-OFF)

_ i
\

*

Figure 1. The basic optical geometry of elliptical analyzer spectroscopy.
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Figure 2. Cut-away drawing illustrating the mounting of the two elliptical
analyzer channels in the SPEAXS system.
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Fig. 1). Some of the advantages of this type of dispersive geometry

4
o may be summarized as follows: -®
4

(a) With the source at one focal point for the given elliptical
geometry, all reflected radiation passes through the second focal -
point where an effective scatter aperture may be located and is the

geometric center for a normal-incidence detection circle along which

° photographic or electronic position-sensitive detection may be -
effectively applied.
(b) Small band-pass and/or low-energy cut-off filter foils may be
0 mounted across this scatter aperture. High-energy cut-off mirror .1
monochromators may 1lbe easily introduced between the elliptical 'T'.';

analyzer and the source (as shown in Fig. 1).

(c) As described in Ref. 1, spectroscopy with spatial resolution for

. .
LI
PRI

linear or two-dimensional source distributions may be accomplished

PY by using slits or curved focussing mirror monochromators with the

-

elliptical analyzers.

"
. n . R )
P ;_JJ..I (O

)

(d) This elliptical geometry yields a relatively simple analytical
spectrometer transmission function for absolute photometric analysis

along the detection circle (as discussed in Ref. 1), \

° In the design of the present instrument it was considered o
important to be able to measure simultaneously the spectrum of a
subnanosecond source with time integration and with time-resolution

® in the 10 picosecond range. To accomplish this, two identical

.
.
L e

elliptical analyzer channels were utilized, one to a photographic

film camera and the other to a specially designed, large entrance

®
. " fe o0 ! ’ )
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slit x-ray streak camera. This Streak camera /Photographic camera
Elliptical Analyzer X-ray Spectrograph will be referred to as the
SPEAXS system.

Presented here in Sec. II is a description of the basic design
features of this SPEAXS system along with those for the alignment
procedure for application to the "point" laser-produced sources. In
Sec. III we describe the response of -the crystal/multilayer
analyzers that we have chosen for the 100-10,000 eV region and that
of associated low- and high-energy cut-off characteristics of
practical filters and mirror monochromators. In Sec. IV we describe
the photographic and streak camera detection that is applied with
this SPEAXS system. And finally in Sec. V we present some initial
measurements on the OMEGA source facility and discuss the combining of
calibration results for the generation of an overall transmission

function for the SPEAXS system as applied for absolute spectrometry.

1I. DESIGN AND CONSTRUCTION OF THE SPEAXS SYSTEM

A drawing of the SPEAXS system is shown in Fig. 2. It has been
designed to bolt onto a four-inch-port on the one-meter diameter
spherical target chamber of the OMEGA. The source-to-scatter
aperture distance (between focal points of the elliptical analyzer)
is 120 centimeters. The stainless steel block housing is attached
to the chamber through a pneumatically-controlled four-inch vacuum
valve and the system is prepumped to 10 ¢ Torr with a Vacion pump

backed initially through a molecular seive trap to a mechanical

PO o
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pump. The twin elliptical analyzer/mirror monochromator stations
PY are mounted through a rear port and are adjustable through two side

access ports. A photo of the assembled spectrograph is shown in

Fig. 3 with the streak camera mounted above and the photographic

°® camera below the housing. :

In order to aliow a precise optical alignment of the elliptical
analyzers, these along with their associated mirror monochromators ; 1
are mounted on blocks that are attached to structures which permit ]
small rotations about two axes, one along the center 1line of the
scatter aperture slit and the other perpendicular to the aperture
hd plane and through its center (see Figs. .4 and 5). To achieve

optical alignment with a small "point" target, a high precision

alignment telescope is precision-fit to each elliptical analyzer

BT Y N
® . .
" APPSR 1

block, in turn, with its optical axis of the telescope along the
central ray to the source focal point of the ray-system that

illuminateés the elliptical analyzer. The telescope-and-analyzer

i

. ..
. [
& -’_. PR PR AU

block is then rotated to bring the image of an ambient-lighted point

target to the middle of the telescope reticule as illustrated Fig.

L' [

6. After this alignment, the rotating crystal block mountings are

clamped into fixed positions.

When a mirror monochromator 1is attached to the elliptical

i

- . I
@ - @
-~y J OSSP P EPLPLPLY \ P

o analyzer block, with the desired angle of reflection fixed, the

optical image that is centered within the alignment telescope field

is formed directly by reflected rays presented by the monochromator
° mirror. (Optically reflecting test analyzers and mirrors are used

in this alignment procedure.)

gl
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By placing a point source of visible light at the source
position (or alternatively, an image of a point source with a ray
system that proceeds to illuminate the total elliptical analyzer
surface) the optical perfection of the mirror/analyzer system may be
evaluated. With proper optical alignment, a sharp'line image appears
along the center line of the scatter aperture. A "knife edge" test
on the uniformity o%.the optical reflection from the elliptically
curved surface may be demonstrated by the uniformity of the

illumination along the detection circle.

Finally, the geometrical and smoothness integrity of the
crystal/multilayer analyzer surface and absence of crystal defects
may be evaluated by testing for waviness and variation of
photographic density of photographically recorded x-ray spectral

lines on a film placed along the detection circle.

III. CRYSTAL/MULTILAYER ANALYZERS,
MIRROR MONOCHROMATORS AND FILTERS

Thin sections of crystals (0.5" x 4.0" and of .005"-.020"
thickness) are cemented to standardized, elliptically curved
substrates which are machined by a computer-controlled mill. The
construction of the elliptical analyzers is described in detail in
Ref. 1. The large 2d analyzers are deposited as molecular multi-
layers (lead salts of straight-chain fatty acids) and directly upon
the curved substrates that have been clad with thin glass sections
and as described in Refs. 1 and 2. In Table 1 we present a 1listing

of crystals/multilayers that have been chosen  for the present

'
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TABLE 1 - Crystal/multilayers for elliptical analyzers having integrated 4
reflectivities as plotted in Fig. 7 A

> 9

Indices - Diffraction  E(eV) limits R (45°) R
No. Crystal Name (hkl) . 2d Order 22.5° - (6)-67.5° (millirad.) R
.
. - -’j
1 Lif (200) 4.03 1 8046 - 3333 0.0433 ':,
2 Mica (002) 19.84 3 4900 - 2029 0.0286 K
3 PET (002) 8.74 1 3707 - 1535 0.0907 o)
4 Gypsum (020) 15.19 1 2134 - 884 0.0711 ]
5 Mica (002) 19.84 1 1633 - 676 0.0136
6 RAP (1010) 26.12 1 1240 - 514 0.0848 -
. 7 KAP (1010) 26.63 1 1217 - 504 0.0488
8 *Laurate 70.00 1 463 - 192 0.4878
9 Stearate 100.00 1 324 - 134 0.8262
10 Lignocerate 130.00 1 249 - 103 0.9373 Ry
11  Melissate 160.00 1 203 - 84 0.8974 ST
- | )
*Molecular multilayers of lead salts of straight-chain fatty acids.
**For Bragg angle, 6, equal to 45°.
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SPEAXS system and which are currently under evaluation in this
laboratory for spectrometry in the 100-10,000 eV region. Given here
are the 2d values, photon energy limits for Bragg angles of 22.5 to
67.5 degrees and the calculated integrated reflectivity, R,
(Darwin-Prins) at 45° Bragg angle. Our methods for the calculation
and experimental mea;grement of the integrated reflectivities are
discussed in Refs. 1: 3 and 4. In Fig. 7, we present the integrated
reflectivities for the analyzers listed in fab]e 1 plotted for the
appropriate photon energy segments through the entire 100-10,000 eV
region in order to illustrate the "“coverage" by this set of

analyzers.

In Ref. 3 we have presented detailed reflectivity vs angle of
grazing incidence and photon energy curves and tables for the mirror
monochromator systems that are currently used in low-energy x-ray
spectrometry. Two of these mirror monochromators have been applied

in this SPEAXS system to effectively suppress the second and higher

order diffracted background radiations. These are with a

30-milliradian reflection from Al and with a 67.5 milliradian

—

reflection from A1203 having high-energy cut-off characteristics at

-
F? about 1000 eV and 500 eV, respectively. The reflectivity vs photon
?ff energy curves for these mirror monochromators are presented in
. Fig. 8.

The low-energy background radiation that may be superimposed _
b upon the higher energy measured spectra can be excessive, ]
'f first, because the sources of interest often have a relatively large '&

component of low-energy x-rays and euv, and, second, because these

...........................
..........
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Figure 7. Integrated reflectivity, R(milliradians) vs Photon Energy, E(eV) for
eleven crystal/multilayers that may be applied to cover the 100-10,000 eV region
as elliptical analyzers. The R-plots have been calculated using the Darwin-

h Prins model. (See Appendix C for detailed plots.)
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Figure 8. Percent reflectivity, P(%) vs Photon Energy, E(eV), illustrating

] high-energy cut-off characteristics of a 67.5-milliradian ref]ection from an
A1203 mirror and of a 30-milliradian reflection from an Al mirror. These
monochromators effectively reduce the high-energy background above 500 eV
and 1000 eV respectively.
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longer wavelength radiations can strongly scatter and specularly
reflect from the analyzer surface and effectively compete with the
Bragg reflected spectral intensities. To suppress this low-energy
background, a relatively thick filter with a strong transmission
band for the particular spectral region being measured can often be
effective (usually placed at the small scatter aperture). In Table
2 are listed some pré;tical filter materials along with their mass
thickness, m (=1/2u) for which their transmission will be about 60
percent at a photon energy just below a given strong absorption edge
(the high-energy limit of the particular transmission band). In
ngs. 9 and 10 are plotted the transmission bands in the 100-10,000

evvregion of interest here.

IV. PHOTOGRAPHIC AND STREAK CAMERA DETECTION

Particularly in the fusion energy research, time-resolved x-ray
diagnostics of high temperature plamas is essential. For the
application of the present SPEAXS system on the diagnostics of
laser-produced plasmas (with subnanosecond pulses) the required time
resolution in the 10 picosecond range has been achieved with a
specially designed x-ray streak camera. In order to obtain an
absolute calibration of the time-resolved streak spectrum, a
simultaneous absolute time-integrated intensity value on the same
spectrum is obtained by photographic recording with a parallel,

identical elliptical analyzer channel.
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In the present instrument an entrance aperture slit to each

X TTRRREe

channel is applied which establishes a spectral line length at the
detection circle of 3 millimeters. The one-millimeter width of the
40-millimeter streak camera slit (positioned along a chord of the

detection circle) is aligned along the middle of this 3-millimeter

ﬂ
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)
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wide zone. Correspondingly, a photographic film placed on the

detection circle measures spectra within this 3-millimeter wide
band, and a subsequent microdensitometer measurement may be with an
effective one-millimeter slit length scan averaged through the

middle of the exposed 3 mm zone.

A 35-millimeter photographic film is mounted upon a

semi-circular film holder of a radius equal to 8.4 cm which may be

advanced into this detection.circle by means of a sliding/rotating
vacuum feedthrough rod permitting four exposures of the 3-millimeter
spectral bands to be obtained on each 35 mm film strip. After
making these exposures, the film holder cassette may be drawn back 2
against the circular access plate that is sealed by an 0-ring to the %
side of the camera cassette may be as shown in Fig. 3. In this if
closed position, a 1ight baffle is then rotated into place over the i%

cassette entrance slit and the side plate may then be removed along

._. .
PP A RN )

with the film holder within a light-tight enclosure which can be

carried to a darkroom for processing. >
3

The photographic camera and the streak camera can be set to ]

have comparable sensitivities in the x-ray region as established by ;
[ )

the choice of the photographic film and of the transmission

photocathode material and thickness at the streak camera's entrance
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Figure 9. Transmission bands of selected filters listed in Table 2 for the
100-1000 eV region. (See Appendix B for detailed transmission curves which
indicate the effectiveness of the low-energy cut-off characteristics.)
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TABLE 2. Mass thickness for filters with transmission band charac-
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teristics illustrated in Figs. 9 and 10.
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] .
No. Filter Edge (eV) 1/2u (ug/em?) .
1 Beryllium Be-K (111) 81 S
Be .
2 Boron Nitride B-K (188) - 68
> BN 2
3 Carbon C-K (284) 226 ‘;}j
c N K
Polypropylene C-K (284) 256 ]
(CH2=CHCH3 ) | e
Formvar C-K (284) 156 o
» CsH702 j
Mylar C-K (284) 152
C1oHs0y -
Kimfol C-K (284) 181 i
Ci6H1403 . o
4 Boron Nitride N-K (400) 66 o
(o BN
S Aluminum Oxide 0-K (532) 126 R
A120, R
Silicon Dioxide 0-K (532) 116 )
Si0, : °
Polyformaldehyde  0-K (532) 92 -
(CHzO)x B
6 Iron Fe-L4(707) 234 .
Fe -
: 7 Nickel Ni-L3(854) 279 i
. Ni ‘a
k 8 " Copper Cu-L3(933) 318 %
; 9 Magnesium Mg-K (1303) 1139 fﬁf
Mg .
| 10 Aluminun AT-K (1560) 1427 -
I Al “®
(o 11  Silicon Si-K (1840) 1680 -
Si
12 Saran C1-K (2820) 3151
(CHp=CC1,),
13  Silver Ag-L3(3351) 1296
Ag .
(. 14 Tin Sn-13(3929) 1669 T
Sn
15 Titanium Ti-K (4964) 6010
Ti
16 Chromium Cr-K (5989) 7924 .
Cr |
0 17 Iron Fe-K (7111) 9804 i,
Fe 2%
18 Nickel Ni-K (8331) 11820 oY
Ni oo
19 Copper Cu-K (8980) 13699 "
Cu _
() .
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slit. Further adjustment of the sensitivitiy of the two channels is
obtained by introducing matched filters of desired absorption
thickness at the two scatter aperture as described earlier.
Finally, to bring the exposure within the dynamic range of the
photographic detection, the four exposures of the.film strip may be
with four thicknessq§ of additional filter material that are mounted

as a wedge at the entrance slit of the translating film cassette.

After a standardized film processing, the properly exposed
photographically recorded spectral 1line (or continuum) may be
microdensitometered to yield a profile in photographic density, D.
In Ref. 5 we have described an accurate method for analytically
transforming this profile in photographic density, D, to a profile
in absolute intensity . at the detection circle,
I(photons/micrometer?) using a semi-empirical photographic response
function which relates the exposing intensity, I, to the measured
density, D; for a given photon energy, E. This function may be
combined with the transmission characteristics of the elliptical
analyzer channel via a microcomputer to yield an absolute source
intensity plot (e.g., photons/stearadian) vs photon energy, E,
directly from the microdensitometer data as will be outlined in Sec.

v.

Three practical photographic film types have been characterized
in detail for absolute spectrometry in the 100-10,000 eV region with
the SPEAXS system (see Ref. 5). Their sensitivities vs photon

energy, E, are compared in Fig. 11.
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Figure 11, Comparison of the sensitivities in the 100-10,000 eV region
of three photographic film types suitable for absolute spectrometry with
the SPEAXS system, Kodak's 101, RAR-2495 and SB-392 mm films. (See
Ref. 6 for a description of their characterization.) Sensitivity is
defined here as the reciprocal of the exposure, I(photons/um2)-1 that is
required to establish a density, D= 0.5.
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The spectral range 1is covered with the x-ray streak camera by
positioning the entrance slit along one of three chords on a
detection circle (accomplished with straight-through and a tilted
mounting flange). The central axis of the camera passes through the
focal point at the scatter aperture center and m;y be mounted so as
alternatively to mqke the angles, -20°, 0 and +20° with the normal
to the aperture p]éng. The minimum distance of the ;hotocathode to
the scatter aperture is 24 mm. Because of the 1large angular
dispersion of Bragg reflecting analyzers and because of the
mechanical and electrical problems associated with very close
coupling of the entrance slit of the streak camera and the analyzer,
it becomes of considerable advantage in crystal spectroscopy to
employ streak cameras having relatively long entrance slits. For
the SPEAXS system an x-ray streak camera has been specially
developed that has an entrance slit of 1 by 40 millimeters with more
than 300 spatially resolved elements along this siit. And it has
the required 10 picosecond resolution. This was accomplished by a
systematic series of experimental modifications of the basic
structure of the RCA 73435 image tube as suggested by an associated
series of measurements and precisely computed electron ray traces
following each modification. This tube development is described in

detail in the companion work of Ref. 6.

The transmission photocathodes that are used with this streak
camera on the SPEAXS system are cesium iodide and gold for
relatively high and low sensitivity applications respectively. We
have measured the absolute quantum efficiency for these
photocathodes (secondary electrons emitted per incident photon) as

described in Ref. 7 and examples of the yield vs photon energy
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curves for 1000 A Csl films and for 200 A gold films are presented
in Figs. 12 and 13.

V. INITIAL RESULTS AND PROCEDURES FOR ABSOLUTE SPECTR... "RY

The initial gynamic tests of the SPEAXS system have been on
microballoon targets irradiated by a six-beam ultraviolet 1laser
pulse (A = 351 nm) using the University of Rochester's Laboratory
tor Laser Energetics OMEGA facility. 1In Figs. 14 and 15 are shown
examples of photographically recorded spectra using a 12.7 um Be
foil across the scatter aperture and with the LiF and PET analyzing
crystals respectively. Exposures were on Kodak's RAR 2495 (35
mﬁ) film. The microdensitometry was with a 30x400 ym slit and
with a multi-scan integration of the optical density through the
central one millimeter region of the exposed three millimeter band

(as also measured by the streak camera‘s one-millimeter slit).

The spectrum of Fig. 14 was generated by a 600 ps pulse of 200
Joules absorbed energy upon a bare glass microballoon of 200 um
diameter. The spectral lines measured here, using the LiF analyzer,
are for highly ionized species of calcium (an impurity in the

glass).

The spectrum of Fig. 15 was generated by a 600 ps pulse of 200
Jjoules absorbed energy upor a 200 um diameter glass microballoon
that was coated with one um of aluminum. The spectral lines
measured here using the PET analyzer, are for highly ionized species

of aluminum and silicon.
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Figure 12. The quantum yield, Y, (secondary electrons emitted per
incident photon) vs photon energy, E (eV) of a 1000 A cesium iodide
transmission photocathode (evaporated under high vacuum (see Ref. 8)).
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Figure 14. Example of photographically recorded spectrum with the SPEAXS system vl
using the LiF crystal elliptical analyzer. Measuring transitions for Cal®+ )
excited by a 600 ps/200 j pulse of 351 nm blue light of the OMEGA facility upon S

a 200 ym diameter bare glass microballoon (with densities not corrected for .
background). ' .9
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Figure 15, Example of a photographically recorded spectrum with the SPEAXS -
system usin? the PET elliptical analyzer. Measuring transitions for the ionized .-j
species, A1Ilt  A112+] §jl2+ apd Si13* froma 200 um diameter glass microballoon o
coated with one um of Al and excited by a 600 BS/ZOO J pulse of 351 nm blue . J
lig t of the OMEGA facility. Exposure on Kodak's RAR-2495 film (film densities ]
not corrected for background).
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The intensities along the three millimeter length of the
spectral lines as measured with the LiF analyzers were uniform. The
measured intensities, however, symmetrically drop off in the first
and third millimeter segments along the spectral_ line for the PET
analyzer (and also for the RAP analyzers that have been applied
for these initial teéts). We believe that this non-uniformity has
resulted from a slight curvature of the crystal surface in its short
dimension. We hope to improve the flatness of the crystal
on the elliptical substrates by varying the mounting adhesives and

procedures from those as originally described in Ref. 1.

Presented in Fig. 16 is an example of the initial tests of the
x-ray streak camera (a Poloroid photograph of the image intensifier
ouput for a spectrum from a bare glass microballoon wusing a PET
analyzing crystal and a CsI transmission photocathode). The wedge
shape of the streak 1lines is the result of some electrical
deflection-plate and anode coupling. These effects will be
eliminated in a new streak tube now under construction (see Ref. 6).
Having elliptically curved analyzers and streak camera optics of
improved quality, we may then proceed tolmeasure accurate absolute
photon energies and intensities of spectral lines and of continuum

distributions.

The absolute photon energy, E(eV), and wavelength, A(A), may be
determined from the measured angular position, B8, (see Fig. 1) along
the detection circle for the elliptical analyzer by the following

relation (from Eq. (6), Ref. 1):

_2d_. .. -1/1-ecosgyq . 12,398
MA) = Spsinltan ((5eng)) = Eleny
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Figure 16. A photograph of the x-ray streak camera output for a
spectrum presented to a Csl transmission photocathode by a PET

elliptical analyzer. The spectrum was laser-produced from a bare ,
Lf' glass microballoon. °
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Here m is the diffraction order and d is the effective atomic plane

'
L)
.,

spacing of the analyzer (corrected for refraction) and expressed in
angstroms. The eccentricity parameter, €, for the ellipticity of

the analyzer has been given in Ref. 1 (Eq. (5)) by the relation:
. €= /i+lh/R052-h/Ro

in which R, 1is the distance between the focal points (between the

[~ |
. _J SR

source and the center of the scatter aperture) and h is the size

Ce e e
IR, DU

parameter that measures the distance from the second focal point at

P

o e

the scatter aperture to the elliptical analyzer surface along the

ray for B = 90 degrees. (The elliptical geometry of the analyzer is

K}
St

completely characterized by the parameters, R, and h which are equal

to 120 cm and 5.08 cm respectively for the present SPEAXS system.)

gt e
;..‘L-'x_' y

The absolute source brightness for a characteristic 1line

emission at photon energy, E, may be determined as i

(photons-emitted-per-pulse/stearadian) by the following relation

(see Ref. 1, Eq. (14)):

A
To = TMRW(dY/d0)

where N is the total number of photons measured at the detection

circle of radius, r, within a spectral 1line of length w. L is the

f
..\v.
;
g
N

constant total-pathlength for all rays from the source point, off

' the analyzer, through the scatter aperture and then to the detection
E circle, and given by
E L= Vﬁo +h2+h+r~ .

F is the filter transmission factor at photon energy, E; M is the

monochromator mirror reflectivity factor at photon energy, E; R is

v v
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analyzer at photon energy, E; (dx/d8) 1is the ratio of the
differential angle in the plane of reflection of the rays that
originate at the source to the corresponding differential Bragg
angle, do, of their reflection from the analyzer. N, for a given
spectral line, may be determined by numerically integrating over the
spectral line intensity distribution, I{photons/un?-) vs E as derived
from the measured;photographic density, D, vs line position, B ,
using the photographic film response funcfions described in Ref. 5

(via a microcomputer connected to the microdensitometer).

The filter transmission, F, mirror reflectivity, M, and
analyzer integrated reflectivity, R, may be derived by calculations
based upon the atomic photoionization cross sections and the complex
atomic scattering factors. This procedure has been outlined in Ref.
3. We have presented recently in Ref. 4 the atomic photoionization
and scattering factor tables for 94 elements which have been
generated by fitting theoretical photoionization vs E curves to the
best available experimental data for the 30-10,000 eV region and
applying the quantum dispersion theory, with these data to generate
the corresponding atomic scattering factors. Also presented in Ref.
4 are the detailed calculations for mirror reflectivities and for
crystal/multilayer integrated reflectivities, M and R, for materials

that are important in currently applied x-ray diagnostics.

Presented in Appendix A are practical examples of filter
transmission curves for the 100-10,000 eV region that have

transmission bands which were described in Figs. 9 and 10.
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We have found (see Ref. 8) that our theoretically calculated
mirror reflectivity curves generally predict well the experimentally
measured data only for mirror surface that have been obtained with

*state of the art" smoothness. For the mirrors used in the SPEAXS

. System our calibration procedure is to normalize’ the theoretically

calculated curves to reflectivity curves that we have measured
experimentally (for effective averaging of the experimental

data).

In Appendix B we present plots for the first and second

diffraction orders for the integrated reflectivity, R, for the

" eleven crystal/multilayer analyzers that have been shown in Fig. 7

for the 100-10,000 eV region. Again, our calibration procedure for
the crystal/multilayer analyzers involves fitting the averaging
theoretical R vs E curves. to directly measured integrated
reflectivity data. We have found, as discussed in Ref. 9, that our
closest fits with the experimental data are usually with the
theoretical curves calculated with the Darwin-Prins model (as
applied here for the R-curves shown in Fig. 7 and in Appendix B).
Typical R(exp)/R(Darwin-Prins) normalizing ratios that have been
determined for the elliptical analyzers calibrated for the present

SPEAXS system are given in Table III.

We present in Appendix C a detailed table for the photographic
specular density, D, vs. the exposure 1 (photons/um?) and the
photon energy, E(eV) in the 100-10,000 eV region for normal
incidence upon Kodak's RAR 2495 film. This film has been found to

be particularly wuseful in the general application of the SPEAXS

)
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TABLE 3. Comparison of Experimental and Theoretical )
Integrated Reflectivity Values - -

(A Modified Darwin-Prins Model has been ,
applied for the theoretical calculations.)

Photon 1
Analyzer No. layers 2d Energy Rx(mr) Rp(mr) Rx/Rp x100 ]
Lif 4.03 4510.8 0.035 0.042 83 »
Mica - 3rd order 19.84 2293.2 0.027 0.039 70 ®
PET 8.74 2293.2 0.121 0.085 142 4
Gypsum 15.19 2622.4 0.055 0.055 99
Mica - 1st order 19.84 929.7 0.020 0.013 147 1
RAP 26.12 676.8 0.088 0.085 104
KAP . 26.63 676.8 0.052 0.049 106 E
Laurate 125 70.00 676.8 0.324 0.382 85 ®
Myristate 200 80.00 192.6 0.930 0.990 95 "
Stearate 135 100.00 676.8 0.327 0.342 96 o
Behenate 150 120.00 277.0 0.425 0.532 80 .
Lignocerate . 115 130.00 192.0 0.547 0.617 89 o
Melissate 100 160.00 277.0 0.359 0.522 69 B
.‘
[
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system. It, along with other film types have been characterized as

described in our recent works cited in Ref. 5.

We have outlined above our procedures for determining the
number of photons-emitted-per-pulse/stearadian, i, , from a "“point"
source for a particular atomic transition (characteristic line). In
Ref. 1 we have glso presented a similar procedure for the
determination of the Photons-emitted-per-pulse/stearadian-eV, S,
for a continuum distribution (see Ref. 1, Eq. (15)). And finally,
we have described in Ref. 1 a procedure for the determination of the
line shape parameters from the experimental spectral line
distribution (a spectral 1line distribution of area under the 1line
equal to the total number of photons, io0,
emitted-per-pulse/stearadian for the given transition and as defined
above.) For this 1line shape analysis, a fold of Gaussian and
Lorentzian Shape functions (the Voigt function) was assumed for a
sufficiently accurate fit of the experimental line profile. (See

Ref. 1, Sec. IV.)
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APPENDIX A

Transmission band and low-energy cut-off characteristics
of selected filters. (For the 100-10,000 eV region
having filter thicknesses which yield transmission band
peak values of about 60%. The corresponding mass
thicknesses", px(ug/cm?), are listed in Table 2.)
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o APPENDIX B -_.-'_1
Integrated reflectivity, R (Darwin-Prins) vs photon energy, .'E:f_';
E(ev) for first—: and second-order diffraction from the eleven :':;Lf:
ls crystal/multilayer analyzers that have been Tisted in Table 1 .*
and described in Fig. 7. These calculated values were for
“thick" crystals (setting number of layers, N, equal to
infinity).
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Large Aperture Picosecond X-Ray Streak Camera
P. A. Jaanimagi* and B. L. Henke

Department of Physics and Astronomy
University of Hawaii
Honolulu, Hawaii 96822

ABSTRACT

We report the development of a new picosecond streak camera
with a large aperture, 1 x 40 mm, photocathode slit. The streak
tube features demagnified electron optics, an accelerating field at
the cathode greater than 20 kV/cm and more than 300 spatial resolu-
tion elements. The tube design.was tested in static mode with an
x-ray sensitive photocathode. Preliminary dynamic tests are also

presented.

*Current address: University of Rochester, Laboratory for Laser

Energetics, 250 East River Road, Rochester, New York 14623.
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I. INTRODUCTION

In recent years we have witnessed the development of a new genera-

1-3

tion of picosecond streak cameras; in addition, there have been a

. . . . as . Y
series of modifications to or variations on past designs. °

These
efforts have been directed mainly toward achieving sub-picosecond time
resolution, with secondéry emphasis on the number of spatial resolution
elements a]ohg the photocathode slit. Improvements in the time resolu-
tion capabi1ities‘of streak tubes have centered on increasing both the
accelerating field at the photocathode and the axial potential through-
out the rest of the tube. The resulting higher energy photoelectrons,
however, are more difficult to focus and thus the imaging properties are
degraded and/or the photoemission must be limited to the paraxial
region. In order to effectively incorporate a streak camera with an
imaging or spectrographically resolving system, one desires a large
number of spatial resolution elements as well as a large aperture photo-
cathode. The latter is especia]]ylimportant for x-ray streak cameras
where the input signal cannot be demagnified to fit the photocathode
dimensions in a simple manner.

The usable Tength of the photocathode for all of the current de-
signs is in the range 8 to 20 mm, resulting in 100 to 200 spatial
resolution elements. This number is of course dependent upon many
factors, for example: recorded contrast level, input signal intensity,
intensifier and recording system spatial resolution, and also upon the
radial position on the photocathode. In this paper we report on a new

streak tube which incorporates a 40 mm-long slit while maintaining the
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large accelerating field at the photocathode necessary for picosecond
time resolution. This streak tube was designed specifically for use
with an elliptical crystal analyzer x-ray spectrographlo’llwhere we wish
to diagnose a large spectral range on a single shot and not be limited
by the spatial resolution of the streak camera.

The main problems associated with large aperturé electron-optical
lenses in streak tubes ére field curvature distortion, accelerating
field uniformity and isb—chromism. Iso-chromism is defined as the
difference in transit time (cathode to phosphor screen) for off-axis
trajectories with respect to axial trajectories and causes the well
known phenomena of curved streak images. These problems were addressed
in the new streak tube design. A curved photocathode was implemented to
minimize non-iso-chromism. Accelerating field uniformity was estab-
lished by a spherical diode electrode configuratfon with a long slot
aperture opposite the photocathode. The focus and anode electrodes were
designed to achieve a demagnified electron-optical imaging system. An
astigmatism problem inherent in the streak tube design was corrected by
shaping the end of the anode electrode into a double-lipped tube lens.!?

An electron optics ray trace code was very useful in the prelim-
inary design work. The computer program used was an upgraded version of
the SLAC Electron Trajectory Program.!3® This is a two-dimensional code
which can use either rectangular or cylindrically symmetric geometry.
The program was modified to provide quantitatively more accurate
results.* Laplace's equation was solved numerically with a line-
successive-over-relaxation technique and used a finite difference
equation on a 9-point cross stencil for a rectangular numerical mesh.

Boundaries were handled by substituting the appropriate 4- or 5-point

P T L T S
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(with non-equidistant spacing) formulas for. the derivatives into the
finite difference equation. The relativistic differential equations for
the trajectories were solved with a fourth-order Runge-Kutte method, and
4 by 4 bivariate Lagrangian interpolation15 was used to calculate the

required fields and potentials.

1. STREAK TUBE DESIGN

The RCA 73435 image tube!® was selected as an initial design which
was to be modified for picosecond time resolution and a 40 mm photo-
cathode. Preliminary modifications to this tube have been very
encouraging, however, limitations on the magnitude of the accelerating
field and the usable photocathode length had to be amended. °

Fig. 1 shows a cross section of the new streak tube front-end. The
cathode and accelerator electrodes form a section of a spherical diode
of radii 10.1 and 10.0 cm, respectively. The photocathode slit, 1 x 40
mm is cut directly into the cathode plate and is positioned on the tube
axis. The slot in the accelerator b]ate is 2 x 64 mm and is positioned
directly opposite the photocathode slit. These two plates are attached
together on insulating spacers to within very strict mechanical
tolerances, however the cathode plate is simply demountable for the
quick exchange of photocathodes. The x-ray photocathode substrate, Be
foil or thin plastic, is mounted directly on the concave surface of the
cathode plate.

This front-end electrode configuration has many desirable features.
The curvature of the photocathode surface is a major factor in correc-

ting the iso-chromism problem of large aperture systems}7 Our ray

v = gy & 7
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trace code shows that for a planar cathode,” photoelectrons emitted from
a position 20 mm off-axis would arrive at the phosphor about 300 ps
after a similar one emitted on-axis--certain]y'an unwieldy delay for
streak cameras operating in the few picosecond time resolution regime.
The accelerating field uniformity is limited only by the mechanical
tolerances and the geometry. One can show that the f}eld is uniform
over the central 75% of_ihe length of the acceleration plate aperture.12
The magnitude of the accelerating field is limited by the surface finish
of the electrodes and the geometry. For a slot width to electrode
spacing ratio of two, the magnitude of the accelerating field on the
tube axis is 70% of the interelectrode field. The slot aperture rather
than a fine mesh is used to generate the large aécelefating field at the
photocathode for a number of reasons. The slot aperture is mechanically
more rigid. The photoelectron transmission 1is 100%, compared with
typically 40-70% for a mesh. The noise and ghost images caused by
secondary electron emission generated by x-rays and photoelectrons
impinging upon the electrode surfaces is eliminated. The minimum width
of the slot aperture and also the bevel on the concave side of the
accelerator plate are defined by requiring the elimination of this
secondary electron generation.

The diverging lens effect of the slot aperture, clearly shown by
the trajectories in Fig. 1, is used to advantage in this design. It
introduces an asymmetry into the rectangular cross section of the
photoelectron beam profile, but also astigmatic distortion into the
electron imaging. The asymmetry in the beam profile results in
different magnifications parallel and perpendicular to the photocathode

s1it.® Perpendicular to the slit, the image is demagnified by a factor
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of four to eight, thereby allowing the use of very wide (~1 mm) input jﬁ%
slits without compromising the time resolution. This is advantageous ﬁi
for situations where the x-ray photon flux is at a premium. Parallel to .i
the slit, the magnification is in the range 1.2 to 1.5. When a mesh is si
used for the initial accelerating electrode on the RCA tube, the ;E
magnifications parallel and perpendicular to the slit are equivalent.18 ::
The magnitude of the astigmatism depends upon the accelerating fields ?;
and the geometry of thehfocus and anode electrodes. - i{i

Proper analysis of the electron optics of the streak tube requires a Y

full three-dimensional ray trace code due to the nonrotational symmetry
at the front-end electrodes. This problem was satisfactorily resolved
at least for studying the focussing conditions and spatial resolution
along the length of the photocathode sl1it by implementing a pseudo-

electrode as an equipotential starting surface for the trajectories and

using the two-dimensional code with circular symmetry. The cathode and
pseudo-electrode surfaces form a section of a spherical diode with a

2 mm spacing over 75% of the length of the true slot aperture. The Ej

spacing decreases slightly towards fhe ends of the aperture. The poten- !E
tial for this pseudo-electrode was made equal to the axial potential 2 i
mm from the photocathode in Fig. 1, and an aha]ytic paraxial solution ]
for the diode was used for the trajectories in the region to the :9,
starting surface. Similar techniques for studying the focussing condi-
tions in the direction of the slit width were not very successful since
the numerical mesh dimensions was only half the slot aperture width. R

Fig. 2a shows a photoelectron trajectory analysis for a standard ]

RCA tube electrode configuration after replacing the usual cathode and

grid wire structure with the slot aperture producing a 21 kV/cm -1
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accelerating field. The focus electrode potential was adjusted for

optimum spatial resolution in the paraxial region at the phosphor screen

which is positioned at z = 230 mm. The anode aperture diameter was also »

increased from the standard 6 mm in order to facilitate numerical diffi-

culties associated with small apertures. This had a very minor effect

on the focussing properties of the tube. ) »
Clearly the tube dgsign presented in Fig. 2a cannot be used with a

40 mm photocathode. Exirapo]ating back to the true anode aperture

diameter we should start observing a decrease in photoelectron through- ’

put at cathode positions greater than about 7 mm off-axis with a

complete cut-off at 13 mm off-axis. The cathode to phosphor magnifica-

tion of the slit length is 1.36. This is in good agreement with our )

experimental observations and gives us confidence.in our electron optics

code and also the use of the pseudo-electrode starting surface. To
increase the usable photocathode length, the cross-over point in front ]
of the anode cone must be moved back toward the anode aperture.

In Fig. 2b we present the trajectory aha]ysis after most of the
anode cone has been removed. This fncreases the usable cathode length ’
to 36 mm and decreases the magnification td unity. The potential at the
cross-over point, however, is only 7.3 kV and this can present a
possible space charge problem and limit the dynamic range. In Fig. 2c, X
with the smaller radius focus electrode the space charge problem at the E

cross-over is alleviated, the magnificafion is further reduced to 0.9

and the full 40 mm photocathode can be used. 4
The magnitude of the iso-chromism problem can be estimated from our
electron optics program. The time differences as a function of photo-

cathode position for the three electrode configurations in Fig. 2 are




presented in Fig. 3. The estimated streak turvature of 20 ps for elec-

trons originating 20 mm off-axis is an acceptable figure. Further
improvement can be made by implementing a curved phosphor screen. A
smaller radius of curvature on the cathode could also be used, however
this further magnifies any problems in imaging onto a convex photo-

cathode surface.

IIT. TIME-OF-FLIGHT DISPERSION IN STREAK CAMERAS

Time-of-flight dispersion (At) due to a finite spread in the
initial photoelectron energies (Ac) is the primary limiting factor
in the time resolution capabilities of all streak cameras. Most
authofs, when quoting time resolution specifications due to time-of-
flight dispersion, consider only the cathode to mesh or accelerating
aperture region and totally neglect the dispersion through the focus-
sing, anode and drift regions. This can significantly increase At.
Simple formulae to properly estimate the time-of-flight follow.

The axial potential in most streak tubes can be approximated as in
Fig. 4. d; is the initial accelerating region; d, the focussing region;
d3 the final accelerating region; and du the drift region to the phos-
phor screen. V2 is the anode potential and Vi1 is approximately equal
to the focus voltage. Using the simple non-relativistic, constant
acceleration formulae for the motion of an electron in a diode cor drift
region, one can easily calculate the transit time in each successive
region for electrons with initial axial velocities corresponding to
energies of zero and €. Subtracting these numbers gives the time-of-
flight dispersion in each region to order € as

Aty = kdiV:' [ - eV %2]
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Figures 2a-2c. Photoelectron trajectory analysis of various streak tube
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°
At = kd2ViY2 e/a
Aty = kds(Vz - Va) elVi% - vZE)/2
Bty = kduV3 Y2 ¢/4 °
where k = (2m/e)’? The sum of all these contributions provide a more »
realistic estimate for the time resolution specification.
The time-of‘flight‘Hispersion for the tube design in Fig. 2¢
can be written as At = 1.6 e35 + 0.7 € ps with € in units of eV. This »
corresponds to a 6.0 ps time resolution for an x-ray streak camera with
a Au photocathode, € < 4 eV.
®
IV. STREAK TUBE TESTS
The streak tube as configured in Fig. 2C was built and assembled
onto the back half of an RCA image tube. A stainless steel flange was .
welded to the central metal ring of the original tube. This flange was
used to mount the new focus electrode which was held at ground potential
and also to provide an 0-ring surface for the vacuum seal. The accel- ’
erator electrode was attached to the focus electrode with a MACOR!®
ring. Static mode testing of the streak tube was performed using a 200
A Au on 25 um Be photocathode and a Henke tube?? with a Cu anode for the ’
x-ray source. Actual static performance of the streak tube was very
close to that predicted by the electron optics'ray trace code. The
focus voltage for optimum spatial resolution was within 20 V and the '
magnification was within 47%.
The astigmatism problem, focal position at the phosphor screen for
optimum time resolution (narrowest slit image) being different than that *
»
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for best spatial resolution was very evident. The difference in focus
electrode voltage for the two positions was¢200 V, which corresponds to
about 18 mm in image position at the screen. This error was corrected
by contouring the end of the anode cone to form a double lipped tube
lens,12 (see Fig. 5). This type of lens is equivalent to two perpen-
dicular cylindrical lenses, one positive and the other negative, thereby
converging rays in one direction while diverging them in the other. The
actual contouring réquikéd to correct the astigmatism was very small,
the peak to valley dimension was .35 mm on a 25 mm diameter tube.

The potentials for best focus are summarized in Fig. 6. Note that
the ratio Vgp/Vgp is approximately constant independent of the acceler-
ating field 7 VKG(V/cm), depending just upon the ratio of the diameter
of the focus and anode electrodes. The magnification, cathode to phos-
phor increases with the accelerating field but decreases with increasing
cathode to anode potential. '

A 60 to 40 mm fiber optic taper and a 40 mm proximity focussed
channel plate image intensifier were incorporated for conducting dynamic
testing of the streak camera. The streaked images were recorded on
either Polaroid or 35 mm negative film. The streak deflection circuit
consisted of a double stack of 2N5551 tranﬁistors (seven per side) and
LCR integrators were used to modify the streak speed.

In Fig. 7 we present a streak record of two 50 ps UV (A = 266 nm)
laser pulses separated by 900 ps. The laser pulses were generated by
frequency quadrupling a single pulse from a mode-locked Nd:YAG laser and
recombining the signals from a beam-splitter on the cathode with a fixed
delay. A 200 A Au on 1000 A parylene transmission photocathode of

dimensions 1 X 45 mm was used. Note that there is no streak curvature
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evident in Fig. 7. This establishes an upper bound on the iso-chromism
at 50 ps for a radial position of 22.5 mm in agreement with Fig. 3.

The primary application of this streak camera is time-resolved x-
ray spectromety of laser fusion targets at the University of Rochester's
OMEGA laser facility. In Fig. 8 we present a sample time-resolved x-ray
spectrum. The target was a 225 um diameter glass microballoon with a
thin aluminum overcoat, j11uminated uniformly with six UV (A = 351 nm)
beams at an intensity of 4 X 10** W/em2  The X-ray spectrum was
dispersed with an elliptical PET crystal analyzer and the streak
camera had a 200 A Au photocathode on a 12.7 um Be substrate. The H-
like and He-like resonance lines of aluminum and silicon are well
resolved. |

Further characterization of the dynamic performance of this streak
camera design will be reported in a subsequent paper. Of direct
interest are the time and spatial resolution capabilities with various
UV and x-ray sensitive photocathodes. Our estimates from the computer
code for these quantities are 5-10 ps temporal resolution and 300-450
spatial resolution elements with either CsI or Au photocathode

materials.
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Numerical Solution of Poisson's Equation

P. A. Jaanimagi*
Department of Physics and Astronomy

University of Hawaii
Honolulu, Hawaii 96822

ABSTRACT

A fourth-order finite difference formula for an iterative numerical
solution of Poisson's equation in rectangular or cylindrical coordinates
is described. The discretization is based upon a 9-point cross stencil
for a nonequidistant numerical mesh spacing. These formulas can also be
applied to handling irregular boundary conditions for problems using a
regular square numerical mesh. The solution technique is the line-

successive over-relaxation iterative method with red~black ordering.

* Current address: University of Rochester, Laboratory for Laser
Energetics, 250 East River Road, Rochester, New York 14623.
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I. INTRODUCTION

Numerical finite difference methods for calculating the electric

potential in electrostatic lenses have been described by many authors,[1-10]

In brief, the technique involved overlaying the area within a boundary
with a set of numerical mesh points (typically configured as a regular
square grid), replaciﬁg Poisson's equation with a finite difference
formula, and performing an iterative relaxation calculation to solve
for the potential at the mesh points. Generally, these methods have been
used only for two-dimensional boundary value problems, in either
Cartesian or circularly symmetric cylindrical coordinate systems.

Two of the main considerations for these numerical calculations are
the computational time (i.e., the cost) required for the solution and
the precision of the potential solution. The computational time is
proportional to the square of the total number of mesh points in the
problem, but it also depends on the convergence of the relaxation
calculation. Successive-over-relaxation (SOR) [11-12] techniques have
helped decrease costs immensely. The precision of the potential solution
depends on the discretization error. The magnitude of this error is
affected by many aspects of the problem. 1) The total number of mesh
points since the error is proportional to some power of the mesh spacing.
A ruie of thumb is that the mesh spacing should be much less than the
smallest dimension in the problem, whether this be an aperture size, an
interelectrode distance, or the radius of curvature of a boundary. 2) The
order of the finite difference formula for Poisson's equation; higher
order schemes have smaller discretization errors. However, only second-

order finite difference analogs are typically used to handle irregular

.
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boundaries (not coincident with the mesh points). 3) Regions in the
problem where the higher derivatives of the potential are large have
correspondingly larger discretization errors.

In order to improve the precision of the potential solution, many
authors have upgraded their programs by going from a second-order
finite difference equétion based on the standard 5-point stencil® to
a higher order equation based on a 9-point stencil. The two forms
of the 3-point stencil are the cross [5] and the square [6]; both generate a
fourth-order finite difference equation when applied to regular square
numerical mesh, and are equivalent in precision. As a single point
algorithm the improvement in precision between a fourth- and a second-
order difference equation can be two orders of magnitude. In an actual
full test problem, however, this improvement is usually not realized.

A degradation in precision stems from the lower order single point
algorithms typically used at mesh points adjacent to an irregular
boundary. The larger discretization error from these points propagates
(although decreasing in magnitude) to the interior regions.

What is required to maintain good precision is a general set of
finite difference equations of the highest order, configured on a
rectangular numerical mesh of arbitrary spacing. Such a set of equations
based on the 9-point square stencil has not been reported; also it would
be very complex due to the many different ways for a boundary to inter-
sect the stencil. [8] The problem is greatly simplified when based on the
9-point cross stencil. In the worst case the stencil is reduced to
seven points, which generates a third-order finite difference equation.

Formulating a solution of Poisson's equation on a rectangular

numerical mesh has the other advantage that with a judicious choice of
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mesh spacing the total number of mesh points can be minimized. For a
required precision one uses a high mesh density near boundaries,
corners, apertures, etc., grading the mesh to larger spacings in

regions of small gradients. Boundary configurations with large

aspect ratios can be handled very neatly using graded meshes. The
advantages of increasing the mesh density locally, while maintaining a
regular square mesh hé; been demonstrated by Edwards [10] for the case of
straight boundaries. But the programming to handle many of these
regions (and to include irregular boundaries) in a general routine

becomes overly complicated.

SINGLE-POINT ALGORITHMS
Poisson's equation is written as
2 2
P ] Y (1)

ay? ¥ 522 T e

in Cartesian coordinates and as

2 2
1 3V, 3%V, W _ 2 (off-axis)

= =

r ar or? z2 €
0 (2)

2 2 .
2%V %V e (on-axis)
ar2 22 gq

in circularly symmetric cylindrical coordinates. To generate the finite
difference analog to Poisson's equation using the 9-point cross stencil
configured on a rectangular mesh of arbitrary spacing we start with the

well-known general Lagrange interpolation formula.

n
f(x) = ég% Li(x)fi + Rn(x)

where (3)
(x=Xg) oo (X=X JX=X54, ) o oo (x=xp)
L. (x)

P T (=% o e (Xq=Xi-1 ) (Xj=X97) e+ (X5 -Xp)
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[ii and Rp(x) is the remainder term. This formula is easily differentiated
P‘i with respect to x to obtain formulas for the first and second deriva- :
)
| tives. Then by equating x to z, and using the conventions outlined in |
. Fig. 1, we may write the 4- and 5-point formulas for f'(z,) and f'(zo) as 1‘
ii 4-point biased for positive z ) '.:
¥ . g
b § = -s,53f) - + s1s3f, _ [5253'- 51(52-53)]f0 _ :1
- 0 5 (51¥53)(51-52)  sa(szts3)(sy-s2) $152S3 1
2 iv (a j
t‘ 515213 T L LI M ®) T
s3(s2+s3)(s;+s3) 24 ¢
) : '
{ o 2 -(s3-s3)f, . (sy-s3)fa _ (s2+s3)(s1+52-53)f0 + ’
3'- 0 (sz+s3){sl(sl+s3)(sl-sz) s,(s5,-55,) $15253 ]
= . (5) '
(sl+sz)f3}_ [s,53-5,(55-55)1F%" | N
. s3(s1+s3) 12 ]
: 3
E‘ 4-point biased for negative z )
> ]
L': ;
- . 535, [s,s,*s,(s,-s,)1f, . S2sufs 1
L., 07 s,(s,*s5)(s,%s,) $25354 s3(sy¥s3)(s5-5,)
3 S253fy 5253845 (6) .
" su(s,%5,)(s5575,) 24 :
i‘ ] ]
r Y
[ “_ 2 (s3tsy)fy | (sp*s3)(sp-s3-su)fo | (s2-su)f3 .
[sy*s3) | salsa*sy) 2535y s3(s3-s4) .
. N (7)
- 2 2 iv
e (s3-s3)f, _ [s2s3*su(s2-s3)Ifo _
. sy (so*sy ) (S3-s4) 12
o and the 5-point formulas.
r..
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-

. -52%35,F) 51535, .
- + '~._
e S1(s145,)(5,%53)(5,-5,)  5,(s,%s5)(5,-5,)(5,+s,)
- @,
]
[s555(5,-5,)+s,5,(5,-55)1f, . 515,543 - (8)
S15253%, S3(s5*s3)(s)+s5)(s5-5,) :
v . T
o $,5,S5f, $,5,535, . o
Sy (51+5u)(§2+5u)(53‘5u) 120 toe
® u _ =2[sy53ts,(s,-53)]F) 2[s1sy+s3(s1-54)]1f5 3
$1(50#5,)(51%53)(s1-5,)  5,(s,%55)(5,-5,) (s,#s,,) ]
2[s,55-(5,-53) (5,54 )+s,5,1Fy . 2[5,(5,-54)-5)5,1f3
* 5.(5,%53)(5.%54) (545 ) (9)
(o $15253Sy 3\S2753/15,753)(S3~5y -.4
25,5575, (5,-55)0f, [s,s,(s,-s,)+s,5, (s,-551fy |
S“(SI+S")(52+S,‘)(S3"S“) 60 R
o Egs. (8) and (9) reduce to the familiar 5-point formulas with equally °
spaced abscissas when s, = s3 = h and s, = s4 = 2h. :
h*fy
¢ 1 . 0 ]
® fo = T {-f1 + 8f2 - 8f3 + fu} + 5~ + ... (10) .
y vi .
" 1 h'f ,
fg = ——4{-f, + 16f, - 30f, + 16f5 - f, ¢ + . (11 .
0 = r2 { 1 2 0 3 u} 3 ) |
‘ o
The standard 5- or 9-point cross stencil finite difference equations
]
are obtained by substituting the appropriate formulas for the derivatives :
L Egs. (3)-(11) into Poisson's equation, Eq. (1) or (2). We assume that '.:H
the space charge term -p/eo doesn't change much over a mesh unit,
For the case of vertical or horizontal boundaries where the first ]
3
1) derivative of the potential is defined to be zero, the mesh points ]
inside the boundary are mirrored in the plane of the boundary to obtaii. :
o .
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the complete 9-point stencil. For example, in the 5-point formulas at

r=1, which span the r=0 axis, we equate fg = fy and sg = 2s7.

A better difference equation can be derived for application to
problems with circular symmetry in cylindrical coordinates. Following
the formalism of Weber [3]which is essentially the same as that presented
by Edwards [10]), we may write to fourth-order precision the potential at

(r,z) which is a solution of Poisson's equation as

2 - -r.)2
V(r‘z)=vo+r-°g,nrl V(1’0)+ {L[_)_ en L_ ro(r Y’o)_(r Y‘o) }{_"_ + v(0,2)+
0

2 rO 2 4 Co

(Z'ZO)V§O’3) + ((Z-;O)z _ (""']'7'20)2 )v§0,'+)}+ (z-zo)Véo’l) +

B yfoa) | (o)t (o), (et o)

((r-gglz ron f;) vél’l) + (z-20)n f; other terms} (12)
0 0

where i+j
Giad) (3 . V.) ,
0 1323 '
arlaz (YQ’ZO)

The difference equation is obtained by evaluating Eq. (12) at points 1 to

8 in Fig. 1 and solving for V by eliminating the derivative terms. We
3 s2

-1 -1 r
: r = s =4 (2
also use the expansion (%n " ) = (2n(1tF;)) =+ (S )(11:2lrb TovZ teee

L

The off-axis formulas are

=2 Vo(s¢-5,) L+ 55 s2 . Vg (sg-s4) L+ 56 s2
Sg(sc-sg)(scts,) | 2R 12R? | 56(56+S7)(55'Ss) 2R 12R?
- 2 -
2v7(55+56) 1 - i _ S7 _ PoVo + V(O,Z) ="_9_ (13)
2
57(Ss+57)(55+57) i 2R 12R“ | €p

aa e
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2V6(57+SB) r] + Se Sé ]
56(56+S7)(56+Sa) L 2R 12R2J

WVglsg-s,) [ sg 82
Sg(sg+sy)(s,-sg) 2R 12R? |
-2V5[Ss($6-57)+5657]‘ Ss
SS(SS-SS)(55+S7)(55+S§) 1+ EE B

2V7(56-$8) 1 S7 S%
57(Se+37)(57-88) 2R 12R2

-y o+ yl02) oo
00 €0

s2 . QVglsssg+sy(ss-sg)]
12R2 SG(SG+S7)(SS-SG)(SG+SG)

2
[1 ,Se _ _Se ] , _ 2V5lsg(s5-54)-5556] [1 Sy s3 ] i

2R ~ 12RrZ

Vg s5(sg-57)-s¢57]

s7(ss+s7)(ss+s7)(s7-sa)

sg(sstsg)(sg+s58)(s7-58

1. 38
) [1‘ R

}_

(14)

(15)

for 4-point bias, 4-point negative bias and 5-point in the r direction,

respectively. And on axis as

2
-456V5

)
455Vb

(0,2) _#
_POVO+V S

X PV
sZ(s¢-sg

sZ(s2-52)

€0

The appropriate formula, Eq. 5, 7, ar 9 is substituted for V(O’Z).

(16)

In Egs. (13)-(16), the coefficient of Vo is the sum of the coefficients

of the other potential

Se.

8
Po = :E P; , where the difference equation is written as

i=1

dropped if s5 = 2h in Eq. (13), sg = 2h in Eq. (14), ss= sg = 2h in Eq.

2

(17)

Se
For the case of a rectangular mesh of unit h, the terms in IE%E are

(15) resulting in the standard 9-point cross formulas.
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IT. SOLUTION TECHNIQUES

T e —T
.

A block iterative technique [2,12] is used to solve the set of

single point algorithms for the potential solution. The line SOR formula

) e e ans 4

described below is quite efficient and easy to implement. An

¢ examination of Eqs. (13)-(16) shows that the set of difference L
p

¢ equations for a vertical column of mesh points in the problem can be

! written as a pentadiagonal matrix equation.

o °

(18)

o L
o o
w N
o
[+}]
S
o
o
a o
= S
i
- N
(o
| o
"
o S
2
[ @

where a5, 'bi’ Ci» -d. -e; are the coefficient Pi of Vs, Vg, Vo,

]’
N 4 :
) V,, Vg, respectively, and ki = pleg + ;% PjVj. The algorithm for ®
J:
solution is as follows
d e k
1 1 1
V, ==, W, = — = —, _
° 1 ¢ ¢ ? 9 < °
d, - b,w e k, - b,g
2 2% 2 2 291
qz = Cz - byv vy = s Wp = = g, =
2 2 2V 2 % 2 % 2 %
® _ : _ d; - t.w._l ®
by = by magvi,s G5 T 6 m W, - BV g, Vi © q;
ki - 294, = %95,

with back substitution as

= = - . = Q. = V.U, - W.u, < i< -2
u 9 M In-1 = Vp-rUne M g ViYiar = Wi%420 R

n-1
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Note that for the top and bottom of the column the boundary values are

known and fixed, and terms such as b,V are added to k;.

Boundary
The old values of the potential in a column are replaced as

(7)) ) )y

where W is an over-relaxation factor with values 1, < W < 2, and n is
the iteration count. 6pt;mization of this over-relaxation factor has
been discussed by many authors.[6,11,12]

An additional feature of the iterative solution to Poisson's
equation is red-black ordering, [12] where two passes are made through the

potential distribution per iteration. First the odd numbered columns

are solved and new potential values substituted, then the even numbered

columns are solved. This aids in speeding up the convergence of the solution.
No proof is offered for the convergence of the potential solution

using this relaxation techniques on a rectangular mesh of arbitrary

spacing. It has been noted on some test problems, however, that if the

mesh spacing is graded gradually, such that the absolute value of the

ratio of any two of the coefficients Pi in Eq. 17 remains below ~150,

the solution converges quickly and smoothly.

III. TEST PROBLEMS

Two test problems are given to illustrate the application of these
formulas for solving Laplace's equation. For simplicity we use a
regular square mesh to solve for the potential between two infinitely
long coaxial cylinders, but impose irregular boundaries in the r-direction.
In Tables 1 and 2 are a comparison of the solutions obtained using a
5-point cross stencil, the standard 9-point cross stencil and the 9-

point cross stencil outlined in Eqs. (13)-(16).
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The problem for Table I has the boundary conditions V(0.5) =0 and
V(10.5) =100 with the analytic solution V(r) =100 &n2r/2n21. The
precision of the solution is not very good. The main difficulty here is
that the mesh spacing is only twice the smallest dimension in the
problem. In Table II we have increased the diameter of both cylinders
and achieved a marked improvement in the precision of the solution,
Case 2 has boundary coﬁditions V(9.5) = 0 and V(18.5) =100 with the
solution V(r) =100 2n(r/9.5)/4n(18.5/9.5).

In both cases the 9-point cross stencil described in this paper is
the most precise. Note also the improvement in going from a 5-point
to a 9-point stencil. Also for these simple problems the 1ine-SOR

technique of solution gives the final result on the first iteration.

IV, - SUMMARY

We have derived the finite difference equations for a solution of
Poisson's equation using a rectangular numerical mesh of arbitrary
spacing. These formulas pe.mit tﬁe use of a graded mesh to minimize
the total number of points required in the problem as well as improved
handling of irreqgular boundaries. With graded meshes problems requiring
full three~dimensional treatment become solvable since the total number
of mesh points can be kept to reasonable levels. The line-successive-
over-relaxation algorithm outlined in this ﬁaper provides a fast and

efficient convergence for the jterative solution.
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TABLE I

r V(r) 5-pt Std. 9-pt Std. (th?sp;aper)
10.5 100.000 100.000 100.000 100.000 L
10 98.397 98.448 98.418 98.405 i
9 94.937 95.105 95.002 94.959 !
8 91.068 91.368 91.183 91.108 _
7 86.682 87.134 86.853 86 .741 ’
6 81.619 82.248 81.854 81.700
5 75.630 76.474 75.941 75.738
4 68.301 69.416 68.702 68.438 _
3 58.852 60.342 59.360 59.018 ’
2 45.534 47.638 46.142 45.687
11 22.767 26.466 23.386 22.712
0.5 0.0 0.0 0.0 0.0 ,
: F
TABLE 11 ’
9-pt
r V(r) 5-pt Std. 9-pt Std. (this paper)
° 18.5 100.0000 100.0000 100.0000 100.0000 r
[ 18 95.8890 95.8857 95.8892 95.8890
. 17 87.3128 87.3094 87.3132 87.3129 .
I 16 78.2166 78.2134 78.2170 78.2167
#. 15 68.5331 68.5305 68.5337 68.5332 P
- 14 58.1812 58.1799 58.1819 58.1814
- 13 47.0619 47.0625 47.0627 47.0621
S 12 35.0521 35.0557 35.0530 35.0523
° 11 21.9967 22.0049 21.9977 21.9969 r
! 10 7.6962 7.7111 7.6971 7.6963
g 9.5 0.0 0.0 0.0 0.0 |
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Low-energy x-ray response of photographic films:

part I. mathematical models.

B.L. Henke, S. L. Kwok, J. Y. Uejio,
H. T. Yamada and G. C. Young

University of Hawaii
Honolulu, Hawaii 96822

ABSTRACT

Relatively simple mathematical models are developed
for optical density as a function of the x-ray intensity,
its angle of incidence and photon energy in the 100-
10,000 eV region for monolayer and emulsion types of
photographic films. Semi-empirical relations have been
applied to characterize a monolayer film, Kodak 101-07, and
an emulsion type film, Kodak RAR 2497, which fit calibra-
tion data at nine photon energies well within typical

experimental error.
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I. INTRODUCTION

.Photographic film is used extensively as the time-
integrating, position-sensitive detector for x-ray
spectrometry of puised, high temperature plasma sources.1
These sources include the inertially and magnetically
confined plasmas studied in fusion énefgy.research, and
others such as the Z—pinch;the exploding wire and 1@-
ploding 1linear plasma sources. Photographic detection
is often chosen for the fixed analyzef spectroscopy of
such sources because of its relatively high sensitiﬁity,
wide latitude of response and simplicity of implementa-
tion as compared with the élternatiVe position-sensitive
electronic detection array systems.

For thg diagnostics of high femberature plasma
sources there is considerable need for well calibrated,
absolute spectrometry. The spectral analysis that is
required demands a precise knowledge of peak-and-
integrated intensities and shapes of spectral lines and
of the intensity distributions in continua. Such infor-
mation can be deduced from the measured optical density
vs position along the film and its quantitative relation-
ship to the incident intensity for a given photographic
emulsion of appropriate sensitivity and resolution.

Because the optical density is a function of not
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only the intensity of the x-radiation but also of its

angle of incidence and of its photén energy, it is
important to supplement experimental caiibration with
theoretical modeling. Semi-empirical, "universal“
mathematical relations may then be established which
yield detailed photometric information (including the
effects of x-ray apsorption edge structure) as based upon
a minimum set of experimental data. An optimum design
for the experimental calibration may be effectively
guided by these model relations.

In this Part I of the present work, we develop. -
relatively simple mathematical models fpr the
photographic response of monolayer and thick and thin
emulsion films for the low-energy x-ray région of 100-
10,000 eV. Their validity is established by applying
them to the description of two examples of photographic
films, Kodak 101-07, a monolayer, and Kodak RAR 2497, an

emulsion-type system.

II. SIMPLE MODELS FOR THE PHOTOGRAPHIC
X-RAY RESPONSE
A. The Monolayer Model
In Fig. 1 is depicted a photograbhic film for which
the sensitive region is essentially a monolayer of dense-
ly packed AgBr grains of average film thickness, ti, and

with a packing density of My (AgBr grains per unit area).

[
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» MONOLAYER MODEL

GELATIN

yd
/ PROBABILITY FOR PHOTON ABSORPTION
WITHIN AgBr GRAIN

= I[sinB(1-exp(-pt,/sin@)]/ M,

Figure 1. Monolayer model for an effective film thickness,
t,, of My, densely packed, nearly spherical AgBr grains per . .
unit area, and of linear x-ray absorption coefficient equal ]
\ ' to w, (for AgBr). ' X
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A scanning electron microscope photograph of this type of
£ilm (Kodak 101-07) is shown in Fig. 2. As suggested by
this photograph, tﬁe grains may be considered as being
nearly.spherical with a mean diameter of about one um.
The probability fhat a AgBr grain will absorb a

photon under an exposing radiation intensity,

I (photons/um?), of photon energy E(eV); and at an angle
of incidence, 0, is simply the total number of photons
absorbed per unit irea within the monolayer divided by

the number of grains per unit area, M,, viz.,

; - . —t3 d
Isin6(1 exp(-y; sine))
M, . ’

where y,; is the linear x-ray absorption coefficient of
AgBr (which parameter introduces the only dependenﬁe upon
photon energy, E). For the low-energy x-ray region of
interest here (100-10,000 eV), it may be assumed that the
absorption of a single photon is sufficient to render the
AgBr grain developable and therefore any additional
absorption events within that grai; cannot contribute to .
its effective exposure process.2 Ve may therefore write
the differentigl equation that determines the increase in
the number of grains per unit area, dM, that have been
rendered developable when the radiation intensity is
increased by an amount dI by equating dM to the number of
grains within the layer as yet not rendered developable,
viz., Me-M, multiplied by the probability of a photon

being absorbed within a given grain for an increment of



Figure 2. Scanning electron microscope photograph L
of the Kodak 101-07 film showing nearly spherical h!‘
AgBr grains of about one micron average diameter. --j
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intensity, dI. Hence

. B t
- . —el
sino(1 exp(-y, sina))
Mo

dM = (Mo, - M)( )dI. (1)

This may be immediately integrated to yield the number of
grains per unit area, M, rendered developable under a
total exposure of incident beém of intensity, 1 photons
per unit area at incident angle, 6, obtaining

t,
-u -
M = Mg[1 - exp(-osin(1l - e o sindy 1. (2)

»

Here we have substituted for (My)~! in the argument of
the exponential an. effective average cross sectional
area of the AgBr grain, o.

In the development process, the exposed grain is
reduced chemically to a cluster of silver usually of
somewhat increased cross sectional area which we shall
define here as S. This silver cluster strongly absorbs
and scatters the light beam in a densitometer measurement
of the exposed grain density.

In microdensitometry, as required for the quantita-
tive analysis of spectroscopic line images, a relatively
small angle cone of illuminating light is focussed and
transmitted at a small optically defined "slit" region
area of the film and the transmitted beam is received by
a nearly matched, small-angle acceptance aperture of an
objective lens, imaged at a fixed slit, and then

delivercd to a photocell. We designate by i, the photo-
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cell current that is measured for the transmitted rays
that pass through an unexposed seciion of the film and by
i that for the same small angle light cone system passing
through a similar section of an exposed region of the
film having M silver cluster grains per unit area. We
may felate the fraction transmitted, 1, (i.e., i/i,) to
the grain density, M, using the fraction of theharea that

is "blocked" by thé silver grains, MS, obtaining

T=i/ig = 1 - MS. (3)

.

Rather than using the transmission, T, this measurement
is conventionally expressed using an alternative

variable, the optical density, D, which is defined as the

log-to-base-ten of the reciprocal of the transmission, T.

Thus
D = logie(1/7) = -logie(1l - MS)
And

D = -logio{l - MeS(1 - exp[- osinB(1l ~ exp(- Bizl))l])}.

sin6

For usual spectroscopic exposures on the monolayer
films it is expected that the value of MS be small as
compared with unity and consequently Eq. (4) may be

simplified to obtain

D = 205 (1 - exp{-0sin8[1 - exp(-pti/sin®)]1}). (5)

(In the density measurement defined here wusing illumina-

tion and objective lenses of small and nearly matched

Y
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numerical apertures, D is essentially specular density.

This optical density may be related to the smaller value,

diffuse density, that is measured when all of the forward

scattered light in the transmitted beam is included in
the measurement. The relationship between specular and
diffuse density will be discussed im Part II of this
work.) '

An important implication of this analysis in
deriving Eq. (4) is that the monolayer film density, D,
is a function of the single variable, 8,1 where‘B1
introduces the total dependence upon the photon eneigy,

E, and upon the incidence angle, 8, and is defined by

= o4 - Suaty ‘
B sinp(1 - exp(fi=dy). . (6)

To test this universal model relationship for the
monolayer film we have plotted in Fig. 3 for Kodak 101-
07 film the specular densities (which have been measured
as described in Part 1I) for normal incidence exposures
and for eight photon energies in the 100-1500 eV region.
This plot is presented as density, D, versus the
universal variable (1 - exp(-uiti))I. Tﬁe vaiue of the
effective layer thickness, ti, was chosen as that for
which the data for the entire range of photon
energies "best fit" a single '"universal" curve. This
data for Kodak 101-07 film yielded the empirical value
for ti equal to two microns. An efficient, two-parameter

empirical equation, suggested by this model (see Eq. (5))

'

1.,
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layer using D vs I calibration data as measured at eight photoa
energies in the 100-1500 eV region. The smooth curve is from fitting
the semi-empirical Eq. (7) derived here for the monolayer film. The
photon energy dependence is introduced by the scaling factor, 81 .
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has been chosen as

-

D = a,[1 - exp(-b:8:1)]. (7)

For the Kodak 101-07 monolayer film, the constants a; and )
b, have been determined by least squares fitting of this

D vs 8,1 data for photon enérgies in the 100-1500 eV

“

At o ol il

region to be 1.96 . and .313 (um)2, respectively. This
empirically fit curve is also plotted in Fig. 3. In Fig. ‘ .

4 a comparison of the measured data and of the semi-

empirical curve is presented‘for D vs log 1 for the Kodak
101-07 film at the photon energy of 277 eV. Also, as
will be described in Part II, the optical film density, -
D, was measured with an essentially constant incident
intensity at a range of incidence anglés, 6, of 56 to 90 ' ]
degrees. In Fig. 5 is presented the optical demsity, D, | 1*
for a constant incident intensity, for two ranges of

exposure, along with that angular dependence as predicted

by the semi-empirical model relation using Egs. (6) and ’
(7) for this monolayer film. (Note: id the relation for

! density, D, given in Eq. (7), the intensity, I, should be

w!

multiplied by a factor (1 - F(6)) to account for a reduc-
tion in exposure at the very small angles of incidence

(6 < 56°). F(0) is the fraction of the incident radiation
intensity that is low-angle scattered and/or totalli

reflected outward from the monolayer surface and there-

Sl B

fore not allowed to be photoelectrically absorbed within

[
’ ]

the AgBr grains.)
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Comparing the experimental D vs log 1 calibration
for the Kodak 101-07 film at the C-Ka (477 eV) photon energy with
the averaged, semi-empirical universal response predicted by Eq. (7).
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The prediction accuracy of this simple mathematical
model relation, using empirically'hetermined values of t;
and of a; and b; seems to be well within the experimental
errors associated with the D vs I measurements. Most of
this error is attributed to that of the measurement of

the absolute intensity, I (photons/um?) and to a varia-

tion of the optical density with development conditions.
The effect of development is expressed here entirely

through the developed silver grain cluster cross section, L

S (to which parameter the conetant 8, is proportional'
according to Eq. (5)). | ’

Finally, we may.solve for the exposing intensity, I ‘;
(photons/um?) in Eq. (7) to obtain )
I = (1/b;81)2n(a,y/(a;-D)). (8) 5
K
Using the values of y,(E) as calculated from the l;
absorption data for Ag and Bxr given by Henke et al.,4 we f%
have plotted in Fig. 6 the intensity, I(photons/um?), as :;;

a function of photon energy, E(eV), in the 100-10,000 eV

region for normal incidence exposures which result in

optical densities, D, equal to 0.5 and 1.0 for the Kodak
101-07 morolayer film. (The reciprocal of these inten-
sities for a given density value is conventionally

defined as the film sensitivity.)
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Figure 6. The intensity, I (photons/um?)
required to establish a specular density of
0.5 and of 1.0 in the Kodak 101-07 monolayer
film. These I vs E plots were derived using
the semi-empirical relation given in Eq. (8)

and illustrate the "flat", high sensitivity N
response for the 100-1000 ¢V region and the .
reduced sensitivity along with the absorption ]
edge structure (Br-L and Ag-L) in the 1000- k
10,000 eV region. . - b
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B. Thick Emulsion Model
We_now consider the more complicated problem, that
o of establishing an optical density relation for a thick
emulsion in which the photons are completely absorbed

within a heterogeneous system of AgBr grains imbedded in

b gelatin. The total volume fraction, V, of the AgBr is

\

relatively small (typically < 20%). The thick emulsion

film will usually have a protective overéoat of thick-

oL
[

. (O
Aok b

P ness, t, which we assume here to be gelatin-like. We

consider (as for the monolayer film analysis above) the

L AgBr grains to be approximately spherical with a cross
[}

section equal to ¢ and with an effective absorbing thick-

. . . _.
a4t . o
.',/. . .
RN L_A_‘.A_.LL;_.

ness equal to d.

In Fig. 7 is depicted a monolayer section within

this emulsion, with low—dehsity packing and with gelatin
that is assumed to be only between the grains. The
probability that an incident photon will be absorbed
within an individual AgBr grain in fhis monolayer sec-

tion, at depth x within the emulsion, may be written as
1{o(1 - e“u1d)e~u'x/Sinee—pot/sine} - I

which is the product of the number of incident photons
per unit area, I; the AgBr grain cross section, g; the
probability of a photon which reaches fhe AgBr grain is
absorbed within that grain; the transmission fraction

through the emulsion of thickness, x; and the

w0
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1 EMULSION —

PROBABILITY FOR ABSORPTION WITHIN
AgBr GRAIN AT DEPTH, x

o I[1-expl-z1,d)] exp[ ‘”‘s”t:ef‘ X)]

Figure 7. Emulsion film model for an overcoat of
thickness, t, and a heterogeneous emulsion consisting
of V volume fraction of AgBr, spherical grains dis-
tributed within a (1-V) volume fraction of gelatin.
Noted here is the probability for photon absorption
of an AgBr grain within an assumed monolayer section
of average, effective absorption thickness, d, at

a depth x within the emulsion.

N
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transmission fraction through the overcoat of thickness,

»

t, for a beam at incidence angle, 6. (ue and u,are

the linear absorption coefficients of the gelatin and

@R

AgBr, respectively, and u' is the heterogeneous linear
absorption coefficient for the emulsion.) Defining the

quantity in this probability expression within the brack-

0

ets as vy, we may write the differential equation for the R
additional number of grains rendered developable result- ' f
ing from an additional increment of incident exposure :
: ()

intensity, dI (similarly as for Eq. (1) above) to be

¥ - . ) .

aM = (Mo - M)YdI,

where again the quantity (Me-M) is the number of grains

not as yet rendered developable by at least one photon

absorption. Integrating, we obtain for the total

’
exposing intensity of I at O-incidence with the film :
surface the relation for the number of grains rendered
developable within the monolayer section at depth x ;

’ g
M= Mol - e Yh), (9) ‘
' .
Upon development, the exposed grains are reduced to &
E silver clusters of average cross section equal to S. The 1
- fraction, 1T, of a light beam that is transmitted through ]
[} B
f this monolayer section can be written as described in ;
Sec. I1-A as .
T, =1-"3=1-MS[1 - exp(-y)]
(K] ] 4
_ ~-u'x/sind

' = 1 - M,S(1 - e 9B1® ) .
1
1
" :
%
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with ” .
B = (1 - e Wid)eHot/sing (10) 1
o
’
This is the transmission for a narrow cone system of

light through the nth monolayer section of thickness, d, _
and at a depth, x, equal to nd. ’ a
We assume, as a first consideration, that the total .'i
optical transmiésign for the thick emulsion may be giveﬁ ) j
by simply the product of the monolayer section trans- j' %

missions. This assumption is valid only for relatively
small values of MS and d so that the probability for j
"shadowing" (one grain blocking another in the light ﬂ

beam) is négligible. Then the total transmission is

simply

- o ~u*nd/sin@
T =TTy = °117 [1 - MeS(1 - € cBle )]. (11)

And since the optical density, D, is defined as

logi10(1/ 1), we may then write for D

D = -log;o(F(ta)) = _(1/2.30):gzn[1-uosc1-exp(-osxe‘“'“d’Si“°))].

(12) -

v v‘-rfff har At

} With the assumption that MS is small, this expreésion for
3

] D may then be approximated as simply

¢ < -4 'nd/sind

3 D = (1/2.30)% MoS(1 - exp(-aBle ). (13)
{ It is useful here to re-express Eq. (13) as an integral,

¢ allowing M, to be replaced by Nedx with Ny equal to the

“, -
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number of AgBr grains per unit volume (and therefore

equal to Mo/d), and nd to be replaced by x. We may

write for the optical density

D = (1/2.30) / NoS[1 - exp(-opre™® X/Sin8)14,,
0

then

(14)

This integral may be easily evaluated as a converging

series solution. It is considered here, however, that

the assumptions made in its derivation (low AgBr grain

density and exposures are too restrictive for many prac-

tical applications of photographic measurement. ' A more

detailed, (but more complicated) expression for the

-

transmission through a dense, heterogeneous system of

light absorbing silver grain clusters could be derived.

Nevertheless, for this more precise description, the

resulting transmission, in any event, must also be a

function of the intrinsic exposed AgBr grain density, N,

at depth x and consequently of the variable

—_—

z = 061e-u'x/sin6’

which determines the number of grains rendered develop-

able within a differential monolayer. section of the

emulsion. Here B is defined in Eq. (10). With no

assumptions as to the details of the light absorption

process within the thick emulsion we may write a general

expression for the optical density as
o
D= o,/F(z)dx,

where F(z) is a function that may be determined

(15)

——
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empirically, for example, from D vs I data for photons of
such energy as to be completely absorbed within the given
enulsion's total thickness. F(z) has a constant,
"saturation" value for large z (at small penetration
depths with large exposure, I) (N¢S/2.30 in Eq. (14)).
F(z)lapproaches zero value as z becomes small (for small
exposure, 1, and/or at large depth, x). Differentiating

the variable z we have

dz = —(u'/sine)oBIe'u'XISinedx

= —(u'/sinb)zdx .

and we may therefore rewrite Eq. (14) completely in the

dimensionless variable, z, as

. oBI
_ ,sin® F(z)
D = (”ﬁT‘)gf - dz. (16)

We conclude, therefore, that the integral must simply be
a function of the integration limit uBl, and we may write

for D vs I the "universal" relation of the form

sin6

D = ( g

) $C BI) . , (17)

We note that the factor (sin6/u') is a mean penetra-
tion depth in the x direction of the incident beam inside

the emulsion, and, for a given exposure, I, the function

¢(Bl) yields the optical density, D, per unit mean

penetration depth.

Now for the very low-energy x-radiations of




(o

(e

‘e

.('

particular interest here, this penetration depth will
approach effectively the thickness of the surface
monolayer section (see Fig. 7); For such a "surface"
exposure, the transmission factor exp(-u'x/sinb) is not
involved, and we consider the contribution to the
density, D, for this surface region to be an amount equal
to de¢(BI), where d, will be an empirically determined
parameter that méasures the effective surface monolayer
depth. We add this limiting surface layer contribution
to D in Eq. (17) to finally obtain for the optical

densit ' contributions for both "surface”" and "volume"

generation of optical density

D = (f‘«fj—’.h + dg)e(pI). (18)

Eq. (18) may then be written as a function of the univer-

sal variables, oD and £1, viz.,

u'/sind - =
(1 n u'do/sine)n aD- $(8I) (19)

(thus defining the universal variables that establish the
scaling for D and I as the photon energy and the angle of
incidence of the exposing radiation are varied.)

The heterogeneous ahsorption coefficient, u', may be

appreciably different from that which is calculated as u

for a homogeneous absorbing system with the same volume

fractions of AgBr and gelatin. We have derived an
expression for the linear heterogeneous absorption

coefficient in Appendix A, which may be written as

117
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follows:

-

Mo - (L/d) [l - V(1 - e~ (Wi7Haddy], (20)

t.
"

For the same volume fraction, V, for AgBr, and hence (1 -
V) for the gelatin, the linear homogeneous absorption

coefficient, E; may be given by
wW=(1 - Viyy + Vy,. . (21)

It may be noted that this relation given for the hetero-
geneous linear coefficient in Eq. (20) does reduce to
this expression for the homogeneous coefficient, E; for
small values of the grain size, d.

In Fig. 8 we have plotted for comparison the linear
absorption coefficients, p' and p, given in Eqs. (20) and
(21), for Kodak RAR 2497 film, assuming a value for d
equal to 0.3 wum.

In order to illustrate the accuracy of prediction of
a universal curve as defined by Eq. (19) and of the
associated description for the heterogeneous absorption
coefficient, given in Eq. (20) we have plotted in Fig. 9
the variables u'D/(1+yu'd,) and (l-e'UId)e—u°tI using D
vs 1 data for the Kodak RAR 2497 film measured at 6 = 90°
(and as described in Part I1). These-data have been
measured at eight photon energies in the 100-1500 eV
region for which we can assume complete absorption within

this emnlsion. The overcoat thickness, t, the mean grain

size, d, the volume fraction, V, and the surface layer

-
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Figure 9. The universal plot of oD vs BI for the Kodak RAR 2497
emulsion film using D vs 1 calibration data as measured at eight
photon energies in the 100-1500 eV region. The smooth curve is
obtained by fitting to these points the semi-empirical Eq. (26)
derived here for the emulsion type film. The photon energy depen-
dence is introduced through the scaling factors o and B .
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thickness, d,, were chosen so as to yield a minimum
variation from a universal curve fér the entire photon
energy range (see Sec. III). The values so determined
for t, d, d, and V were 0.3 ym, 0.3 ym, 0.6 ym and 0.1
respectively. Again we consider the departures from a
universal curve among these data points as plotted here
to be well within experimental error.

We have plottéd also in Fig. 9 a semi-~empirical
equation for the universal curve, thé derivation for
which will now be described.

Early in the exposure process, the first layers that
are encountered within the emulsion may become saturated,
i.e., all of the AgBr grains within thése layers are
rendered developable. And, as the exposﬁre increases,

the depth, x_ oi this saturation region increases. The

s
corresponding growth in optical density is depicted>in
Fig. 10 along with a plot of F(z), which funétion has
been defined in Eq. (15), where 2z = BI exp (-u'x/sinb).
For sufficiently large values of z and, correspondingly,
for sufficiently small values of penetration depth, x,
and/or for large values of I, F(z) is equal to a constant
"saturation" value Fg. For relatively low densities of
AgBr grains within the emulsion, thi§ saturation value is
simply NoS/2.30, as suggested in Eq. (14) and F(z) may
then be interpreted as the optical abéorption CTross
section per unit volume of developed silver grain

clusters for an exposure that initiates saturation. For
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F(z) & LIGHT SCATTERING
CROSS SECTION/UNIT VOLUME

:I ' F!z)

.
-
N

Flz) = F(i—¢*)

\IK WHERE

\b '

2= oBlexp(Lp)

o

- Figure 10. Plotted here is the approximate function, F(z),
e ‘ for the light scattering cross section per unit volume

S associated with the developed silver grain clusters and

" resulting from an intermediate exposure, I (calculated for
the RAR 2497 film). An exposure was chosen so as to render
all grains developable within the first half-thickness of the
emulsion. As the exposure, I, increases, this saturation

[ ] region increases in depth s, and according to this model, %
this process accounts for the linear relationship between ‘N
D and log 1 after the onset of the saturation process. A
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Co swmall z, F(z) approaches zero value. We shall define by li

zS that value of z for which F(z) reaches its constant, ' E‘:

saturation value, defined here as Fs, (within, say, a few

L percent). The corresponding saturation depth, xg, may ::
then be related to z_ by o

h. L
zg = oBlexp(-u'xg/sind) - @

and | (22) o

Xg = (§%¥g)ln(osllzs). 3

lo )
We may now write Eq. (15) as follows: »

XS o :

b= J Fz)ax + / F(z)ax ‘

(o xs ) ."J

Xs
= FgXg + sino/p’ 6/ F(z)/z dz

and by using Eq. (22), (16) and (17), we obtain
D = (sin6/u') [Fgn(oBl/zg)+¢(z2g)]. (23)

® Including the parameter do in order to account for the

surface layer exposure (as has been described for Eq.

t (18)), we may rewrite Eq. (23) ;s

(

’ D = (222 + do)(FgnoBl + constant). (24)
We therefore predict that after an initial exposure that

‘o will initiate the onset of saturation in the first _e
layers, the optical density, D, should vary linearly with ;
the logarithm of the exposure, 1. This is indeed what is é

‘o usually observed as is illustrated, for example, in the D _i

.........
................
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vs log I plot for the Kodak RAR 2497 film presented in

Fig. 11.
Eq. (24) may be written as a universal, semi-

empirical equation of the form

t
(% ;?at?sine)o = ab = ain(bRI). @5

.- r

However, for exposure, I, below that which may in-

duce saturation, it is expected that D be directly

w‘-”

proportional to I. This may be deduced, for example, by
integrating Eq. (14) after expanding the exponential for

small values of its argument (oBlexp(-u'x/sinf)) obtaining

}

e sing, NgS

s D~ ( uv ) 5. 3p 061 for small I.

ii

:i In order to require that_our model relation for the

3 voptical density, D, does increase initially as 1 in the

"toe" region of the D vs I response, we make a simple

addition to the argument of the logarithmic term in Eq.
(25) to obtain finally the semi-émpirical relation for D

vs I as

oD = afn(l + bBI). (26)

~

For the RAR 2497 film, the constants a and.b have been
q determined by least square fitting of the aD vs BI data

1 and

as plotted in Fig. 9, yielding the values of 0.414 um~
0.454 um?, respectively. This least squares fit function
. has been plotted as the universal curve in Fig. 9 and it

has been applied to yield the D vs log I curve presented
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Figure 11. Comparing the D vs log I calibration data for the RAR
2497 film at the O-Ko (525 eV) photon energy with the averaged
universal response function given by the semi-empirical Eg. (26).




in Fig. 11, as an example, at the particular photon

o energy of 525 eV.

C. THIN EMULSION MODEL
For the thick emulsion model described above it was
assumed that all of the incident photons were absorbed in

o, the overcoating and emulsion layers. For the thin emul-

sion model it is required that the predicted contribution
to the optical density for emulsion depths greater than
the value, T (the actual emulsion thickness) be subtrac-
ted from the density, D, as predicted for the thick
emulsion as given by Eq. (18). |

&’ For the thin emulsion case, therefore, we rewrite
Eq. (15) (after including the surface exposure correction

parameter, do) as follows:

BI
i F(z)
p= (2R vap /) | S a
H Ble—u'1/81ne

yielding, for emulsion thickness, T, a predicted

universal relation

o Bl F(z)dz -u'T/sin@

oD = //

gle

= ¢(BI) - ¢(Ble ). (27)

-u'T/sind

And, correspondingly, we may rewrite Eq. (26) for the
thin emulsion case as

1 + bl
—u'T/sinG)'

j aD = a &n ( (28)

1 + bgle

| T
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Note: It has been assumed hcre that the universal func-
tion (and its semi-empirical description given in Eq.
(28) defined through the parameters a and b) are
established using calibration data for which the emulsion
is '"thick", i.e., for photons that are completely
absorbed within the emulsion.

The photographic response function presented in Eq.
(28) is applicable in the photon energy region for which
the primary assumption made in its derivation obtains,
viz., that each AgBr grain will be rendered developable
by a single photon absorption within the grain. It has
been thus assumed that the effective éross section for
photon excitation, ¢, is constant, i.e.; independent of
the photon energy. For photons of energy above about ten
keV it is expected that the photoelectrons that are
generated within the emulsion in the vicinity of a given
AgBr grain may have sufficient range to contribute, along
with the direct photon absorption; to the excitation
cross section of that AgBr grain. The effective cross
section, o, may then be energy dependent at the higher
photon energies, requiring that the relatively simple
analysis presented here be modified for E > 10 keV.2

In Fig. 12 we have applied FEq. (28) to predict, for
this 100 to 10,000 eV region, the number of photons/ym?
required to yield optical, specular densities of 0.5 and
1.0 for normal incidence upon the RAR 2497 filmn.

In many practical spectrographic measurements, the
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Figure 12. The intensity I (photons/um?) required to establish a
specular density of 0.5 and of 1.0 in the RAR 2497 emulsion film.
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Comparing experimentally measured D vs O plots (measured
.as described in Part II for constant incident intensity, I, and
- energy Al-K o (1487 eV)) with those predicted by the semi-empirical,

universal response function given in Eq. (28) for the RAR 2497 film.
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' x-ray intensity is not incident at-90° upon the film. :
EE Nevertheless, the density-exposure-photon energy charac-

f terizations presented in Figs. 11 and 12 can be presented d

for angles of incidence other than 90° through the 6-

&é dependence of Eq. (28). The optical density, D, has been
d
measured (as described in Part II) for 6 values in the 5° 'y

- to 90° range for essentially constant incident intensity,

@ e e e
A a’a’a

L I, and for several photon energies. As is suggested in
4 L
‘ Fig. 13, the 6-dependence as predicted by Eq. (28) for a ':

photon energy equal to 1487 eV is demonstrated to be well

within the limits of the experimenfal errors for the RAR

-
Vg g - -

2497 film.

P

ITI. SUMMARY AND APPLICATION

LIPS gl TS <9 ]

In this section we summarize the results of the
foregoing analysis of the low-energy x-ray response of

photographic films. These are expressed'as semi-

-
PRI G AT SIS P G PSR

empirical equations which relate the specular optical

{ density, D, the incident intensity, I(photon/im?), the

ot

angle of incidence, 6, and the photon energy, E(eV)

“p_a_ . A

(through the linear absorption coefficients, u; for

1
gelatin, u, for AgBr and H' for the heterogeneous emul- j
e . .

: sion mixture.) '4
: {
: A. The Monolayer - Defined as a densely packed i
o layer of AgBr grains of effective thickness, t;. .
_. ﬁ
"

. 4
_4




lo
absorbing with an effective AgBr grain thickness, d, AgBr
volume fraction, V, and with a gelatin-like overcoat of
’ thickness, t.
[
aD = afn(l + bBI)
or
o
£I = (1/b){exp(aoD/a)-1} .
In which
e B = {1 ~ exp(-u d)} exp(-p,t/sing)
o = p'/(sin® + p'dy)
where
(o p' = po - (/) an{1 - V(1 - exp[f(u, - uedd])}
and do is an effective emulsion surface layer thickness
(a vavies approximately as S/d® and b as d?).
0
C. Thin Emulsion - Defined as for the thick emul-
sion case for the lower energy photons but modified to
0 account for the incomplete absorption of higher energy
photons within a finite emulsion thickness, T.
Y ]

D = a;{1 - exp(-b,8,I)}

or

- a
I = 1/(b181)1n(a1_D)

In which

B, = sinB{1 - exp(-u;t,/sind)} .

—

(2, varies approximately as S/d? and b, as d?).

B. The Thick Emulsion - Defined as completely
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1+b3
1+bBlexp(~-u'T/sind)

aD = afn

or

exp(aD/a)-1

BI = (1/b) 1 - exp(-u'T/siny)exp(ab/a)

In order to efficiently apply photographic materials
as absolute x-ray detectors, it is very helpful to have
at least approximate information about thevfilm's
physical and chemical structure, particularly the volume

' fraction, V, the emulsion thickness, T, the overcoat
.thickness, t, and the constituency of the overcoating
material if it is not gelatin. Ideally, these parameters

‘ would be supplied by the film manufacturers. Unfortu-

nately, at this time, these data were not shared with the
user. Many of the lacger laboratories do have the
facilities to measure directiy these parameters, but it
would seem important to avoid such an expenditure of
additional time and effort.

Alternatively, il these film characteristics are not
available from the manufacturer or by indepenaent analyt-
ical means, their effective values may be determined
L! through more extensive calibration measurements of D vs 1
at additional photon energies. This has been the
approach adopted in this work.

For the monolayer film this procedure is not so
difficult. A minimum of two photon energies is recquired
for which D vs 1 data are chosen so that the absorption

within AgBr is appreciably different. Because it is

,
.

L

- I . .

WRRRN 2

PPN L) URURTNSIENEI,. _J [

b ¥

Aa e o -,

dedioct o 't

Nad BT o

P AP ORI

i




predicted that D is a function of- the single, universal

variable, B8,I, the ratio of the I values for the two

stant and equal to the corresponding ratio of the 814

i

!

photon energies that yield the same D values is a con- —!<
values. The average value for this ratio, r, may then be 1
p

o

1

applied to determine the effective AgBr monolayer

L) L

thickness, ti. Thus

1 - exg[-—m(E')tl]

r=q1cC exp[-u1(E")t1]

o ‘!.:“: da

in which E' and E'' are the two photon energies fbr which

the two D vs I curves are measured. This expression may

be solved numerically for the value of t,. With this f]
parameter determined, the universal curve, D = ¢(B;I)-is ' J
established and a least squares fit to this curve, based

upon D vs I data at the different photon enevgies, may

!
,J
then be applied to determine the parameters, a; and b,. .,1
These define the semi-empirical equation given above ]

' ®

which relates I(photons/pm?) to the values of D, 6, and

photon energy, E. This equation allows a very straight- . T
forward microcomputer analysis of the densitometer ;;]

data to yield an absolute spectrum in I.

In order to similarly characterize an overcoated,
thick emulsion film, at least three D vs 1 sets of data
are required at appreciably different photon energies for

which complete absorption within the film is obtained.

’
ana mom m'a_a A

(9 This is because two parameters, d and t are required to

define £; and V and dy also need to be determined to

.
. e
s -
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‘ K
‘ define the scaling factor, o. ° ‘ ' %
Finally, for the thin emulsion type film of thick- ) E
l ness, T, this parameter must be determined using at least a
one more D vs I data set at a higher photon energy of a @
radiation that is appreciably transmitted through the s
{] emulsion. ﬁ
. We have fouéd that by using a small computer-plotter J
system, a graphical, iterative determination of the film A
r" structure parameters was usually rapid and efficient with | ’
an accuracy commenéurate with that of the exberimeptal
calibration data. Log-Log plots of aD vs BI were gen- ,3
erated in order 1) to obtain values of t and d that | Si
establish a set a 8-values for a series of photon | Q
energies that translafe the corresponding aD vs BI . ;
curves along the logdl axis to form a parallel set, and
2) to vary do and V parameters to establish the values of a .
for the different photon energies in ordér that the set 2
F! of parallel curves be then reduced to a single universal 5
E curve by so shifting then along the logaD axis. Examples i
é_ t of such universal curves for the monolayer film, —~i
2 Kodak 101-07 and the thick emulsion film, Kodak RAR 2497 E
film were presented in Figs. 3 and 9. These curves were
then least-square fit to yield the complete semi- ;
empirical equations, as based upon the normal incidence D
vs 1 data which yield the parameters a and b that define
) the complete 0-dependent semi-empirical relations des- ]
{ cribed above.
&
- '
q
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In Part II of this work, the calibration and charac-
terization of five films considered to be appropriate for
absolute low-energy x-ray spectroscopic analysis is des-
cribed. These calibrations will be shown to be well

described by the semi-empirical equations that have been

developed here.
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APPENDIX A--Linear Absorption.Coefficient, TR

for Heterogeneous Materials

In our analysis for the number of AgBr grains that
are rendered developable at emulsion depth, x (derivation
for Eq. (9)), it was nccessary to introduce a trans-
mission factor, exp(-u'x/sind}, in which p*' is the effec-
tive linear absorption coefficient fof the heterogeneous
system of finite size AgBr grains imbedded within a
For AgBr grain sizes that are small as

gelatin matrix.

compared with reciprocal linear absorption

1 S
35 K

-—




for gelatin and fo? AgBr, respectively, and V is the
volume fraction for the AgBr component.

In Fig. 14 we present an SEM photo of the cross
section of the SB-392 film (described in Part II)
which illustrates the heterogeneity of .the photographic
emulsions. |

In order to determine»u', we shall again assume that
it is sufficiently accurate to model this heterogeneous
system as a system of s 1ayers of thickness, d, equal to
the effective grain size, with the grains ordered com-
pletely within each layer (absorbing as equivalent
aligned cubes). This geometry is depicted in Fig. 15.

We define the x-ray transmission féctor, T, for the
heterogeneous absorber (an averaged value for a large

number of incident photons) as follows:

s
T = ?:pn‘rn = exp(-p’'x), (A2)

where n is the number of AgBr grain encounters for a
given photon passing through the s layers ranging from
zero to s, as possible values (for n); | is the proba-

bility of having n encounters and Th is the associated

P A S e N e R A . e D e e S NS MRS T A S S Pl A e "R AT S S i Tl Sl Al |
*

“

~

- a

A

coefficient of AgBr, the heterogeneous coefficient will f
approach the homogeneous absorption coefficient, i, as ;
given by "
P=o(1-V)pg + Vy, , (A1) ‘

where Ho and U1 are the linear absorption coefficients ]
D
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1o exp(-p£'x)

/

Figure 15. Model for the calculation of the
transmission of photons through a thickness,
x, of heterogeneous emulsions which consist
of s monolayer sections of thickness equal
to an effective grain absorption thickness,
d, and with a fraction, V, of AgBr grains
and of (1-V) of gelatin.
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transmission factor for a photon passing through nd

thickness of AgBr, multiplied by that for passing through
(s - n)d thickness of gelatin. We shall write expressions
for p, and Ty for the first few values of n in order to
establish the general expression for zpntn. (Note: fhe
area fraction occupied by the AgBr grains.within this
single layer is the:samé as the volume fractiqn, V; and
therefore the probéﬁility for encountering one or no AgBr
grains for a single photon passing through this layer is

V or (1-V), respectively.)

n=0:
po = (1-V)S
Tg = e"on
n = 1:
p, = s(1-v)S-1y
T, = e"l»l1de"llo(x-d) - e-uoxe-.(Ap.)d
where Au = (U1-Hg)
n = 2

p2 = s(s-1)/2  (1-V)S-2(v)2

e—zulde—po(x—Zd) == e—uoxe—2Aud

T2 =

e e ey v s
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n=3: .
ps = s(s-1)(s-2)/3!  (1-v) 5 3y)3
Tg = e ~3M1d, ~Ho(x-3d) _ e ~Mox,-3Aud

It is evident therefore that

. ! - ‘

" Pn = {emmyrar - (a3)
and
T, = e HoXg-nbud (A4)
and that
S .
- ' -n,. -Aud

T =e “°x2—(;—jm7(1 -0 e MY (as)

0

Recalling that the Binomial Eguation may be written as

s
s _ s! S-n_.n
(A + B) —zml\ B , (A6)
we note that
s s : '
_ s! S-n n _
2;)“ —; GosTaT - VTR =1 (A7)
and that
- a—HMoxXp -tud,1s _ _-u'x
1= e [1 -v@ - e )]° = e . (A8)

Finally, we may solve Eq. (A8) for u' and letting
s = x/d, we obtain

u' o= p, - (1/d)gn(1-V(1 - e~BHdyy, (A9)

"

!
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This result is essentially the same expression for the

heterogeneous absorption coefficient as has been applied

by Brown et al.2 3

and by Toor"™ in their photographic film
models.

In Fig. 8, we have for the RAR 2497 film compared
the homogeneous ligear‘absorption coefficient, u, and
this heterogeneousflinear absorption coefficient, y', for
photon energies in the 100 to 10,900 eV region (using the

4
atomic absorption data recently reported by Henke et al. ).
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Low-energy x-ray response of photographic films:

part II. experimental characterization
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ABSTRACT

Optical density vs exposure data have been obtained
at nine photon energies in the 100-2000 eV x-ray region
for five spectroscopic films (Kodak's 101-07, SB-392, RAR
2492, 2495 and 2497). These data were determined opera-
tionally by a direct comparison of the peak absolute
intensities of spectral lines measured with a calibrated
proportional counter and the microdensitometer tfacings
of the corresponding photographically recorded spectral
lines. Film resolution limits were deduced from an
analysis of contact microradiograms of linear zone plates
constructed of gold bars. The relationship between the

specular densities as measured here and the diffuse
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densities have becen experimentally determined for the
five films. Finally, experiment surements of the
optical density vs the angle ¢ once of exposing
radiation of constant intensity « obtained. These
data, relating density to the x .. intensity, its photon
energy and angle of incidence are shown to be fit very
satisfactorily in the 100-10,000 eV region by the semi-

empirical mathematical model relations which have been

derived in Part I of this work.
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I. INTRODUCTION

]

\
Dl

‘ In the work that is described here, we have
characterized photographic films for absolute
spectrographic analysis in particularly the low-energy

ﬂ x-ray photon energy region of 100-2000 eV. Five films

3
2

have been calibrated which were chosen as being

o appropriate for low-energy x-ray spectroscopy because of
their proven quality, vacuum compatibility and range of
sensitivity/resolution. These are Kodak's films, 101-07,

SB-392, and RAR films 2492, 2495 and 2497. The first

four are currently available. The RAR 2497 film is no
longer manufactured but has been included here because of
its past and present very extensive application at the

)
;. National Laboratories. The 2497 film (and its predeces- §

sor, RAR 2490) have very similar characteristics as those

.
PRy

of the newer RAR 2492 and 2495. A very comprehensive

;
“" study of the RAR 2490 film has been reported by Benjamin
1

et al.1 An early work on the calibration of the 101 type

PRPRPAIL

- t film for the low-energy x-ray region has been presented -

by Koppel2 who has recently also reported some calibrations

for the RAR 2492 and SB-5 film (which is the sheet film version

3
of the 35 nm, SB-392 film that is characterized here)-
(We would 1like also to refer the

reader to another excellent report by Dozier et a1.4 on

film calibration for the higher photon energies than i

& those particularly addressed herc.) In Fig. 1 we present

I S T I A UL L W ST Uy e Al
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work described here.

|
s
a comparison of the sensitivity vs photon energy curves L
for the 101, SB-392 and RAR films as determined by the -
-
‘ug
In the following Sec. II, we describe a method for 1
the absolute sensitometric calibration of x-ray ]
spectroscopic films and present graphs and tables for : ‘
density vs normalfincidence exposure data at nine photon x:
energies for the five film types. Also presented ' ..
here are semi-empirical equations derived from the ,i~ ‘i
mathematical models developed in Part I of this work which i
introduce generally the dependence upon photon energy and
upon the angle of incidence of the exposing x-radiation. o
In Sec. I1I, we present a relatively simple definition .
and method of measurement for spectroscopic film
resolution and suggest resolution limits for the film *
types studied. In Secc. IV, we discuss the effect of
batch-to-batch variation of film characteristics, Tjé
concluding that each new batch should be calibrated at a ‘f1
few normalizing points for precise, absolute {
spectrometry. We present comparisons of our film __i
calibrations with those reported from other laboratories j,fi
for similar film types. 1In Appendix A is presented data ‘:I
which relates the specular densities, as required for :
spectroscopic film calibration (and as measured directly ~:}
in this work) to diffuse density values that may be ;
alternatively applied in comparing ours to other film '.;
. e
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Figuire 1. Comparison of the sensitivities of the five
investigated spectroscopic films for the 100-10,000 eV
photon encrgy region. Sensitivity is defined here as
the reciprocal of the exposure, I (photons/um?) that is
required to establish a specular density of 0.5. These
curves have been developed in this work.
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characterizations. 1In Appéndix B_.the film processing
procedures that have been followed are described.
Finally, in Appendix C are presented tables for the five
films of density vs exposure data calculated at regularly

fine-spaced intervals in photon energy.

1I. SENSITOMETRIC CALIBRATION OF
X~-RAY SPECTROSCOPIC FILMS

For quantitative low-energy x—raj spectroscopy, an
accurate relationship must be established between the
microdensity values (within slit widths of 20-100 um)
and the corresponding exposures (in units presented here
as photons/um?) and the photon energy. Generally this
requires microdensitometer measuremenis using numerical
apertures for the objective and the illumination lenses
of about 0.1-0.25 values. For such densitometry, effec-
tively all of the sbsorbed and scattered light is
subtracted from the incident light beam to define the
resulting transmitted beam. The measﬁred ratio of the
transmitted to incident light, t, then yields essentially

the specular optical density value, D, which is defined

by the relation

D = logie(l/7) . (1)
If all of the light that is scattered in the forward
direction is included in the measurement of the
transmitted beam, the corresponding diffuse optical

density that is calculated using Eq. (1) is a somewhat
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Figure 2. The elliptical analyzer spectrograph that has been used to
generate a normal-incidence line spectra in the 100-10,000 eV x-ray
region. (An x-ray line source and the scatter aperture are located at
the respective focal points for an elliptically curved cylindrical crys-
tal analyzer.) A spectrum is recorded on a film located aloag the
detection circle. A corresponding absolute intensity spectrum is
measured by translating a flow-proportional counter along the same
circle. The specular density on a photographically recorded peak is
related to the absolute intensity (photons/ym?) and are measured

using matched microdensitometer and proportional counter slits of widths »
that are small as compared with the spectral line width. (For the -
reasurements described here the mirror monochromator was not required.) 1
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smaller value. Often the diffuse densities are reported
in the literature that characterizes a particular photo-
graphic material. For the five films studied here, the
relationship between specular and diffuse densities have
been experimentally determined and are presented in
Appendix A. It should be emphasized, hoﬁever, that it is
specular density ihat'is directly measured in most
analyses of photographically recorded spectra.

- An "operational'" method has been developed for the
specular microdensity calibration of sbectroscopic films
which is based upon a direct comparison of the photo-
graphically recorded spectrum to the éorresponding
measured absolutely calibrated (photons/sec-um?) spec-
trum. As illustrated in Fig. 2, this is accomplished by
establishing along a normal incidence detéction circle a
Bragg reflected spectrum by means'of an eiliptically
curved, cylindrical crystal. A small slit x-ray source
and a scatter aperture are located at respective focal‘
points for the given elliptical analyzer profile. A
detailed description of this elliptical analyzer spectro-
graph, including that of the crystals and multilayers
employed for establishing the normal—incidence detection
of spectra in the 100-10,000 eV regibn, has been recently
presented in another report.5 Also described there are
the procedures by which the absolute spectral intensities
are obtained using a calibrated, flow proportional

counter that is scanned along the detection circle (using

149 __i

- S .
, Lo
Y RN
Cala -— b _" L

.- X . - . R . - . - . . AUCIE AR TR e
PP RN W e e e e L e gt S LR WA W T A Ny VU S S, U . Ca . S S - ST WA LA AT ST SN WS SN YT




el iy kel AL Sl Sl Sl A e 00 A RAS gA R Sr man o A AR AR A o . et S s e ey i)

-

a goniom~ter with its axis througﬁ the focal point at the
scatte} aperture). The flow proportional counter is
"pressure tuned" and calibrated for absolute photon
counting by a method which has also been described
previously.6 Peak intensities and corresponding micro-
densities are measured with matched microdensitometer and
proportional countér slit systems, with slit widths that
are set to be small as compared with the instrumental
spectral line widths (~100 um). Peak. intensities and
microdensities are compared on spectral lines that )

are recorded at a series of exposure times under constant
and known x-ray spectral line intensities.

Characteristic x-radiations at nine'photon energies
in the 100-2000 eV region were obtained using demountable
X-ray tube anodes6 which provided broad
source, large-angle illumination of the source slit. The
anodes were of pure metals except for the graphited and
anodized aluminum anodes which providéd the character-
istic C-Ka (277 eV) and the O-Ka (525 eV) radiations.

The other characteristic photon energies were Be-Ka

(109 eV), Mo-Mg (193 eV), Cr-La (573 eV), Fe-La (705 eV),
Cu-La (930 eV), Al-Ka (1487 eV) and Mo-La (2293 eV).
Appropriate filters and x-ray tube anode voltages were
selected to minimize any high-order Bfagg reflected line
or continuum background that might be associated with
the measured spectral lines. An analysis of the propor-

tional counter pulse-height spectrum was applied to
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establish that any background remaining at a given spec-
tral line was first-order diffracted and essentially of
the same photon energy as that of the line itself. For s
this reason, peak intensities and microdensities did not ‘;
require correction for extraneous x-ray background and
were considered totally characteristic of the given spec- @,
tral line photon energy. | ';;
The measureﬁent procedure was as follows: The : f:;
absolute photons/sec-um? counting rates on the spectral . ;0
lines were set by adjusting the x-ray tube power to yield :
line intensities of the order of several thousand counts 4
per second. The source was then monitored for constancy ,i
by moving the counter to the direction of zero ;angle,
stopping the beam down in this pcsition by means
of a fine slit at the counter window to yield approx-— T
imately the same counting iaté levels as those for the |
reflected lines. A film cassette was then moved into
place with the film to be exposed along the same detec- -
tion circle and a multiple exposure series was made using
a spooled film transport controlled through a flexible
cable and magnetic coupled feedthrough to outside the T

vacuum chamber. After each exposure, the diffracted line

intensities were measured again, and, if necessary, a '51
small drift correction for this intensity was made. Ten ’.4
or more density vs exposure points were taken at each of
the nine photon energies for cach film. (It was found ‘$

necessary to spray a thin film of static charge




s A AT A N e S L . T B S S O o TR B SRR Tl

eliminating solution upon the back surface of the 101-07
film which has no overcoat protection in order to .
eliminate the static discharge background exposure asso-
ciated with transporting this type of film in vacuum.)

Manufacturer-recommended film processing procedures were

followed and these are described in Appendix ﬁ.
Repeated microdensitometer measurements were made

using instruments with 0.1 numerical apertures for both

the illumination and the transmission beam cones. One
set was measured at the University of Hawaii on a micro- ]

densitometer with a 100 um slit (Boller & Chivens E

‘ Microphotometer, Model 14213). Other sets were . i

| measured at the Sandia National Laboratories, f
Albuquerque, and at the Lawrence Livermore National

Laboratory using a 30 ym slit and integrating to the same ’,

-

total slit size as that of the first measurements. (The :

instruments used for these measurements were the Photo- i

metric Data Systems Model 1010 Miérodensitometer.) We g

found no significant differences among these independent 2

1 measurements of film densities. E

These data were computer-plotted as log D vs log I, D -,i

vs I and D vs log I. Examples of these initial plots for
the five films expdsed to O-Ka (525 eV) are shown in

Figs. 3 through 7. The onset region, plotted as D vs I,

'

i mdbaatt. adh

must allow a linear extrapolation to the origin and this

constitutes a check on the background subtraction that

.. yielded these net densities from the measured gross 1
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Figure 3.

films at nine photon energies

The measured D vs I data were obtained for the five
and were computer-plotted as illus-

trated here for the 101-07 film at the O-K a (525 eV) photon energy
The smooth curves have been generated by the universal, semi-
empirical equation developed in this work for this particular film.
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For the RAR-2497 film and as described for Figure 3.
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Figure 6. For the RAR-2492 film and as described for Figure 3.
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densities. The correction to net densities involved
cancelling from the measured transmission the transmission
of an unexposed portion of film in order that the
resulting transmission; 17, be the result of only the
effect of the exposed and developed grain density as
defined by Eq. (1). (Also plotted in Figs. 3 through

7 are the semi-empirical model curves obtained as
described below.);

In Tables 1 through 5, we present for the five
films the averaged density vs normal incidence exposure
data for the nine photon energies in the 100-2000 eV
region. (Also presented in Tables 10-14 in Appendix C
at regularly spaced energy intervals in the extended 100-
10,000 eV region.) Listed on these tables are letters
referring to the characteristic abosorption cdge energies
given in Table 6 for the éilver bromide and for the carbon,
nitrogen and oxygen constituents of the gelatin in the
photographic emulsion. At these photon energies,
significant diséohtinuitieg may occur in the film sensitivity
vs photon energy curve. As may be noted in Fig. 1, the C,
N and O edges are not in evidence for the 101 type film
which consists of essentially a monolayer of silver
bromide grains with no absorbing overcoat of gelatin ( as
is present for the emulsion film types).

The significant systewmatic errors occurring in these
calibrations were usually in the determination of the
absolute photon intensities. Such errors were discovercd
be comparing plots of I vs E at constant density, D, for

the five filus. If calibration errors

.
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were made, the corresponding I—pq;nt would be system-
atically off an average I vs E plot for all five films.
(A1l films were measured at the same calibrated line
intensities.) After correcting for thesevsystematic
errors, the residual statistical errors in the D vs I
data were averaged out by least squares fitting of the D

vs I data to polynomials of the form
logD = A + Blogl + C(loglI)?

The averaged density data were then plotted as
"universal” curves (for an appropriate range of photon
energies) by a procedure which haé been déveloped in Part
I of this work. These curves, along with the definitions
of the appropriate scaling factors that éccount for the
dependence upon photon energy, E, are presented in Figs.
9 through 12. For the determination of these scaling
factors, B,, a and B, (defined in Figs. 8 through 12) the
linear absorption cocfficients, uo for gelatin, ui1 for
AgBr, and y' for the heterogeneous emulsion, absorption
data were calculated using data recently compiled by

7

Henke et al. The heterogeneous absorption coefficient

has beea derived in Part I to be
W= ope - (I/d) L - V(1 - exp[- (ui - wo)d])} . (2)

This reduces to the linear absorption coefficient for a
homogeneous system for which AgBr grain size, d,

approaches a small value, viz.,

N
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rigure 8. Universal plot, D vs B,;I for the 101-07 film in which
the scaling factor, B,, noted here, introduces th=2 entire photon
energy dependence. D-I data were used as measured at eight photon
energies in the 100-1500 ¢V region. The smooth curve was obtained J
.using the universal, semi-empirical Eq. (4). ]
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Figure 10. Universal plot for the RAR 2497 film and as described
for Figure 9.
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for Figure 9.
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W=(1 -~ V)uo + Vu,. (3)

A comparison of u' and § for the heterogeneous and
homogeneous models of the RAR 2492 film is presented in 'i

Fig. 13.

The film structure parameters, the grain size, d, the
effective surface layer thicknesses, dg and t,, and the ‘ 7&
AgBr volume fracﬁions, V, that appear in the scaling

factors a, B, andf,; were determined as described in Part 1

-

of this work by an iterative computer plotting technique in the
generation of the universal curves.

As a test of the validity of the semi-empirical

-

model equations that were derived in Part I, these were
fit to the universal plots of Figs. 8 through 12, and

presented therein as the smooth curves. For the mono-

-

VTS SIS SN0 Ny W ST S WL, S

layer type film (Kodak 101-07) the model equation is

Ancad

D = a1l - exp(-b;8:1)] (4)

And for the thick emulsion film, the model equation is

PRI eV OO

aD = afn (1 + bAl). (5)

«!
LPURT VAT BETUT B gl WP

(Note: To apply this relation, as for Figs. 9 through
12, only D vs I data for photon enzrgies below 1500 eV

were used for which it could be assumed that the photons

-

were essentially absorbed within the emulsion.)
In establishing these least-squares fits, the

paraneters a,, b,, a and b were determined. 1In Table 7
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Figure 13.

E(eV) —

10,000

Combaring the heterogenecus linear

absorption coefficient for the RAR 2492 film with
the linear absorption coeflicient for an amorphous
system of the same volumce [raction of AgBr. Note
the appreciable difference in the low-energy x-

ray region.
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these parameters along with the empirical film structure
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parameters are presented for the five films that have
been characterized in this study.

Finally, the semi-empirical equation that has been
derived in Part I for thin emulsions (of thicknesses, T,
such that not all of the incident photons are

absorbed within the emulsion) becomes

1 + bgl

oD = aln T aTexp(-p'T/sindy ° (6)

The fitting described above was on the D vs I data
that were directly measured for normal incidence
intensities (for 9 in the above equations set to
90°.) Because for many spectroscopic applications the
incident intensities on the photographic films are not
at 90°,the 6-dependence that hus been included in these
semi-empirical equations is essential. In order to test
the accuracy of this predicted 6-dependence, we have
measured, for a given photon energy, the D vs I data at a
series of incidence angles. The method of measurement is
illustrated in Fig. 14. A small line source of
monochromatic radiation was generated by placing a thin
wire (source of characteristic fluorescent line radia-
tion) near the window of a demountable x-ray excitation
source. The characteristic line radiation from this wire

source was isolated by using an excitation radiation of

energy only slightly higher than that excited and with
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MICRODENSITOMETER *
| < TRACING }
, > |

Figure 14. Experimental method for the determination of the

effect of the angle of incidence, 6, upon exposure. The film,
wrapped around a one-inch cylinder, is exposed by a filtered,
flourescent line radiation source. The source is a thin wire
placed near the window of an x-ray tube of effective excita-

tion photon energy just sufficient to excite the desired char- ’
acteristic flourescent line from the wire source.
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appropriate filtering. It exposes a film which is
wrapped under tension around a cylinder as shown. The
variable angle of incidence, 86, is related to the
distance r¢ as measured along the developed film density

pattern by the relation

-1 cos¢ + r/R
|sing] : (7

6 = tan

And the intensity, I, at a given position along the film

is given by

- o (R -~ 1r)2 '
1= 10907) gro—>7— 2Rrcos¢ ° (8)

The normal intensity, I(90°), is determined from the
values of the optical density, D, as measured at the
center of the densitometer tracing, using the normal
incidence D vs I calibration curves. With these
relations, D vs 8 plots may be generated for constant I
and for a given photon energy. Such plots were presented
in Part I of this work for the 10i—07 and RAR 2497 films.
Presented here in Fig. 15 is a D vs 0 plot for the Kodak
RAR 2492 film at the photon energy of Al-Ka (1487 eV).

On all of these plots we have also presented the D vs 0
curves for constant incident intensity, I, as predicted
by the semi-empirical relations given above. 1t may be
noted that the agreement between the experimental data
and the predictions of the model relations is very

satisfactory.
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Figure 15. Comparing the D vs 6 data (measured as illustrated

in Figure 14) for constant incident intensity, I, and energy
Al-K a(1487 eV)) with that predicted by the universal, semi-
empirical relation, Eq. (6) for the RAR 2492 film.
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ITI. DETERMINATION~0F SPECTROSCOPIC
FILM RESOLUTION LIMITS
For the calibrations described above, the
proportional counter and microdensitometer slits were set

equal to 100 um and were small as compared with the

spectral line widths generated by the low-energy x-ray ;;
} spectrograph. (in a few instances, the x-ray source
i. slit was broadened in order to ensure that the spectral ' :
F line widths did satisfy this criterion.) It was then ' J
assumed that measured peak densities were precisely re-
lated to the corresponding absolute peak intensities . PY
through these D vs I calibrations for not only the

meusured lines but also for any that are broader. 1t is

® also important to know for how narrow the line ar?/or for

hovw closely spaced adjacent lines may be before the

effect of line spreading within the emulsion prevents an

RSOSSN S

Tea

® accurate determination of peak intensity when using the D

. »

vs I calibrations that have been'presented here.
A simple test has been applied for the spectréscopic
) film resolution limits which ié based upon an analysis of o
' contact microradiograms that are made using a linear zone
; pluate of gold bars to simulate an appropriate range of

o spectral line widths and spacings. The spacings between -

position of the bar .cdges of the zone plate that was

[
t bars varied according to the Fresnel relation for the
f
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chosen

X = 100v/n

These microstructures were provided for this work by

Ceglio et a1.8 and were constructed by photolithographic

technigques similar to those currently used in the micro-
electronics industry for the generation of integrated
circuitry. A final electroplating procedure was applied
to produce relatively thick gold bar microstructures.

The gold bar strucgureé, of about 8 pm thickness, are
essentially opaque to the low-energy x-rays that were
used to generate the contact microradiograms. The
spacings and openings between the bars, X,-X;, and X;g¢-
Xag9, for the original 100-1ine zone plate mask were

about 40 and 5 pm, respectively. Aftef'the final gold
plating, the openings were accurately measured and were
somewhat narrower (3-38 uym range). In Fig. 16 is shown a
photomicrograph of a small scection of the 2 x 4 mm zone-
plate structure. In Fig. 17 is shown a microdensitometer
tracing upon a contact microradiogram of this linear zone
plate on RAR 2497 film with an exposure from a filtered
flourescent source of Mg-Ka (1254 eV) radiation excited
by Al-Kc (1487 eV) anode radiation. A microdensitometer
slit width of 2 ym was used. It may be noted that as the
openings in the zone plate became narrower, the peak
densities decrease and the densities within the regions
obstructed by the gold bars increase as a result of the
line spreading. The difference between these densities,
, should bc¢ a constant for line widths above a

D _-D_.
max min

defined spectroscopic film resolution limit and equal to

’,
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Mg-Ka (1254 ev)

EXPOSURE

T

-9
!
3.0} 1 -
RAR 2497 -9
FILM ' -
2.5t K
2.0f 1 >
: 3 TO 38um )
1.5} GOLD BAR SPACINGS
1.0}
3
0.5} 2
o} ]
0 2 4 6 B 10 "‘J
Figure 17. Densitometer tracing (with a 2 »
um microdensitomcter slit) upon a contact -
microradiogram of the linear zone plate »
using a uniform exposure of Mg-K 6 (1254 eV) g
filtered, flourescent radiation of small
effective source size on the RAR 2497 film.
The onset of the reduction of the peak den-
sities as the slit widths decrease indi- -
cates the spectroscopic film resolution limit. Y
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the net density as determined by the exposure, I, from ‘?
the D vs I calibration. 1In Fiés. 18, 19 and 20 we pre- jf
sent plots of the Dmax-Dmin values vs line width for éi
contact microradiograms on the three film types, RAR
2497, 101-07 and SB-392. These have indicated spectro- <
scopic film resolution limits of approximately 5, 10 and ;a
15 um, respectively at a density of about 1.5. Although S
this "operationél" criterion for spectroscopic resolution j

)
is not precise, it does establish that all of the films . _ ®
that have been chosen here for low-energy x-ray spectros-

copy can be applied to determine the absolute intensity
distributions of typical spectral lines as generated by b{
Bragg spectrographs in the 100-2000 eV region (widths > 20 um).

..}
IV. ACCURACY OF FILM CALIBRATIONS: CONCLUSIONS E%
Absolute x-ray spectrometry demands an accurate :

knowledge of the D vs I relation continuously with photon _ ,Z

energy in order to translate a microdensitometer record

of a spectrum into an absolute intensity distribution vs .

photon energy. 1In order to minimize the considerable !

amount of effort that is usually involved in the

experimental calibration of spectroscopic films for the | :

low-energy x-ray region, the approach that has been )
adopted here is to apply semi-empirical model equations
which introduce the effect of the photon energy through

the accurately known energy dependence of the x-ray

N S e
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Figure 18. Plots of net microdensity values, Dm » VS zone :
plate slit width, t, for two contact m1crorad10gram @xposures on |
the RAR 2497 film as that described in Figure 17. The indicated »
spectroscopic film resolution limit was about 5 um. i
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\ Figure 12. Plots of Dmix-Dm'n vs zone plate slit width, t, for two
contact microradiogram exXposires on the 101-07 film as that described
). in Figure 17. The indicated spectroscopic film resolution limit is
about 10 um.
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absorption coefficients that characterize the film response.
If the manufacturer would make available the approximate
values for the required model parameters such as the
average grain size, emulsion and overcoat thicknesses and
volume fraction of the AgBr, the semi-emiprical method
that has been presented in this work would require the
measurement of D vs I at only a few photon energies.
Unfortunately thése data were not available and it was
necessary to wake these measurements at an extended
number of photon energies. Nevertheless, it has been
demonstrated in this work that: 1) universal plots that
fully account for the photon energy dependence can be
established, and 2) that these can be precisely fitted by
relatively simple, semi-empirical equations involving
only two adjustable parasmetcrs (a,, by or a,b). In Figs.
3-7, examples of experimental D vs 1 data are presented
along with that predicted by the universal semi-empirical
equations which indicate the typical accuracy of the
present calibrations.

In Part I of this work it was noted that these
parameters have the following, approximate theoretical
dependence upon the film structure paranmeters:

For the monolayer film--

ap ~ MoS ~ 8/d? b, ~ d?
For the emulsion-type film--

a ~ NS ~ V(8/d?) b ~ a?
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(Here My is the number of monolayer AgBr grains per unit
area and Ng¢ is the number of AgBr grains per unit volume
in the emulsion. V is the volume fraction of AgBr in the
emulsion. S is an effeétive light absorption cross sec-
tion of the developed silver grain clusters and d is an
effective average diameter of the AgBr grain.) The
implication of thése approximate proportionalities are:
1) the only effect of the development process upon the
sensitometric response is through the parameter a; or a
by the growth of the cross section S; and 2) the effect
qf grain size, d, is most sensitively reflected in the
values of a;, b; and a, b.

In é batch-to-batch variation of film parameters, we
would cxpect that the volume fraction V to bhe reasonably
constant, but that the effective grain size could
significantly vary. A small such variation may only
slightly affect the values of the scaling factors (8., a
and B) but could cause relatively large changes ig the
empirical parameters a;, b,, or a, b, It is therefore
suggested here that for precise film calibration the
following procedure be followed:

1) For a given film type the scaling factors be
established as has been described in this work.

2) Then, for each new batch of film, a minimum set of D
vs I data be obtained which permits, with the pre-

established scaling factors, the generation of the

universal plots of oD vs BI (or D vs B;I for the monolayer).
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3) Finally, a least-squares fiEting of this universal 'j
plot then yields a new pair of fitting parameters, a,, ?

» b,, or a, b, which establish the universal, semi- ;Q!
empirical equations, D = f(I1,E,6) for the monolayer and
the emulsion types of films. To assist in the above

') procedure for the description of the five films that have ,:i
been characterized here, we have presented in Appendix C ;f?
tables at regulafly spaced intervals in photon energy, uo ‘;

] for gelatin, u; for AgBr; the scaling factors, B, a and ‘ o
B; and the universal functions relating D, I and E (for |
the particular film batches studied in this work). i

(o Finally we would like to compare our film .:

1 calibraticns with ihose obtained independently upon i
similar photographic materials as reported from other .
laboratories. .z!

The Kodak 101-01 film has been calibrated for the ‘ 1
100-1000 eV x~ray region using three ]

r’ characteristic line series from copper, iron and graphite :;’i

targets which were excited by proton beam bombardment _]
. using the ion accelerator (IONAC) at the Lawrence ._’1
0 [ ]

]
1‘ Livermore National Laboratory 9and flow proportional ) l
! counter detectors. In Fig. 21 we present these experimental data, i
for each photon energy, as the number of photons required o
‘e to establish a specular density of 0.5, 0.7 and 0.9. .
These densities corresponded to the reported diffuse
densities of .35, .50 and .65 which were determined using the

| °
(e :
! diffuse-to-specular density calibration curves presented
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' Figure 21. Comparing the intensities required to establish specular .

F densities of 0.5, 0.7 and 0.9 as measured independently upon the B

{ similar film types 101-01 and 101-07 for the 100-1000 eV photon energy

; region.
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Figure 22. Comparing the intensities required to establish a specular
density of 0.9 as measured independently upon the similar film types
RAR 2490 and RAR 2495 for the 100-10,000 ¢V photon energy region.
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in Appendix A. Along with thesc-experimental points are
our semi-empirical predicted curves (smooth) for the
Kodak 101-07 film which was studied in this work. The
principal difference between these film systems is that
the 101-07 film is upon a 4 mil ESTAR base and the 101-01
film is upon a 5 mil acetate base.

The Kodak RAR 2490 film has been calibrated using
filtered fluorescent x-radiations excited in a low-energy
x-ray calibration facility at the Los Alamos National
Laboratory. Averaged data was reported for the 100-
10,000 eV region for the exposure required to establish a
diffuse density of 0.5. This corresponds to our specular
density value of 0.9 as determined for a similar type
emulsioﬁ, the Kodak RAR 2495. In Fig. 22 we present
these data along with our scewmi-empiricael equation
precdiction for the RAR 2495 film. Although an absolute
comparison is not possible here because two film types
are involved, it should be noted that the model-prediction
photon energy dependence for E > 2000 eV for such similar

systems seems to be satisfactorily verified.
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APPENDIX A: Specular Density vs Diffuse
Density Calibrations
The density measured and referred to in the body
of this work has been '"specular densit&," Dg. Many
laboratories use "diffuse density", Dg4, and this
appendix presents data to allow translation from one type
of density to the other. The data presénted here are in
the form of plots of the ratio Dg/Dy vs Dyg. (Figures Al-
A10). Similar types of plots have been presented by
otheréu)for different types of fiims and there have been
some theoretical and empirical treatments of the problem
of relating specular to diffuse densities for different

1
types of filmsl. The data presented here are directed

specifically to the five types of films used and

processed as described in Appendix B. The processing is
important because of the dependence of these type of
plots upon the light scattering cross section, S, as

f

12
discussed above. The specular density data were taken
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at two different matched numerical apertures (NA) for the
optical system of the densitometer. One of these was the
standard NA of 0.1. These data were used in Figures Al1-AS
which give the Ds/Dd Vs Dd plots for each of the five
films used. 1In addition, in order to accomodate very
fine spectral lines which necessitate increasing the
optical apertures, data were also.taken at the matchedr
NA's of 0.25. Thése NA = 0.25 data are shown in Figures
A6-A10 for the five films used.

The densities were measured using the following set-

ups:

1) Specular density, Dg: A Photémetric Data
Systems Mod2l 1010 microdensitometer system
equipped with Hamamatsu R213 end-on photo-
rmultiplier and overating with matched
objective and "illumination" optical systems
at a NA of 0.1 was used. Readings were
taken at NA = 0.25 aiso. The effective
objective aperture, (i.e., scanned sample
dimensions,) for NA = 0.1 was 0.286 mm X
4.416 ram and 0.400 mm X 4.416 mm for NA =
0.25. A mcan Dg densipy was determined for

this sample area.

2) Diffuse density, Dy (totally diffuse visual
density type V 1-b, in conformance with ANSI

Standard pH 2.19): A Westrex RA-1100-H

S e Lo . PN
huaduadnmBbanincimbeddodninedimdm e e et a3 22 2

1WA, L
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Integrating Sphere Piffuse Densitometer with
a reading aperture of 0.356 mm X 4.420 mm
was used.

The x-ray films measurements were on the same
exposures used to obtain the film calibration curves.
Film density samples from exposure to P-11 simulated
phosphor light séurce were also measured. The curves in
the plots are those fitted to the P-11 data and the x-ray
exposure data are plotted as points for NA = 0.1. The
plots for NA = 0.25 portfay P-11 simulated phosphor data
only. As this and other studies have shown}3 however,

these plots tend to be independent of the energy of the

exposing soft x~rays and similar to those for P-11 light.

APPENDIX B: Film Handling and
Development Procedures

Kodak RAR 2492, 2495, and 2497 Films. These three films

were handled and developed in the same manner with the
exception that RAR 2495 required a Kodak Safelight Filter
No. 2 while the RAR 2492 and 2497 could be handled with
either a No. 1 or 2 filter. The exposed film was

processed as follows in a developing tank at 68 + 1°F:

1. Presoak: 2 minutes in distilled water. (This
presoaking was done for all five films used

in this study because of the varying times

TN T . 4




i i gt etk Sh g Tt A A A RE NS S DA AN ity afle SuiaASL Saih Wl Sl S Sl Tl A IS A S SR AR B ACN AR I R A
e

....... -~

-

during which the films were kept in
vacuum. )

2. Development: 6 minutes in Kodak Developer D-19
with constant agitation.

3. Rinse: 30 seconds in Kodak SB-5 Indicator Stop
Bath with constant agitation.

4. Fixing: 5 minutes in Kodak Rapid Fixer with

constant agitation.

5. Wash: 10 minutes minimum in running water, then

30 seconds in Kodak Photo-Flo 200

Solutjon, ~ SR
-q

6. Drying: At room temperature in still air.

Kodak SB-392 (or SB-5): The Kodak SB-392 or SB-5 film,

the difference between theltwo being merely their format,

was handled under Kodak Safelight Filter No. 1. Special 3

care was taken not to bend the film too sharply since g
2

that resulted in many minute cracks in the film. The

)

processing of this film was as follows at 68 + 1°F in a
develéping tank:
1. Presoak: 2 minutes in distilled water.
2. Development: 5 minutes in Kodak Liquid X-ray
Developer or Kodak GBX Developer with con-
stant agitation.

3. Rinse: 30 seconds in Kodak SB-5 Indicator Stop

Bath with constant agitation.

\. ST APAINY |, _JeiPiP it iass | J S R

4. Fixing: 2 minutes in Kodak Rapid Fixer with K
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constant agitation.

-

S. Wash: 30 minutes in running water, then 30
seconds in Photo-Flo 200 Solution.

6. Drying: At room temperature in still air.

Kodak Special Film Type 101-07: Great care was taken in
the handling of this film since the emuision lacks a
protective overcoat of gelatin and is very easily marred.
It was handled using Kodak Safelight Filter No. 1. It
‘was found necessary to lightly spray the back-side of the
film with a commercially available brand of "static guard"
just prior to loading the film into the camera in order
to prevent dark streaks on *he developed f£ilm due to
static electricity. The processing of this film at 68 +

1° F follows:

1. Presoak: 2 minutes in distilled water.:

2. Development: 4 minutes in Kodak D-19 Developer
diluted 1:1 with distilled water and con-
stantly agitated.

3. Rinse: 30 seconds in Kodak SB-5 Indicator Stop
Bath with constant agitation.

4. Fixing: 2 minutes in Kodak Rapid Fixer with
constant agitation. '

S5. Wash: 7 or more minutes in running water
followed by 30 seconds in Kodak Photo-Flo
200 Solution.

6. Drying: At room temperature in still air.
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APPENDIX C

Presented here in Table 9 are the energy-dependent scaling
factors, B8,, a and g which have been applied to generate
the universal photographic response functions for the five
films studied in this work. (In Table 8 we have listed
the calculated values for the linear absorption coeffi-
cients for gelatin, (u,), and for AgBr (yu,), which were
used in the generation of the scaling factors.) With these
factors, the universal plots that have been presented in
Figs.8 through 13 were obtained. These plots were then
least-squares fitted to our semi—eﬁpirical model equ;tions
to obtain the relatively sensitive pair-parameters a,;, b,
or a,b in order to establish the 'best average” character-
izations (over photon energies in the 100-2000 eV region)
for the investigated monolayer and emulsion type films
(These parameters are listed above in Table 7.) The
"averaged' characterizations have ;lso been presented earlier
in Tables 1 through 5 as exposure, I vs density, D at the
nine characteristic photon energies which have been used
for the D vs I calibrations. Presented here in Tables 10-
14 are the averaged film response characteristics predicted
by the semi-empirical relations for fhe extended photon
energy region of 100-10,000 eV as calculated at regularly
spaced intervals in energy for the five films.

As has been discussed in Sec. 1V, the data presented
here can be directly applied along with additional cali-
bration data upon new batches of these films to obtain

corrected values of the fitting parameters a,, b, , or a,b.

o
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TABLE 8 -
LINEAR ABSORPTION COEFFICIENTS

ue(Gelatin) For p = 1,40 gm/cm?
ui1(AgBr) For p = 6.47 gm/cm®

Z (eV) de (vm™?) v (um™?) 3 (A)
oneseee E LY X T ¥ Py P r T TR Y g A
e 1.01 01 4.63 01 165.19
100 $.65 00 2.11 o1 123.89
123 3.45 00 1.22 01 99.11
150 2.30 00 1.48 01 82.59 , o
175 1.61 00 1.46 01 20.79 : A
200 © 1.17 00 1.47 01 61.95 : ey
225 + 8.83-01 1.37 01 55.06 : ‘ o
250 " 6.82-01 1.29 01 49.56 ]
. 275 5.40-01 1.21 01 45.05 . PP
300 3.34 00 1.09 01 41.30 : -' °
323 2.74 00 9.38 00 38.12 . .
350 2.28 00 9.00 00 35.40 ¢
c 37s 1.92 00 8.26 00 33.04
LA b X X 2 L L L L B X A R L L L L X K L R E X 3 T X X B T L LT T T T T T X L T T 3 c
423 1.87 00 9.10 00 29.15 :
450 1.64 00 1.07 01 27.53 ;
473 1.44 00 1.06 01 26.08 4
> 500 1.27 00 1.02 01 24.78 )
------------------------------- D oo
550 2.00 00 9.42 00 22.53 .'1--.3
600 1.61 00 2.60 00 20.65
650 1.32 00 7.34 00 19.06
700 1.09 00 7.19 00 17.70 F o]
750 9.17-01 6.23 00 16.52 N
800 7.74-01 5.43 03 15.49 D
850 6.59-01 4.7 00 14.58 ®
900 5.68-01 4.23 00 13.77 R
950 4.93-01 3.76 00 13.04 o
1009 4.29-01 3.36 00 12.39
1050 3.76-01 3.01 00 11.80 Sy
1100 3.32-01 2.71 00 11.26 )
1150 2.94-01 2.44 00 10.77 RO
1200 2.62-01 2.22 09 10.32 -y
1250 2.34-01 2.02 00 . 9.91 °
1300 2.10-01 1.84 00 9.53 ~q
1350 1,89-01 1.69 00 $.18 5
1400 1.71-01 1.55 00 8.85 ]
1450 1.55-01 1.43 00 8.54
. 1500 1.41-01 1.33 00 8.26 :
............................................. z <
! 1800 8.44-02 1.87 00 6.88 o
1900 7.24-02 1.69 00 6.52 Y
2000 6.25-02 1.49 00 6.19 7.
2100 5.28-02 1.32 00 5.90 .
2200 4.62-02 1.18 00 5.63 <]
2300 4.06-02 1.05 00 5.39 3
2400 3.59-02 9.46-01 5.16
2500 3.19-02 8.53-01 4.96 1
2600 2.85-02 7.72-01 A.77 s
2700 2.55-02 7.01-01 4.59 °
2800 2.29-02 6.39-01 4.42 =]
2900 2.07-02 5.84-01 " 4,27 -]
3000 1.87-02 5.35-01 4.13 T
3100 1.70-02 4.92-01 4.00 -
3200 1.55-02 4.53-01 3.87 1
. 3300 1.41-02 4.18-01 3.75 , ]
4000 7.94-03 6.36-01 3.10 N
5000 4.01-03 3.60-01 2.48 .
6000 2.28-0) 2.23-01 2.06
7000 1.41-03 1.42-01 1.77 2
8000 9,27-04 1.02-01 1.55 N
9000 6.38-04 7.43-02 1.38
10000 4.55-04 $.56-02 ° 1.24 —
.9
f SR
T
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TABLE 9
I, 2092 , 2497 2495 $8-392 101-07 o
E(eV) [ [} ) 8 [ | ) 8,
A A
75 1.6k 00  4.76-02  1.43 00 4.76-02  6.26-01  3.91-05 2.000
300  1.30-00 1.83-001  1.32 00 1.83-01  $.99-01 3.51-03 1.000
325  1.16 00 3.46-01  1.19 00 3.46-01  $.66-01 3.16-02 1.000 _
150 2,02 00 4.96-01  1.07 00 4.95-01  3.27-01 1.00-01 3,000 r
175 8.99-01 6.10-00  9.72-01 6.10-01  4.89-01 2.00-01 1,000 .
200 7.94-01 6.95-01  -8.88-01 6.95-01  4.51-01 2.10-01 1.000
225 7.06-01 7.55-01  :8.19-01 7.55-01  4.16-01 &.14-01 1.000
250 6.34-01 7.98-01 - 7.62-01 7.98-01  J.84-01 $.05-01 1.000
L. Sa60l @2l Tieol dasol 3o sie-ol 1,000
- ne 3
300 1.16 00 3.53-01  1.18 00 3.53-01  S.62-01 3.54-02 -  1.000
323 2,08 00 4.17-01  1.12 00 4.17-61  3.44-01 6.43-02 1.000 . 0
350  1.01 00 4.70-01  1.06 00 4.70-01  3.26-01 1.02-01 1,000
g 313 si2a silel ot g Sl 3isal 14601 1000 |
323 9.44-01  5.34-01  1.00 00  S.34-01  3.05-01  1.34-01 ~"1.000
450 9.03-01 3.87-01  9.72-01 3.27-01  4.91-01 1.94-01 1.000
475 8.58-01 6.22-01  9.36-01 6.22-01  4.76-01 2.36-01 1.000
s00  8.15-01 6.51-01  9.00-01 6.51-01  4.61-001 2.81-01 1o
D CTemaneeceneeee P N T T T T T Yy cCwecsscsas —eo- can
330 9.69-01  5.16-01  1.02 00 3.16-01  $.13-01  1.33-01 1.000 : »
§00  B8.91-01 5.70-01  5.58-01 5.70-01  &4.83-01 2.00-01 1.000
650  8.20-01 6.15-01  8.97-01 6.10-01  4.65-01 2.68-01 1,000
700  7.57-01 6.37-01  8.43-01 6.37-01  4.43-01  3.35-01 1.000
750 ©.55-01 6.42-01  7.88-01 6.42-01  4.21-01 3.99-01 1.000
200 6.32-01 6.37-01  7.36-01 6.37-01  3.99-01 &.59-01 1,000
850  5.36-01 6.25-01  6.87-01 6.25-01  3.79-01 5.13-01 1,000
900  $.40-01 6.05-G1  6.42-01 6.05-G1  3.60-01 5.58-01 1.000
950  4.97-01 5.84-01  6.00-01 5.84-01  3.43-61 5.97-01 0.999
1000  4.57-01 5.59-01  5.60-01 5.59-01  3.26-61 6.29-01 0.999 o
2050 4.21-61  $5.31-01  $.23-01 5.31-01  3.11-01 6.53-01 0.998
1300  3.88-01 $5.03-01  4.85-01 S5.03-C1  2.96-01 6.70-01 0,996
1150 3.88-01 4.76-01  4.55-01 4.76-01  2.82-01 6.81-01 0.992
1200 3.31-01  4.49-01  4.25-01 4.49-01  2.69-01 6.86-01 0.985
1250 3.06-01 4.23-01 _ 3.98-01 4.23-01  2.56-01  6.86-Gi c.582
1300  2.84-01 3.93-01 ° 3.72-01 3.99-c1  2.44-01 6.82-01 0.975
1350 2.63-01 3.76-01  3.48-01 3.76-01  2.33-01 6.75-01 0.966
2800 2.08-01  3.34-01  3.26-01 3.54-01  2.22-01 6.65-01 0.953
1450 2.27-01 3.34-01  3.06-01 3.34-01  2.12-01 6.32-01 0.943 _ P
500 2iz-or 330l 2701 3s-el  2lezor 630 0.929
carsTOCErRTasenaem ae e - evew YL Yy z
1800 1.98-01  4.18-01  3.04-01  £.18-01  1.90-01  7.77-01 0.976
1900  1.81-01 3.89-01  2.82-01 3.89-01  1.80-01 T.s8-01 0.966
2000  1.63-01 3.%4-01  2.56-01 3.54-06  1.70-01 7.28-01 0.949
2100  1.46-01 3.22-01  2.33-01 3.22-01  1.59-0: 6.96-01 0.929
2200  1.32-01 2.93-01  2.13-01 2.93-01  1.49-01 6.61-01 . 0.908
2300  1.20-01 2.68-01  1.94-01 2.68-01  1.40-01 6.25-01 0.878 :
2000  1.09-01 2.44-01  1.78-01  2.44-01  1.31-01 S5.90-01 0.849 »
2500  9.92-02 2.24-01  1.63-01 2.24-01  1.23-01 35.56-01 0.818
2600  9.06-02 2.05-01  1.80-01 2.05-01  1.15-01 5.23-01 0.786
2700 ©.29-02 1.88-01  1.38-01 1.e8-01  1.08-01 5.91-01 0.754
2800  7.60-02 1.73-01  1.27-01 1.73-01  1.01-01 &.61-01 e
2900  6.93-02 1.60-01  1.17-01 1.60-01  9.49-02 4.33-01 0.689
3000  6.43-02 1.47-01  1.08-01 1.47-01  B.91-02 &.07-01 0.657
3106 5.93-02 1.36-01  1.00-01 1.36-01  8.36-02 3.82-c1 0.626
3200  5.43-02 1.26-01  9.30-02 1.26-01  7.85-02 3.59-01 . 0.596 P
.00 3oz 1l sle-o2 Mlio1  1w-z 301 0567
3000 8.32-02  1.73-01  1.16-01  1.73-01  9.13-02  4.67-01 0.720
$0G0 3.721-02 1.02-01 6.92-02 1.02-01 5.98-02 3.01-01 0.513
6000 2.33-02 6.45-02 4.40-02 $.45-02 4.01-02 1.99-01 0.359
7000 1.56-02 4.32-02 2.95-02 4.32-02 2.77-02 1.37-01 0.25%
2000  1.09-02 3.03-02  2.07-02 3.03-02  1.98-02 9.73-02 0.185
9000  7.89-03 2.20-02  1.51-02 2.20-02  1.46-02 7.15-02 0.138
20000  5.91-03 1.65-02  .1.13-02 1.65-02  1.11-0Z $.41-02 0.105 »
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TABLE 10
PY 101-07 FILM--EXPOSURE, X(photons/im’)
| WT PENSITY.D : PHCTON ENERCY.E(eV)
C(SPECULAR-0.120.1 nA) , > : UAVELENCTH,AA)
Beev) 0.2 04 06 08 10 1.2 14 1.6 1.8  mM L
‘ ‘ : - ‘-’ a
T 0.3 073 1.17  1.68  2.29  3.06  4.02  S3.8%  8.07 163.31 - -
o 130 03¢ 073 117 168 229  das 402 3.4 .07 82.85 ®
213 0.3 023 117 168 2.29  3oa  4.02 3.4 8.07  33.10 S
300 0.3 023 117 168 229 3ok 402 344 807  AL3) S
e 31 03 073 M7 s 229 306 62 3 mor W
a7s 0.3¢  0.73  1.17  1.68  2.29  3.04  4.02 3.4  8.07 26.10
sa0 0.3 073 117 168 229 3ok 402 3l - 8.07 20166
730 030 073 117 168 229 o4 &0z Sl 807  16.33 .
900 0.3 073 1317 168 2,29 304 402  Slek 807 1378 : ]
(0 930 0.3 0,73 1.7 168  2.29 3ok 40z 3¢k 8.07 130 ®
1009 0.3 073 117 168 2.29  Jo& 6.0z  Sla3 808  12.%0 -9,
1030 033 073 117 1lé8 229 3o 403 345 809 1iaL o
1100 0.3 0.73 118  1.69 230 36 40h 346 810 1127 |
1130 033 076 113 1069 230 305 403 348 813 10.78 :
1200 033 074 118 170 231 367 A07 330 815 1033 o
3230 033 0.2¢ 119 L7l 2033 3009 409 S5 a2t 992
1300 035 075 120 .72 2133 31l - 412 3138 827 85 -
1350 038 078 121 17a 237 Nl &6 363 835 9lla i
@ 3430 036 077 123 1.6 233 3013 A2l 363  8lL  e.86 °
1450 637 976 126 178 -2.41 322 A26 5177 853 4.8 @
1300 0.37 0.79 1.2% 1.81 2.46 3.27 4.32 5.85 8.68 8.27 £ o
R I R cemmceca=a- comeccaca —eome ——— conea c—eme -
1800 0.35  0.75  1.20  1.72  2.3%  3.11 &2 3.57  8.26  6.89 o
1500 0.36 0.76 1.21 1.0 2.%7 3.14 4.16 35.63 8.35 6.33 L
2300 0.36 0.727 1.23 .77 2.41 3.20 .23 3.73 8.30 6.20 o
2i00 037 079  1.26 1.8l  2.46 327 432  3iss 868 5.9 -
2200 038 081 1129 1l8 233 335  Akk  &.01 831  Sl6 T
2300 9.39 0.8 133 lis1 2060 3.6 457 619 918 SI3s
o 2400 04l .0.86 1.38 138 269 333 473 el 9350 S22 ®
2500 0.42 0.89 1,43 2.0 2,79 3.71 451 6.63 9.86 4.96 RO
2600 0%k 0,93 1949 273 2791 326 311 692 10126 A1z
2700 .46  0.97 1,55  2.2) 303 403 -3.33  7.22 10070  &.39 .
2800 048  1.00  1.62 233 317 42l 3137 136 118 ala3 X
2500 0.50 1,06  1.70 2.4 332 441 383 730 1171 A2 ~
3009 052 1.1  1.78 2.3 348 462 612  8.23 12.28  4.1) y
. 3100 035 1017  1.87  2.69 365 483  6.42  8.69 12.89 4.0
| 3200 038 3.2 196 282 38 310 &7 913 138 e -
@ , 30 o6 129 2006 25 ko3 336 7.09 e Wy 376 X
4000 0.48  1.02  1.63  2.33  3.18  &.22  $.38 7.3 11.21  3.10 .
3000 067 142  2.28 3128 446  3.92  7.83 1060 15.72  2.¢8
8000 0,96  2.03  3.26  L.68  6.37 8.5 11113 13018 22,33 2.07
7000 1.3 2.87 459 6.59  8.97 119 1303 2133 363 177 -
8090 186 3.9  6.32 907 1234 1639 2168 29.335 4353  1.38 L
9000 2.50 3,30  8.48 12,17 16,57 22.00 29.10 39.40 38.63  1.38
10000 3727 6.5 12 15096 21073 28185 3817 S le8 76,63 1.26
o —.-j
d
i
® -9,
° -9
!
L
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1 TABLE 11
: $8-392 FIIM- -EXPOSURE, I{ohotona/ym?y : ¥
[ MET DENSITY,D PHOTON EYERCY E(eV)
S (SPECULAR-0.10.1 nA) ® VAVELENCTR, A (A)
E(eV) 9.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 ACA)
- A
73 31.00 00 2.360% 4.980% 8.730% 1.4605 2.3605 3.760%5 3.9503 9.3203 1.4606 165.11 -
100 1.06 02 2.67 02 3.1202 8.8307 1.4503 2.3203 3.630) 5.620) 8.690) 1.330c 123.48 |
123 10901 2.2301 5.1201 8.7101 1.4002 2.1902 3.3702 3.1102 7.7102 1.1603 93.18 -
150 3.170 7.2300 1.4401 2.4001 3.7901 3.0 01 B8.7201 1.2902 1.9002 2.79062 82.6¢3
173 1.4500 3.4900 6.3700 1.050f 1.6101 2.2261 3.3501 5.1501 7.4)01 1.0602 20.8% .
. 200 8.54-01 2.0)00 38300 5.8,00 8.8700 1.3001 1.8701 2.6601 3.7301 S5.2001 61.99 R
225 3.82-01 1.3 00 2.41¢0 3.80C0 5.6800 8.1800 1.1501 1.6001L 2.2001 3.010F 55.10 .
250 4.33-01 1.00 00 1.7500 2.7300 4.0000 S.6800 7.8700 1.070F 1.43501 1.9461 49.59 R
213 3.46-01 7.91-01 1.3600 2.2600 3.0 00 4.2500 S.8000 7.8000 1.0401 1.3701 45.08 :
B ecaca -n cmsas cosvnvacceva - 3 -
' 300 9.70 00 2.41 81 &4.5001 7.71 00 1.2602 1.9402 2.9702 4.5302 6.77062 1.0103 41.33 [ |
{ 325 $.1200 1.26 01 2.3601 3.9701 6.3301 9.7901 1.49 02 2.2302 3.31 02 4&.91 02 38.1%
3s0 3.1100 2.6100 1.41 01 2.335€1 3.7201 3.6901 B8.540F 1.2702 1.8602 2.7302  35.42
{ s 2.0900 95.0700 9.3300 1.5001 2.4101 3.6501 S5.4301 7.9701 Ll.1662 1.63 02 31.06
€ eemccccccscvccncanaccacccasman P cescovencascss [4
‘ a23 1.96 06 4.73 00 8.24 00 1.44C1 2.2501 3.4101 S.0501 7.40 01 1,07 02 1.5502 29.17 .
& 450 1.81 00 3.6L00 6.6503 1.0901 1.6901 2.3601 3.7301 3.4201 7.8001 1.1202 27.8% .
P 473 1.19 60 2.8500 .18 00 - 8.43¢€3 1.3001 1.5301 2.8201 4.050L S.7801 3.190! 26.% '
} 500 9.66-01 2.33 G0 4.1300 &6.7060 1.0201 1.3101 21801 33101 &4.390L 6.1701 24.80 o
D .- PR T T - ceavenens [

: 550 2.2800 $.5:00 1.0201 1.6901 2.6501 4.0301 6.0101 6.8601 1.2902 11,8702 22.5 !
5 660 14600 3.51 09 6.4000 1.0506! 1.6201 2.6301 3.3701 S5.1801 7.53501 1.06 02 20.68 R
& 650 1.02 060 2.4% 60 4.6) 09 7.1300 1.0901 1.6101 2.3.01 3.3401 4.7401 6.6701 19.00 "
! 700 7.73-01 1.83¢5 3.2700 S5.2300 7.9100 1.i601 1.650% 2.3301 3.2601 4.5301 17.71 J

750 6.12-01 1.43C0 2.54 00 4.02¢C3 6.0103 8.6500 1.2301 1.71 0% 23601 3.2301 16.53 :
830 $.01-01 1.16 CO 2.04 00 3.20 6C 4.73 90 6.77 00 9.4500 1,30 01 1.77 01 2.40 0% 15.30 -
239 4.22-01  9.73-0C1 1,69 00 2.£63 00 3.8500 $5.4500 7.53¢0 1.020) 1.3801 1.8 0!  14.39 .
900 3.67-01 3.33-01 1.43 00 2.2300 3.24 90 4.5500 6.2200 8.3306 1.1201 1.4801 13.78 z
959 3.2¢4-01  7.37-¢t 1,26 69 1.9360 2.7500 3.8700 5.2500 7.0200 9.2700 1.21GY 13,05 ~
1500 2.92-91 6.55-01 1.12 00 1.70 00 2.4300 3.3600 &.52 00 S5.99 00 2.85 00 1.02 0]  12.40 ’
10 2.65-01 S5.98-0L 1.01 €0 1.5300 2.1700 2.9703 3.98C0 3$.230C 6.80Q0 86.7850 1Il.f1 R
1100 2.46-01  3.50-01 9.235-91 1.32 00 1.96 00 2,87 00 5CO 4.6400 SGOO0 2.7000 11.27 ;
1150 2.31-01 5.12-0i 8.58-01 1.28 20 1.80 00 2.4k 03 3.22 00 4.19 03 S.39 00 6.88 G2  10.79 9
1209 2.18-01 4.83-01 8.04-01 1,20 00 1.67 00 2.2500 2.97 00 3.84 00 &.92 00 6.2500 19.1 3
1259 2.08-01 4.59-01 7.61-01 1.13¢0 1.5700 2.1100 2.76 00 3.356 00 &.5500 $.76 00 9.92 R
1300 2.00-01 4.33-01 7.26-01 1.07 00 1.4900 1.9900 2.6000 3.3%00 4.2503 5.37 00 9.5¢ -?
1350 3.93-01 4.24-0) 6.93-01 1.G3 %9 1.42 00 1.90 00 2.47 Q0 00 &.0200 §.07 00 9.38 -j
1400 1.88-01 4.12-01 €.77-01 9.92-G1 1.37 00 1.8200 2.37 G0 3.63 00 3.64 00 4.84 00 8.86

1456 1.8¢-01 §.02-01 6.59-01 9.€5-01 1.3300 1.76 9 00 3.76 60 4.66 00 8.53 R
1500 1.82-01  3.95-01 6.46-01 9.43-01 1.30 09 1.72 00 300 2.3000 3.59 00 4&.52 00 8.27 x

emcsccecavesecnsiomacsonrevesce £
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g 1800 1.42-01 3.03-01 $.03-01 7.33-01 1.0100 1.33¢0 1.7200 2.21900 2.77 00 .49 0C 6.89 g
1900 1.40-01 3.03-01 4.94-01 7.15-01 9.84-01 1.30 00 1.68 00 2.34 00 2.70 00 3.40 O 6.3 "
a3 \ 2000 1.40-01 3.02-01 4.91-01 7.14-61 9.76-01 1.2500 1.6600 2.1200 2.68 G0 3.38 00 6.20 2
. 2100 1.80-01 3.02-31 4.90-01 7.11-01 9.72-G1 1.2300 1.63500 2.1100 2.67 00 3.37 00 3.90 "
P 2209 1.42-01 3.05-C: 4.96-01 7.19-01 9.82-01 1.2900 1.6200 2.1300 2.69 00 3.1 0J 3.66 .i
- 2300 1.46-01 3.11-01 $5.04-01 7.31-01 9.98-01 1.3200 1.7000 2.16 00 2.74 00 3.48 00 5.3 :
- 2400 1.48-01 3.13-01 5.16-01 7.47-01 1.0200 1.3400 1.7600 2.21 00 2.81 60 3.57 00 3.17 )
S 2500 1.52-01 3.27-01 $.30-01 7.67-01 1.6500 1.3800 11,7800 2.2800 2.89 00 3.69 00 3.96 .
‘ 2600 1.37-01  3.37-01 3.46-91 7.91-01 1.€8 00 1.4200 1.8400 2.35 90 3.60 00 3.82 00 8,77 1
' 2700 1.62-01  3.49-01 5.65-61 8.1e-01 1.1200 1.47 00 1.91°00 2.54 00 <3.11 00 3.98 00 $.39 y
~ 2860 1.68-01 3.62-01 $.86-01 8.48-01 1.16 03 1.5300 1.9800 2.5400 3.24 00 4.16 00 4.4) -
2900 1.735-01 3.76-01 4.09-01 8.82-01 1.20 90 1.359 00 2.0600 2.6500 3.39 00 4.36 00 4.28 -]
3000 1.82-01 3.92-01 6.34-01 9.18-01 1.26 00 1.66 00 213 00 00 3.55 00 4.38 Q0 613 -
3100 1.90-01 4.08-01 6.62-01 9.58-01 1.31 00 1.7300 2.2500 2.89 00 .72 00 4.81 00 ..00
L 3200 1.98-01 4.26-C1 6.91-01 1.0009 1.37 00 1.8100 2.3500 3.0300 3.91 00 3$.06 GO 3.87
- 3300 2.07-03  4.46-01 7.22-00 1.0500 1.4300 1.9000 2.4700 3.1300 &.1000 S.3 00 3.76 .
F cnceccmmcconssvecsecacremneronsatnansananeensoncna weetvecescemcrccsssEracarctracaesseremataanaeane ceconcacecnsonceenn -
4000 1.60-G1  3.44-01 $.57-01 8.¢7-01 1.10 00 1.4600 1.8900 24300 3.11 00 &.01 00 3.10
3000 2.20-01  4.74-01 7.69-01 1.1200 1.5300 2.0300 2.6500 3.4300 4.4500 .5.8) 00 2.8
6000 3.10-01 6.68-01 1.09 00 1.58300 2.17 00 2.289 00 3.79 00 4.9 00 6.46 00 8.58 00 2.07
7000 4.32-01  9.32-01 1.52 00 2.21 00 3.04 66 4.06 00 5.34 00 2.00 0% 9.22 00 1.2¢ 01 1.77
8000 5.96-01 1.27 00 2.02700 3.0300 4.17C0 3.5900 2.370 9.68 00 1.28 01 1.73 01 1.5%
9000 7.88-01 1.70 00 2.77 00 4.050C0 S5.5900 7.4900 9.9000 1.3001 1.2301 2.3, Ol 1.38
] 30000 10300 2.2300 3.6300 S5.3000 7.3300 9.6300 3.300 1.71 0t 2.23 01 3.0 01 1.24
: v
' |
.
-~
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TABLE 12

24927 FILM--EXPOSLRE, [(zhatons /ym?)
PHOTON ENERCY,E(eV)

(SPECULAR-0.1+0.1 aA) ® VAVELENGTH, A A)
2(eV) 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 A
o, U A _
3 4.63 01 1,40 02 .26 02 72.00 02 1.4303 2.950) 3.9703 1.2004 2,41 04 4.84 0L 163.31 ’
100 1.06 €1 3.06 01 6.7701 12.3302 2.6902 3.1702 9.8) 02 1.8503 3.4 0) 6.5703 323.99
123 4.77 00 1.31 00 2.7701 3.3201 9.79 01 1.7602 31302 35.5102 9.6902 1.70 0} 99.18 o
150 2.8 00 ?2.4800 1.31 01 2,76 01 &4.800F 8.1501 1.3602 2,26 02 3,76402 6.135 02 2.63 -
173 1.92700 S5.0000 9.6900 1.69 01 2,81 01 4.3301 72,2001 3.1302 11,2702 2.7 02 20.83 :
200 1.48 00 3.66 00 .85 00 1.1501 1.8401 2.8501 4.,3.01 §.5201 9.7101 1.64 02 61.99 ‘.
223 1.19 00 2.86 00 5.2100 88,5200 1.3201 1.9301 12,9001 4.2001 6.0,L01 8.6301 35.19
) 250 991-01 2.3400 4.1700 6.6700 1.0101 1.4701 2.,1001 2.9601 4.1301 S.7% 01 49.59 -
. 275 - 8.36-01 1.99 00 3.3900 3.4800 8.11 00 1.16G! 11,6301 2.2401 3.0701 &.18 01 45.08
esssmentmrrreccana sttt sneneaneane comsmana eemecececatcsnscconnscrrencmtmrsacearanctcorasescesesennccnacaccannsee
300 4.61 00 1.26 01 2.6601 3.0801 9.29 0L 1.6602 2.9402 3.1502 9.0102 1.37 Q) 41.3)
325 3.61 00 9.6900 1.9901 3.7201 6.6201 1.1592 1.9702 3.3602 35.69 02 9.61 02 38.13%
330 ‘2,96 60 7,70 00 1.37 01 2.85061 4.9501 8.37 01 1.4002 2.3102 37902 6.2202 35.42
c 375 2,350 00 6.36 00 1.27 01 2.27 01 13.864 01 6.3501 1.0302 31.6602 2.6502 4.2202 33.05
ecmerceSecctmsemacaremceacsstacan At tmresrs e ee. am— et e on - comee ccccsceccas €
423 2.9%9 00 66,1500 1,21 01 2.15€1 3.6301 3.9 01 9.6561 1.5302 2.4702 3.91 02 29.17
430 2.05¢0 5.23 00 1,010 11,7801 2.9501 4&.7701 7.5901 1.1902 1.8702 2.91 @2 27.5%
(o A7% 1.86200 ‘.58 00 8.7500 1.5161 2.4601 2.9101 6.1101 9.4301 1.4502 2.21 Q2 26.10
» 5G9 1,63 00 4.,060C 7.6500 11,3001 2,0901 3.26¢01 S.000Y 72.5801 1.1%02 1.71 02 24.80 °
353 2.5560 6.62%0 1,31 ¢1 23301 4.0101 6.6601 11,0902 1,76 02 2.8402 4.57 02 22.54
€Co 2.08 90 5.23 00 11,0201 1.7801 2.9501 4.74C61 7.5001 1.1802 1.8)02 2.8% 02 20.66 4
630 1.76 00 4.37 00 8,26 90 1.43 01 2.26 01 3.56 01 $5.45 01 B8.26¢ 1.25 02 1.87 02 19.¢7
700 1.3300 3.7360 6.92Q00 1.1501 1.81 0t 2.26°S1 4.1301 .11 CF: 8.970f 1.31 02 17.71 -
159 "1.3700  3.2300 35.9300 9.74 00 1.5001 2.2501 3,2701 &4.722¢01 6.7501 9.6201 16.353 L
809 1,25 00 2.9500 5,28 00 8,44 00 1.28 01 1.B6§G1 2.67 0% 3.7701 3.270F 7.3%01 15.30
o 85¢ 1.15 00 2,63 00 4.764 00 7.4€ 02 1.11 01 1.59 0! 2,2601 31001 4.2601 S.81 01 14,59 :
295 1.02 00 2.5000 4,3500 6.75¢) 9.63 00 1.450! 1.5401 2.6501 3.5801 &.81 1 13.78 o
90 1.¢3 60 2,35 00 4.04 00 6.200) 8.97¢0 1.2501 1.71 601 2.3101 30901 &.11 01 13,05 1
1079 9.93-91 2,23 00 .20 0% 5.77 60 8.27 09 1.14 01 ).5501 2.06 0% 2.73 01 3.60 01 12,40 )
1830 $.59-01 2,1500 33,6200 S5.,45G0 7.7400 1.€C601 11,4201 11,8801 24706 3.260!1 11.81 {
1100 9.36-01 2,04 00 3.4800 S3.2100 2.3500 1.0001 1.2301 27501 2.29 01 2.98 0l 11.27 .
1150 §,20-01 2,63 00 3.,3900 35.0600 7,9500 9,600 11,2201 1.6501 2.150! 2.80 01 10,78 -y
1200 9.10-01 2.00 00 3.3200 4.3100 6.8;00 5.2500 11,2201 11,5901 2.0601 2.67 01 10.33 -
12%0 9.06-01 1.99 00 3.29C0 4.8400 6.7200 9.0300 11,1901 1.5501 2.0001 2.59 01 9.92 B
o 1319 9.66-01 1.93 00 3.2608 4,79 00 6.65CO £.,9 00 1.17¢€1 1.5201 1.960% 2.3% 0} 9.3% -
1330 9.11-01 1.98 00 3.26 00 4.78 G0 6.61 00 8.8, 00 1:.1601 1.5001 1.9401 2.310: 9.18 ®
1400 9.19-01 2.00.00 3.27 00 4.79 00 6.6200 9.8300 1.1601 3.5003 1.930@! 2.5001 8.86 T
1450 9.31-01 2.9200 3.3000 4.8300 6.6600 8.8300 1.1601 1.5001 1.9501 2.5201 6.53 .
1300 9.46-01 2.,6500 3.3500 4,8900 6.7300 &.97C0 1.270F 31.5201 1.9601 2.54 01 8.27 z
1800 6.87-01 1.4900 2.4300 3.5400 4.8700 6.2800 8.4700 1.1001 1.4201 1.8%01 6.89
y 1500 7.93-01 1.5200 2.4800 3.61 00 &4.9600 6.61C0 89,6300 11,1201 1.4401 1.63 0% 6.33 |
2000 7.35-91 1,59 00 2.59 00 3.7600 35.1700 6.8300 48,9900 11601 1.51¢C1 1.97 Q1 $.20
. 2100 7.69-01 1.66 00 2.70 00 33,9300 5.4060 7.1300 9.3800 1.2201 1.3801 2.07 01 5.9 .y
L 4 2200 $.12-01 1.7500 2.8500 $.1400 S5.6900 2.327060 9.9 00 11,2801 1.67 01 2.19 01 3.64 9o
2300 8.60-01 1.8500 3.0100 4.3900 6.0200 8.0200 .05 01 1.36 01 1.7701 2.33 01 5.3 7‘1
2400 9.13-01 1.97 00 3.2000 &4.6500 6.39 00 8.5100 1.1101 1.45 01 1.89 03 2.49 0) 3.17 '\
2500 9.70-01 2.0900 3.4000 4,950 6.8000 9.0500 11,1201 1,3401 2.0101 2.66 01 &.96 oo
2600 1.03 00 2.2300 3.6200 35,2700 7.24690 9.6400 31,2601 3. 6301 22,1501 2.8% 0% «.77 R
2700 1.10 00 2.37 00 13,8600 5.,6100 7.7100 1.0301 1.,350% 1.7601 2.3201 3050 4.59
2800 1.17 00 2.3300 4,11 00 35.9800 8.2200 1.100: 1.4401 31,8801 2,46 0% 3.26 01 4.4)
2900 1.2 ¢0 2.69 900 4,800 6.3800 8.7700 1.1701 1.54 01 2.00 61 2.6) 01 3.49 01 4.28
3000 1.33060 2.8700 4.6700 6.,8000 9.3500 1.2501 6401 2.14601 2.81c¢1 3.74 01 4.13
& 3190 1.42 60 3.06 00 4.9800 7.23500 9.9200 1.3)01 1723501 2.28 01 3.00 01 4.00 0L 4.00
3200 1.51 00 3.26 00 3.3000 7.7200 1.06 01 1.4201 1.8601 2.4401 32001 4.2801 3.7 -
y 3300 1.61 00 J3.4700 S5.64600 8.2200 1.1301 1.5101 1.9901 2,60 01 3.42 01 A.57 O1 3.76 r
4000 1.1 00 2,44 00 3.9600 5.7700 7.9300 1.0801 1.3% 01 1.8201 2.3801 13.18 01 J.10
3000 1.76 €0 3.8) 00 6.24 00 9.0900 1.2%03 1.6801 2.2101) 2.89 01 ).81 01 5.12 ¢} 2.68
6000 2.71 00 5.8, 00 9.5100 1.3901 1.9101 2.35601 3.3801 4.4 01 3,87 01 2.91 01 2.07
2000 3.96 00 8.56 00 1.3901 2,001 2.86001 3.73501 4.,9350% 6.51 01 g.6)01 1.17 02 1.
8000 $5.57 00 1.20 01 1.96 01 2.860 3.9501 5.2901 6.9901 99,2001 1.2202 1.6% 02 1.3%5
® $000 7.358 09 1.864601 2.6701 3.9001 3.)301 72101 935301 1.2602 ).6702 2.26 02 1.38
10000 1.00 01 2.17 010 3.340) 3.1601 2.13061 9.3601 12.2602 1.6602 2.2102 3.00 02 1.4
e

BN
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TABLE 13 ) '
2492 FULM--EXPOSURE, I(phocons/ym?®) .
WET DENSITY,D PHOTON ENERCY, T (aV) ‘
(SPECULAR-0.1%0.1 nA) > WAVELENCTN, a(A)
2i{eV) 6.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 A{A) -
A A ’
3 4,11 01 1.3202 2.35062 4,46 02 8.11 02 1.460) 2.5303 4.4103 ?2.6503 1.320¢0 1635.31 e
100 9.4200 2.490! 35.0301 9.1901 1.60 02 2.7202 4.5602 7.5302 1.23503 2.0603 123.93 .
123 4.2900 11,1001 2.130F 373016 6.220F 1.01 02 1.61 2.5302 3.9702 6.20 02 99.13 N
150 2.5700 6.3600 1.2001 22,0201 3.2301 S5.0201 7.6601 1.1362 1.7302 2.5702 §82.63 .
178 1.80 00 4.32 00 7.88 00 2901 1,99 01 29301 4.3701 6.330F 9.0801 1.3002 70.83% .
200 1.36 00 3.2100 S.7000 9.06 C0 11,3601 1.92801 2.8101 3930F 35.43501 7.51 01 61.99
223 1.1000 2,500 4.4100 6.87 00 1.01 €1 1.4301 3.9801 2.70¢1 3.66401L 4&.87 01 $5.10
230 9.70-01 2.0900 3.5800 3.,5800 17,9000 1.1001 1.4901 1.920% 2.6301 3,44 C1 49.59 -
- 27 .2.97-01 1.7900 3.0300 4.5700 6.49 00 3.9000 131.1991 1.%60) 2.030F 2.6201 45.08
' T A L L X R Y T R R Y P R PR T Py, .
300 4.1500 1,06 01 2,050 3.5701 3.9301 S$.5801 1.5202 2.3902 3.7302 3.8002 41.33
323 3.2700 -8.18¢0 11,5501 2,67 01 4.3501 6.87 01 1.0702 1.6402 2.35002 3.80 02 3s.13
350 2.6800 6.6300 1.2501 2,0901 3.3¢01 S5.18q1 2.8801 1.31302 1.77 02 2.6202 35.42
373 2.2800 S$.3300 10201 11,7001 2.6601 4.0501 6.04601 2.9001 11,3002 1.89 02 33.06
c P e X X T L LT PP - escoscanonee c
A28 2.12700 S5.2900 9.74 09 1.61 01 2,520% 38301 3.6901 3.360% 1.2202 1.77 02 29.17
450 1.88 00 &4.52 €0 8.2400 1.35C1 2.0901 3130} 4.3901 6.6601 9.5701 1.37 02 27.58
475 1.6730 3.9800 12,1800 1.1601 1.770) 2.6301 3.8001  S.4401 7.7061 1.08 02 26.10
309 1.50 00 3.3 00 6.3300 1.0101 11,5301 12,2301 3.2001 4.50C% 6.2901 8.7201 26.80
D evcncanacnnanaa L S T T L X T T r Y puey - —eeea D
350 2.3200 S5.67C0 11,0501 1.7501 2.76 01 4.2201 6.3206! 9.360Y 1.3802 2.0 02 22.54
600 1.90 00 4,357 00 4.320% 1.350% 2.0901 3.1301 4.5831 6.6101 9.46C%1 1.35 02 20.66
630 1.6100 3.8200 6.2303 1.09 0T i.6501 2.420! 3.4701 4.8901 6.8 01 9.5101 19.07
706 1.41C0 3.2800 S5.76¢€3 §.1200 1.3501 1.9501 2.7601 33,7961 S5.1901 7.06 ¢t 17.71
750 1.27 00 2.92¢2 S.67 G0 ?7.8700 1.1501 1.6301 2.2501 3.05061 &4.1101 S5.48 01 16.33
800 1.16 60 2.66 0 4.5 00 €.9300 .0001 3.350! 1.8901 2.5301 3.3.0F 4.3801 15.50
850 1.0800 2.42C0 4.1100 6£.2100 8.85CJ 1.21 01 1,530 2.1591 2,8001 3.6201 14.59
900 1.0 00 2.26C) 3.20¢0 3.49 00 8,01 00 1.08501 1.440€l 1.88 01 2.42061 3.09 01 13.78
950 9.56-01 2.1460 3,500 S5.2800 7.37C0 S.91 00 1.3001 1,686 2.1691 2.7101 13.¢8
1000 9.27-61 2,050 3.3600 4.9500 &.85600 9.1500 1.12 01 1.3301 1,930l 2.8201 . 32.40
1050 8.99-3! 1.9600 3.2263 4.71 060 .49 00 8,529 060 1.1101 1.410r 11,7801 2.210! 11.81
1100 £.79-01 1.91 00 3.11 93 4.53¢€0 6.2000 8.1706 1.0501 1.33061 1.66 01 2.06 Gl n.a
1150 8.65-01 1.87 00 3.06400 4,430 66,0000 ?7.8700 1.0101 1.2702 1.5801 1.95 01 10.78
1200 8.57-01 3.8560 2.9903 4.3100 935.8500 7.65C0 9.7600 1.2201 3.5201 1.87 01 10.3)
1230 8.54-01 1.83C0 2.560Q9 4.2600 S5.7600 ?7.5109 9.55600 1,200 1.4801 1.82 0l 9.92
1390 8$.55-01 1.83C0 2.9500 4.2300 £.71 00 7.4300 $.4300 1.1801 1.450F 1.79 61 9.54
1350 6.59-01 1.86¢€0 2.9500 2,23 69 5.69 00 7.39C9 9.3730 1.170%F 1l.4a01 1.77 061 9.18
3400 8.67-01 1.8500 2.9700 4,2500 $5.71 00 7.40¢C 9.3700 1.17cC1 1.4640% 1.76 0% 8.85
1450 $.79-01 1.87 03 3.0000 4,2800 35.7600 7.43¢C0 9.4200 1.1761 I.4501 1.77¢0! 8.55
' 1500 8.94-01 1.9000 3.0600 4.,3400 5.8300 7,500 9.3300 1.180F 1.460F 1.7901 8.27
- - P Y T YIRS T P P R L RIS R R L L LY P LY Y ) t
1800 6.49-01 1.3600 2.2100 3.1500 4.2200 S.4500 6.8900 B8.35600 1.0531 1.29 01 6.89
11900 6.646-01 1.41 00 2.2500 3.21 00 4.3000 S$.3600 27.0209 6.,2200 1.0701 1.3201 6.5)
2000 6.95-01 1.4700 2.3500 3.3500 4.4900 5.8000 J7.3100 9.0900 1.120t 1.37 01 $.20
2160 7.272-01 1,54 00 2.46 90 3.50 00 4.69 00 6.0500 7.6390 9.4800 1.1701 1.8)01 S.90
2200 7.68-01 1.6 00 2.6000 3.6900 4,94 00 6.3800 §.0500 11,0031 1.2301 1.5101 5.66 -
2300 8.15-03 1.7200 2,7500 3.1 00 5.2300 6.7500 @8.32C0 1.080 1.3101 1.6001 3.3 g
2400 8.63-01 1.8300 2,91 00 4.3500 5.%5%5 072 7.1600 9.0600 1,120 1.3901 11.72001 $.1?
2500 9.18-01 1.9400 3.1000 4,41 00 3.9 00 2.6200 9.61060 1.2001 1.42C1 1.8101 4.9%
2600 9.77-00 2.,0700 3.3909 4.6900 6.28 00 8,11 600 1.0201 1:.27 01 1.37 01 1.9% 01 8.77
2700 1.05 00 2.2000 13,5100 S$.C000 6.69C0 8.64CO 1.0901 1.36C1 1.68¢CL 2.07 01 4.39
2800 11100 2.3500 3.7400 S5,33060 7.1300 9.2109 1.1601 1.4301 1.7901 2.2101 4.4)
2900 1.1807 2.3000 J.9500 S.63800 7.6000 9.8200 3.26¢1 1.5501 11,9101 2.36601 4.28
3000 1.26 60 2.62700 4,2500 6,0500 B8.11€0 1.0501 1.3201 1.6501 2.0601 2.5201 4.13
3100 1.3 00 2,64 00 4.35300 6.456G0 8.646 00 1.3201 1.41 01 1.766) 2.1801 2.69 Ol 4.00 -
3200 1.4 00 3.0300 4.8300 66,8700 9.2000 1.1901 1.5001 1.8801 2,320! 2.8701 3.8
y 300 1,52 00 3.2200 S$.1400 7.3 00 9.80 00 1.27 01 1.6001 2.0001 24701 3.0%01 3.76
eecvrancmnrcssccssaccons" sescescccvcrcssvavecesconcanonncane cocmcreccmceccccacsmcanrraccrnnrcsatcncncnanna ccccccnsccccen P
4000 1.0700 2.2600 3.61 02 35,1300 6.88 07 8.8900 11,1201 1.400] 1.7301 2.1% 01 3.10 .
3000 1.6800 3.5600 3.6800 8.0900 1.0801 1.4001 1.7801 2.,2201 2.7501 3.40 01 2.48 .
6000 2.96 00 S.4200 8.6500 1.2301 1.6501 2.1401 2,701 01 3.3901 &4.2101 5.2101 2.07 .
7000 3.7600 7.9300 §.2701 1.80¢CI 2.4201 3.2301 39201 4.9701 6,170 7.6%301 3.7 .
$000 $.26 00 1.1201F 1.7801 2.5 01 3,41 01 &.,420F 3.6001 27,0001 8.7001 1.08 02 1.9% -
9000 2.1700 1.5201 2.6301 3,480 &4.6501 6.0201 7.5301 9.3501 1.1902 1.6 02 1.38
10000 $.90 00 2.01 00 3.,220F 4.,5807 é.1350F 7.9701FL 1.0F102 12,2202 1.5702 11,9302 1.24 =
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2493 FILM--EXPOSURE, E(phozons/pm’)
WET DENSITY.D PHOTON ENERCY,E(eV)
(SPECULAR-0.120.1 pA) o CAVELENCTH A (A)
% Z(eV) 0.2 0.4 8.6 0.8 1.0 1.2 1.8 1.8 1.8 2.0 AlA) -
A eeeceeceonaaans - 2 -®
73 1.6501 4.51 01 9.4601 1.8002 3,28 02 3.8602 -1.0303 1.79 03 3.11 03 S.4003 165.21 SN
300 3.83 00 1.0201 20601 3.7801 6.6201 1.1302 1.9002 3.1802 5.28 02 8.76 02 12).98 T
128 1.7800 4.356 00 8.9 00 1.5801 2.6501 4.3401 6.930% 1.1102 1.76 02 2.78 62 99.18 e
150 1.0900 2.26 00 3.2000 8.9100 1.3501 2.,2801 3.5401 S.&30% @8.260) 1.23% 02 82.63 L
173 2.89-01 1.9300 3.5300 S5.9600 9.L000 13,4501 2.1801 3.200F 4.72001 6.87 O 70.933 .
200 6.21-01 1,49 00 2.71 00 4.41 00 6.80 G0 1,01 01 1.480% 2.140! 3.0501 4.3 01 61.93 ' .
225 3.20-01 1,23 00 2.2000 3.32C0 35,3160 7.77¢0 1.110! 1.570% 12,1901 3.0401 55.10 RN
250 - 4.53-0F 1.06 00 1.87 00 2.9400 4.3800 6.3000 8.87200 1.2301 1.6901 2.3001 49.59 & A
s 275 4.07-01 9.42-01 1.6500 2.5 00 3.77 00 3.3500 7.4300 1.0201 1.37 01 1.8501 45.08 .1
ace evcmnsssanarccane cen - cccsvceserren crmavcarvecmcrercenuerane- evene cances §
30 1.7200 &4.4000 88,5800 1.3101 2.530F 4.1301 6.6201 1.0502 1.68 02 2.61 02 61.33 .
323 1.36 00 3.4500 6.6 00 11,1501 1.8901 3.0201 &£.750% 7.3901 1.1402 1.76 02 38.13 4
330 1.13 00 2.8)00 5.3600 9.1500 1.48 01 2.33 01 3.5901 S.4301 8.3001 11,2502 35.42 !
375 9.75-01 2.4000 &, A9 00 7.56 GG 1.2001 1,86 01 12,8201 4.2)01 6.22901 9.31¢l 33.06 i
- wcuactemcatsncencanrsenrrany scoavcnn e P come €
425 ‘9.35-01 2.30 00 A.3000 27,2200 1.150% 1.77 0! 2.6901 4A4.020F 5.5801 8.8)01 29.12 J
€ 450 .8.19-01 2.00 09 3.72200 6.1900 9.7500 1,49 01 2.2601 3.3201 4.88231 7.13901 27.38 - -
425 2.38-01 31.79 0C 3,29 00 3,43 0C 8.4800 1.28016 1.9001 2.7 01 4.04 01 S5.8, 0! 26.10 [}
360 €.74-01 1.62 60 2.950C 4.8300 7.8600 1.1201 1.6401 2.3701 3.40201 &.85 01 24.80 B,
D ecocccesanacnnacan evemcnne T L e R TR el DL DL T LR PR T D L L T T remave - cowa caver= 0 R
350 §.92-01 2.450G0 4.61 00 7,7800 1,2501 1.95C1 2.8501 4.4501 &5.66 01 9.92 01 22.54
€30 8.29-01 2.02 60 3.7309 6.2060G0 9.74 0 1.4801 2.2 0 3.27 01 4.78 01 6.%5 Q) 20.56 :
8350 7.17-01 1.72 00 3,14 09 S5.13¢C0 7.920¢ 1.18 ¢! 1,74 €1 2.51 01 3.60 0} S5.13 ¢ 19.07 i
708 6.38-01 1.%52 00 2.72 00 4.33C0 6.6300 65.83C0 1,420 2.0101 2.8)01 3.97 o1 17.71 .M
750 $.85-01 1.37 90 2.44 02 3.8700 S5.80 00 .41 40 1.1901 1.6701 2.3001 31501 16.53 R
249 5.45-01 1.27 00 2.22 00 J.43 ¢ 5.14 00 7.3 20 1.0201 1.41 01 1.92 01 2.59 Ot 15.50 4
850 3.14-01 1.13 90 2.0500 3.,!7Q2 4.83C0 6.5209 8.97¢0 1.2201 1.63 01 2.17 01 14.59 ®
939 4.91-02 1.12 c¢ 1.92 ¢ 2,94 05 4.25 00 5.9000 8.0302 1.7 01 1.42 01 1.87 01 13.18 e
930 4,73+01  1.07 02 1.81 0 2.,7500 3.93 €0 5.42 00 7.29 00 9.5% 060 1.26 01 1.63 91 13.05 -
1660 4.59-01 1.0300 1.73 00 2.60C0 3.6800 S.,0203 6.5900 B8.7500 1.1301 3.45 01 12.40 D
1050 4,48+01 9.95-01 1.66 00 2,48 00 .49 00 4,71 G0 66,2200 8,070 1,06 0% 11,3201 11.01 T
1100 £.¢0-01 9.71-01 1.61 €0 12,3900 3.3306) 44,4700 S$.3502 7.5300 9.5890 1.21 01 11.27 R
1150 £.34-01 9.52.61 1.57 00 2.32600 3,2000 &£,27 00 5,56 00 2,11 00 8.9%99 1.130) 0.78 RO
1202 4,30-01  9.39-01 1.54 60 2,2¢ €0 3.11C0 14,1200 35,3360 6.78 G0 6.5200 1.06 01 10.33 o
1250 §.28-01 9.30-01 1,52 00 2,200 3.05¢C0 4,001 00 35.1600 6.,530C0 8.1700 1.0101 9.92 .
1300 4.27-01 9.264-01 1,51 60 2,13090 2.5200 33,9200 S5.0300 6.3400 7.9000 9.77 00 9.54 PN
1350 4.28-01 9.23-01 1.5000 2,127 00 2.9509 3.8509 4,9300 6.2000 7.7000 9.50 CO 9.18 - .1
1400 4.30-01 9.24%-01 1.50 00 2.1600 2.9260 23,8200 4.8700 6.1100 ?2.5700 9.3200 8.86 T
1439 4.33-01 9.29-01 1.50 00 2,16 00 2.9200 3.8200 4.3400 6.0500 7.49 00 9.20 00 8.55 -
1300 4.37-01 9.37-01 1.51 09 2.1700 12,9300 3.8000 4.8300 6.0300 7.43500 9.1500 8.27 s
N AT O e e P T PP L P e R P e R L e TR LD cne -a - eene B T
1800 3.44-01  7.39-01 1.19 00 1.7200 2.3230 3.0200 3.840) 4.31 00 35.9500 7.3100 6.89 s
t 1900 3.49-01 7.62-01 1.2000 11,7230 2,33 00 3.0300 J.8400 4.7900 S5.9200 7.26 0O 6.5) Lo
2000 3.59-01 7.67-01 1.2300 1.76 00 2.3700 3.0800 3.5 00 4.8600 53.9900 12.3409 6.20 .
0 2109 3.70-01 7.88-01 1.26 00 1.80 00 2.4300 13,1400 3.9700 4.9500 6.09 00 7.45 00 3.90 ¢ —
| 2200 3.84-01 8.18-01 1.31 00 1.8700 2.5100 3.2600 4.0900 35.0900 6.2727 G0 7.67 0O 3.64 . .‘
| 2300 4.01-01 8.52-01 1.36 G0 1,54 C0 2.60 G0 3.3600 4.2600 S5.2800 6.49 00 7.95 Q0 5.39 .'
| 2699 4.13-01 6.99-01 1.42 00 2.0203 2.71 00 3.5000 4.4200 3$.5900 6.76 00 8.28 00 5.17 -
| 2500 4.40-01 9.33-01 31.4900 2,126G0 2.86 00 J3.6600 4.6200 S.76 00 7.07 00 8.650) 4.96 Coe )
2600 4£.62-01 9.80-01 1.36 00 2.22 00 2.9800 13,8500 4&.83500 6.3200 2.4200 9.09 00 4.77 O]
2700 4.87-01 1.03 09 1.6500 2.3600 13.1)00 &, 0600 35.1000 6.3300 17.80060 9.3 09 £.99 .
2800 5.43-01 1.09 00 1.73 00 2.46 00 3.30 00 4.26 00 5.37 00 6.67 00 8.2200 1.01 0% 4.4) Tl
2593 $.41-01 1.1500 1.8 00 2.,6000 3.¢«300 &, 6900 35.6600 7.0L00 B8.6700 1.06 01 4£.29 -]
(¢ 3009 $.71-01 1.21 00 1.9300 2,74 00 J.672930 4.7600 35.9860 72,4300 9.1600 1.1301 4.1) -
3100 §.04-01 1.28 60 2.04 00 2.,9000 13,8300 5.0100 6.3200 72.86 00 9.6900 1.19 01 6.00 o
3200 $.38-01 1.3500 2.1500 ).0600 A.1000 S5.2900 6.6 00 8.0 00 1.0201 1.26 01 3.8 -
y 3300 6.76-01 2.4300 2,27 00 3.2300 4.3300 5.5900 7?7.0600 8.7800 11,0801 1.3)01 3.76 ¥
eccmomscassccmccncnncnccecormooememenmear et snaane “eeccreacmcaen ccanwmes DRGNS emncsevcanasresormasasvmmsea r
4000 4.97-01 1.0500 31.6800 2.,3900 3.1900 4.1200 3.2000 6.46 00 7.96 00 9.78 OO J.10
3000 7.37-01 1.56 00 2.4900 3,56 00 4.74 00 6.1200 9.7300 9.63¢0 1.1901 1.47 01 2,48
6000 1.0900 2.3000 367200 55,2200 77,0000 9.0500 1.1401 1,43 01 1.77 01  2.18 01 2.07
7000 1.6 00 2.30 00 S5.2700 7.3000 1.0101 1.300F% 1.6501 2.060} 2,5501 J.135 01 1.77 K
(o 8000 2.1700 4.%59¢2 7.3300 11,0401 1.40 01 1.81 01 2,29 01 2.87 o1 3.56 01 4.41 01 1.55% 1
$900 2.9300 6.2 00 9.9 00 1.4101 1.6901 2.,4301 3.1101 3.8801 4.8201 5.9801 1.38 Y
10000 3.6 00 8.1800 1.3101 11,8601 2.35001 3.2301 4.1001 5.1301 6.2701 2.9 0} 1.2% 3
» R
- @
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