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Abstract

This document, SP250-99, NIST Measurement Services: Diffuse Visual Transmission Density,
describes the instrument used to measure diffuse visual transmission density of both x-ray and
photographic film step tablets. These step tablets replace former Standard Reference Material
(SRM) offerings SRM1001 and SRM1008. The instrument is fully automated and is designed
and characterized to comply with the international standards for measuring transmission density
using the diffuse influx mode.
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1. Introduction

Transmission density is an important physical property for exposed films in the fields of
medicine, non-destructive testing, photography, and graphic arts. Standards for transmission
density are provided by the National Institute of Standards and Technology (NIST) in the form
of film step tablets, 254 mm long by 35 mm wide, with steps extending the width of each film
and equally spaced along its length. Double emulsion x-ray film and single emulsion
photographic film are used. The steps have increasing transmission densities from approximately
0.1 to 4 from one end of the film to the other. The X-ray film has 17 steps, while the
photographic film has 23. The film step tablets described herein fulfill the requirements found in
Section 5 of ASTM E1079 [1], and in Section T-262 of ASME V [2].

The transmission densities of film step tablets are determined with an instrument using the
diffuse influx mode. Diffuse illumination is achieved with a flash opal, while directional
detection is accomplished with a lens system. The transmitted radiant flux is detected by a
temperature-controlled silicon (Si) photodiode with amplifier electronics capable of measuring
signals spanning seven orders of magnitude. The instrument is designed to automatically
measure films using computerized data acquisition and control.

This document is intended to provide customers and potential customers with a detailed
overview of the capabilities and procedures used in performing the measurements of density
standards. The NIST Calibration Services Program offers Service ID Numbers (also known as
SKU) 38100C and 38120C for X-Ray Film Step Tablet Transmission, and Photographic Film
Step Tablet Transmission, respectively and 38110C and 38130C for the recalibration of X-Ray
Film Step Tablet Transmission, and Photographic Film Step Tablet Transmission, respectively.
They are found in the Surface Color and Appearance section of the Optical Radiation
Measurements category of the NIST Storefront [3]. The measurement service quality system is
based on the International Organization for Standardization (ISO)17025 standard [4].

The organization of this Special Publication is in sections as follows. Section 1 presents the
motivation for establishing the instrument. Section 2 describes the relevant theory and
measurement equations. Section 3 describes the instrument. Section 4 discusses the instrument
characterization and measurement validation. Section 5 describes the operation of the instrument.
Section 6 discusses the sources of uncertainty and their associated values. Conclusions are drawn
in Sec. 7. Finally, a sample calibration report is presented in the Appendix.

2. Theory and Measurement Equations

The purpose of the measurement equations derived in this section is to describe the measurement
process in terms of all the quantities that contribute to the uncertainty of the transmission density
values. These quantities are the signals measured by the Si photodiode detector, the spectral
properties of the influx and detected radiant flux, and the spatial properties of the radiant

flux. Therefore, three measurement equations are derived and are used both for calculating
transmission densities from experimental results and for determining the uncertainty in these
transmission densities.
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2.1. Overview

Two radiant fluxes are important for determining transmission density. Following the
nomenclature given in [5, 6], these fluxes are the aperture flux @;j, which is the flux emerging
from the sampling aperture, and the transmitted flux @-, which is the flux that passes through the
specimen. In terms of these fluxes, the transmittance factor, 7, is given by

P

T=73 (1)
and the transmission density, Dr, is given by

DT = —log10 T. (2)

To this point, neither the geometrical nor spectral properties of the fluxes have been specified.
For diffuse transmission density, either the incident flux (influx) must be diffuse or detection
must include both the regular and diffuse components of the transmitted flux (efflux) [7].
Therefore, two equivalent experimental modes are possible for measuring diffuse transmission
density: the diffuse influx mode, in which the illumination is diffuse and the detection is
directional, and the diffuse efflux mode, in which the illumination is directional and the detection
is diffuse.

Likewise, the spectral properties of the fluxes are defined for diffuse transmission density [8].
The relative spectral flux distribution of the incident flux is denoted by Su and is based on the
spectral flux distribution of the CIE Standard Illuminant A modified in the infrared region to
protect the sample and optical elements from excessive heat. For visual transmission density, the
combined spectral response of the detector and the spectral characteristics of the optical elements
collecting the transmitted flux is denoted by V1. The spectral product is obtained by multiplying,
at each wavelength, the spectral power of the influx spectrum by the spectral response of the
receiver. The spectral product is specified to be the same as the product of CIE Standard
[lluminant A, Sa, with the spectral luminous efficiency function for photopic vision, V.
Therefore, at each wavelength,

Sy Vo= S8y V. (3)

In terms of the definitions and concepts presented in the previous paragraphs, the NIST
instrument measures diffuse visual transmission density using the diffuse influx mode.

The important components of the instrument are shown in Fig. 1, as well as a spherical
coordinate system. The film step tablet is in contact with the opal, which provides an influx with
angles of incidence from 0° to 90° and a relative spectral flux distribution Su. The efflux is
collected within an acceptance cone having a half-angle « less than 10° and with a spectral
response V1. Therefore, using the functional notation specified in [5, 6, 7], the measured
transmission density is described by

D1(90° opal; Su <10°; V7). 4)
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Fig. 1. Important Components of the Diffuse Transmittance Densiometer

2.2. Measurement Equation Derivation

The properties of the various components used in deriving the measurement equations are given
in Table 1. The influx has radiance Lj(4), where A is the wavelength. The opal has reflectance
po(4) and diffusion coefficient d (defined below).

Table 1. Properties and Symbols of Components in the Transmission Density Instrument

Property Symbol

Influx Radiance Li(4)
Opal reflectance po(4)
Opal diffusion coefficient d

Step transmittance 7s(4)
Step reflectance ps(2)
Efflux radiance L+(2)
Acceptance cone half angle K

Filter transmittance (1)
Photodiode responsivity R(A)
Amplifier gain G
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The differential radiant flux d® from the opal or the step to the collecting lens is
given by

d®(1,a,w) = L(4,a, w)-da-dw, (5)

where a is a point on the opal or step and w is a direction with angles 0 and ¢. Assume that the
radiance L(7, a, @) is constant within the acceptance cone. Then, by integrating Eq. (5) over the
spatial variables the spectral flux @(4) is given by

o) = [[do(A,a,w) da-dw
=LA)-A-0, (6)

which is the spectral flux incident on the photopic filter. The photopic filter modifies this flux so
that the spectral flux incident on the photodiode is given by

®(A) =L(A) -te(A) - A~ 0. (7)
For the opal, the spectral radiance is

L) = L, (8)
while for the step the spectral radiance is

L) = LD

_ ) . T5(A)
B L] (X) 1= po(A) - ps(A)’ (9)

showing that the radiance from the opal is modified by the transmittance of the step and by inter-
reflections between the opal and the step. Combining Eq. (7) with Egs. (8) and (9) yields the
spectral aperture and transmitted fluxes, respectively. Thus, the spectral aperture flux is

and the spectral differential transmitted flux is
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Ts(Lw)

m"[f(l)'fl'ﬂ. (11)

o) = Lj(A, w) -

The spectral output current /(4) from the photodiode, for either the spectral aperture flux or the
spectral transmitted flux, is given by

I(A) = ®(4) - R(A). (12)
The total current / is obtained by integrating Eq. (12) over wavelength, yielding

1= [dI(})
= [®(1)-R()-dA. (13)

From Eq. (13) and Egs. (10) and (11), the current from the aperture flux /j is given by
[=A-0- fL]-(A) - 7¢(1) - R(A)dA (14)
and the current from the transmitted flux /: by

75(4)

L=A4-0-[L(D- Po(D)-ps()

(1) - R(A) - d(D) . (15)

Note that the currents in Egs. (14) and (15) are proportional to the radiant flux and contain both
the spectral and geometrical information specified by Eq. (2.4). In terms of the nomenclature,

Sy < Lj(4, ) (16)
and

Ve = 17¢(1)-R(A) . (17)
Finally, the measured signal S, a voltage, is given by

for the aperture flux and by
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Se= 1. G, (19)
for the transmitted flux.

Re-expressing Eq. (2) in terms of the aperture and transmitted fluxes, the transmission density is
d).
Dr = logso (32). (20)

The first two measurement equations derived below depend upon the currents being proportional
to the fluxes, so that Eq. (20) is equivalent to

Dy = loguo (7). 1)

For transmission density as a function of the measured signals, the first measurement equation is
obtained by substituting Eqs. (18) and (19) into Eq. (21) to yield

Si Gy
Dy = logso (3 Z). (22)

The second measurement equation expresses the transmission density as a function of the
spectral variables. Using Eqgs. (14) and (15) and considering only the wavelength dependence of
the variables, Eq. (21) becomes

[ L) - ¢ RGD)- d(A) > | 23)

[ L5 7 - R (D)

Dr = log1o<

The transmission density as a function of the spatial variables is given by the third measurement
equation. The derivation which follows is adapted from [8]. Considering only the spatial
variables, the radiant flux incident on the photodiode is a fraction of the total efflux. Integrating
Eq. (5) over the spatial variables and ignoring the wavelength yields a flux of

&= [[L(a,w) da-dw. (24)
Assuming that the radiance L(a,®) is constant over the area of the opal and over all azimuthal
angles ¢, Eq. (24) becomes

& =2m-A-[L(6) - cosHsind -da . (25)

For the measured aperture and transmitted fluxes @;j and @, respectively, the limits of
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integration in Eq. (25) are 0 to x, while for the total aperture and transmitted fluxes @rjand @D,
respectively, the limits are O to /2. The ratios of these fluxes are given by

@ _ Jo L;j(6)-cos@sing-do (26)
P f:/z Lj(0)-cosBsinb-do

and
D fOKLT(B)-cosesinB-dG @7)

= 32 .
P, o /2 L(8)-cosfsinf-do

Substituting Eqgs. (26) and (27) into the definition of transmission density given by Eq. (20)
yields

féCLj (6)-cosBsinb-do

D
T
Jo /2 L;(6)-cosBsin6-d6

Dy = logq (28)

Jo Lt(6)-cosBsin6-do

¢’T,1: T
Jo /2 Lt(0)-cos@sing-do

Assuming that the opal is Lambertian for 0 < 8 < k, Ljeis constant for these angles. Furthermore,
assume that the scattering properties of the step make it Lambertian for 0 < 6§ < z/2. Therefore,
Eq. (28) reduces to

s
>, /2 cos0sing-de

Dy = logso (29)

7, L (0) , )
o1, /Zﬁ-cosesm@-de

where Lj(0) is the radiance from the opal at 0 = 0. Defining the diffusion coefficient d to be

f:/zzgi-cosé’sine-de
d= " (30)
Jy "2 cosfsing-de
Eq. (29) becomes
dr; 1
Dr = logs, (d)—:’ -5). 31)

The three measurement equations are given by Egs. (22), (23), and (31). The first is the method
for calculating Dr from the measured signals and the gains, while the second relates Dr to the
spectral properties of the influx, opal, step, photopic filter, and photodiode. The third
measurement equation expresses the dependence of Dt on the spatial properties of the aperture
flux, accounting for the non-Lambertian quality of the opal.
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3. Description of the Instrument

The instrument was designed and built to automatically measure the diffuse visual transmission
density of film step tablets using the diffuse influx mode. The major optical and electronic
components are those shown in Fig. 1. A computer controls the entire measurement sequence.
This section provides a detailed description of the instrument, which is conveniently divided into
three systems: the source, the film transport, and the detector. A list of the major components of
the instrument is given in Table 2.!

Table 2. Table of Major Components Used in the Instrument

Component Description Component Description
Lamp 100 W quartz-tungsten- Horizontal and Vertical Screw-driven
halogen Stages
Lamp Reflector Ellipsoidal, F/2 Horizontal Stage Inline, NEMA 34
Gearbox
Lamp Power Supply 20.0 V,10.0 A Horizontal and Vertical Stepper
Stage Motors
Optical Filter Infrared cut-off Solenoid Valve
Water Chiller Thermal control to +/- Digital Input-Output USB driven
0.05°C (DIO)
Flow Meter 0.4 L/min to 5.3 L/min Collecting Lens Bi-convex, 75.6 mm
focal length
Shutter 35 mm aperture Collimating and Bi-convex, 38.1 mm
Focusing Lens focal length
Shutter Controller Single channel shutter Photopic Filter Replicates the Luminous
driver Efficiency Function
Motion Control Power Industrial DIN Rail Photodiode Si detector
Photodiode Amplifier Digital Voltmeter 6 Y5 digit multimeter

3.1. Source System

The source system provides a diffuse illumination to the film step tablet with the correct spectral
flux distribution. The system consists of a lamp and housing, an infrared filter assembly, a
shutter, and an opal assembly. A cross section of the source system is shown in Fig. 3.1. Starting
from the bottom of the figure, a 100 W Quartz-Tungsten-Halogen (QTH) lamp is contained in a
lamp housing. The lamp is burned in at 8.0 A for 24 h and then at 7.8 A for an additional 48 h
prior to being used for measurements. An elliptical reflector focuses the light from this lamp at
approximately the position of the opal. The lamp housing is cooled with distilled water at a
temperature of 25 °C pumped through a chiller, and a constant dc current is run through the lamp
from a power supply. If the flow of water is interrupted, a flow meter closes a switch and
disables the power supply. This prevents the infrared filter assembly, described next, from
overheating.

! Certain commercial entities, equipment, or materials may be identified in this document in
order to describe an experimental procedure or concept adequately. Such identification is not
intended to imply recommendation or endorsement by the National Institute of Standards and
Technology, nor is it intended to imply that the entities, materials, or equipment are necessarily
the best available for the purpose.
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Fig. 2. Cross-Sectional View of the Source System

The infrared filter assembly consists of aluminum plates for mounting to the lamp housing and
the shutter, and an infrared filter. Infrared filtering is accomplished with a combination of water
and an optical filter. Distilled water is circulated, using the same chiller as for the lamp housing,
through the stainless-steel water filter in the direction indicated in Fig. 3.2. This water absorbs
most of the light at infrared wavelengths, as well as cooling the plates which seal, with rubber
gaskets, the top and bottom of the water filter. The bottom plate is simply a piece of BK-7 glass
with a diameter of 100 mm and a thickness of 4 mm. The top plate is an optical filter, Hoya LP-
15 (HA15 equivalent), with the same diameter and thickness as the glass plate. The optical filter
was chosen so that its transmittance would modify the spectral flux distribution from the lamp to
one approximating Su. When the shutter is closed, it blocks all light from reaching the opal so
that a background signal can be measured. A controller operates the shutter and is interfaced to
the computer.

The opal assembly consists of a plate for mounting to the shutter and two large pieces: one for
holding the opal and mounting to the film plate and the other to provide a vacuum for bringing
the film step tablet in contact with the opal (described below). Several smaller pieces are also
used including a sleeve and a spacer. All pieces are aluminum and black-anodized. A flash opal
with a diameter of 3 mm and a thickness of 1.5 mm is the source of diffuse illumination. The
opal is fit partially into the sleeve and held in place with black tape. The depth of the opal in the
sleeve and the height of the spacer are adjusted so that the top of the opal is aligned with the
vacuum plate when the opal assembly is complete. Black enamel paint is used so that all the light
incident on the film step tablet originates from the top of the opal, which defines the sampling
aperture for the influx. This paint is applied to the sides of the opal and between the opal and the
sleeve. The sleeve and spacer are inserted in the opal plate and a mounting plate attached to the
opal plate holds the sleeve in place.
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3.2. Film Transport System

The film transport system picks up a film from a tray, positions the film to measure the
transmission density of each step on the film, and drops the film in another tray. A top view of
this system is shown in Fig. 3. The film trays consist of flat aluminum plates with vertical posts
to hold the films in the proper position. The film tray on the left side in Fig. 3 holds the films to
be measured, while the one on the right side holds those that have been measured. The film
holder, made of black-anodized aluminum, is attached to a vertical spring-loaded stage on a
vertical translation stage, which in turn is attached to a horizontal translation stage. Both
translation stages have encoders on the motor shafts. The horizontal motion stage motor is
geared down by a 3:1 gearbox. The film holder and translation stages move the films to the
appropriate location; the sequence is described in Section 5. The film plate is black-anodized
aluminum.

Sample Sample Film Vacuum Detector Sample
Tray Holder Plate Plate Housing Trav
\ | L
\ ‘L s ey “#,_/ ]

R

e
i o
= -
L ha

Vertical Hoi zontal Trand st Ctacom
Translation Stage Honzontal lransiaion Stage

Fig. 3. Top View of Film Transport System

A vacuum both holds the film on the film holder and brings the film into direct contact with the
opal. Refer to Fig. 4. The vacuum is applied through solenoid valves controlled by the computer.
The film holder has a groove along its outer edge. When the film holder is in contact with a film
and a vacuum is applied to this groove, the film is attached to the film holder and can be moved
vertically and horizontally with the translation stages. There are small holes in the vacuum plate
of the opal assembly, shown in cross-section in Fig. 4. When a film is on the vacuum plate and a
vacuum is applied between the opal and vacuum plates, the film is pulled down onto the opal.

3.3. Detector System

The detector system collects the efflux within an acceptance cone and focuses this radiant flux
onto the Si photodiode for detection. A cross section of this system is shown

in Fig. 5. All the lenses have diameters of 5 cm and are made of BK-7 glass. The lenses perform
the functions indicated by their designations: collecting the light within the acceptance cone,
collimating it through the photopic filter, and focusing it onto the detector. A baffle with a
diameter of 10 mm reduces scattered light in the detector system. The spectral transmittance of
the photopic filter is such that, in combination with the spectral response of the Si photodiode,
the spectral response of the detector system closely approximates the photopic spectral luminous
efficiency function. The photopic filter is slightly tilted so that the light reflected from it does not

10
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Fig. 4. Cross-Section of the Film Holder and Opal Assembly

travel back down to the opal. The lenses, baffle, and filter are housed in a black-anodized
aluminum cylinder. The 4 mm by 4 mm Si photodiode is contained in a package that provides
both thermoelectric temperature control at 25 °C and current-to-voltage conversion with a gain
that can be selected either manually or automatically. Light reflected from the Si photodiode
radiant flux onto the Si photodiode for detection. A cross section of this system is shown

in Fig. 5. All the lenses have diameters of 5 cm and are made of BK-7 glass. The lenses perform
the functions indicated by their designations: collecting the light within the acceptance cone,
collimating it through the photopic filter, and focusing it onto the detector. A baffle with a
diameter of 10 mm reduces scattered light in the detector system. The spectral transmittance of
the photopic filter is such that, in combination with the spectral response of the Si photodiode,
the spectral response of the detector system closely approximates the photopic spectral luminous
efficiency function. The photopic filter is slightly tilted so that the light reflected from it does not
travel back down to the opal. The lenses, baffle, and filter are housed in a black-anodized
aluminum cylinder. The 4 mm by 4 mm Si photodiode is contained in a package that provides
both thermoelectric temperature control at 25 °C and current-to-voltage conversion with a gain
that can be selected either manually or automatically. Light reflected from the Si photodiode
back onto the opal has no statistically significant effect on the values of visual transmission
density.

11



NIST SP 250-99
August 2022

<+—— Amplifier

- Si photodiode

¢ B » «— Focusing Lens

<—— Photopic Filter

¢ B > <«—— Collimating Lens

«+—— Collecting Lens

<+«——— Opal
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The aperture stop of the optical system is the collecting lens, which defines an acceptance cone
with a half-angle k = 9.5° between it and the opal. If the opal is included in the optical system, it
is the field stop. However, the step of a film diffuses the transmitted light, making the area from
which light exits the film ill-defined. Therefore, if the opal is not included in the optical system,
the photodiode is the field stop. The field of view is about 10 mm x 10 mm at the position of the
opal, which is large enough to capture the entire area from which light exits the film.

3.4. System Assembly

The systems of the instrument described above - source, transport, and detector - are located on
an optical table. The horizontal translation stage and film trays are attached directly to the table,
as is a vertical post of 80/20 aluminum to which the lamp housing, film plate, and optic housing
attach. The mounting plate of the source attaches to the film plate, as shown in Fig. 2, and the
photodiode package attaches to the optic housing, as shown in Fig. 5. The solenoid valves that
control the vacuum are also attached to the vertical post.

12
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A schematic diagram showing all the components of the instrument and connections is shown in
Fig. 6. A computer performs all the data acquisition and control. The GPIB interface
communicates with the lamp power supply and the digital voltmeter. The shutter, detector
system gain, and AC relays are controlled by TTL signals generated from a USB Digital
Input/Output device (DI/O). The computer communicates with the motors through a USB-to-
RS485 converter.

Signal
#SV=2I5VIX
Amplifier Digital GPiB
Power Voltmeter
Supply
Temperature
Controller
amn
m <]
L e
= [ ]
AC
AT — Relays
To Vacuum
PC
Computer
To Arr :
= = *
Motion
Controller
Vertical
, 1| Translation
TIVE Stage
Y . | g
] Honzontal
~1 Translation
1 L Stage
Ut .
In e Open/close
Flow ——
Meter shulter
Controller
I_ T8AIX Lamp GPIB
Water Power
Chiller Supply
Cu-off

Switch

Fig. 6. Schematic Diagram of the Components in the Diffuse Transmission System

Most of the automatic experimental control is achieved with digital signals from the DI/O. One
digital channel drives the shutter controller, which in turn opens or closes the shutter. The two
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solenoid valves on the vacuum lines and the one on the exhaust line are also opened and closed
using AC relays controlled by digital signals from the DI/O The gain on the photodiode amplifier
is set using three of the digital signals for the gain setting and one signal to trigger the gain
setting action. The remainder of the automatic experimental control is achieved by the linear
translation stages, which are operated over the RS-485 bus. A diagram of the electrical
connections is shown in Fig. 7.

To Shutter Controller To Amplifier Gain Control

2 ‘l'JND ‘Ll.h ‘53 ‘GE ‘Gl

DI/O

|
To Computer
| |

/ AC Relays

|
AC
- - T - 1 I + - GND
NC NO yYY vy vv

To Solenoids

Fig. 7. DI/O Connections to the Various Components

Separate power supplies provide the dc voltages needed by the photodiode amplifier and the
motion stage motor, while a temperature controller maintains the photodiode at a constant
temperature. A digital voltmeter measures the signal from the photodiode amplifier.

4. Instrument Characterization and Validation

The instrument was thoroughly characterized not only to ensure proper operation but to also
verify compliance with the applicable standards for measuring transmission density [6,7,8].
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These standards specify both the geometrical and spectral conditions for this measurement. The
characterization is detailed for the source and detector systems and for the step tablet films.

The relative spectral flux distribution of the source, denoted by Sw, is specified in [8]. This
distribution depends upon the opal, infrared optical filter, and current through the lamp. With the
type of opal, lamp, and filter fixed, as well as the thickness of the filter, the only adjustable
parameter is the current. Therefore, the optimal current to achieve a close approximation of Su
was determined experimentally.

The relative spectral flux distribution of the source at different lamp currents was measured by a
spectroradiometer in the Low-Level Radiance facility [10]. The source system was placed on its
side so that the opal was imaged onto the entrance slit of the monochromator. The spectral
radiant flux emerging from the exit slit of the monochromator was measured with a Si
photodiode. The spectral radiance responsivity of the spectroradiometer - imaging optics,
monochromator, and photodiode — was determined by measuring the signal Ss(4) when the output
port of an integrating sphere with known radiance Ls(4) was imaged onto the monochromator
entrance slit. The signal from the opal So(4) was then measured for different lamp currents. The
radiance of the opal, Lo(4), was calculated using

oD 1 (32)

Lo =&

and normalized to have a value of 100 at 560 nm to compare with SH.

The best agreement between Su and the measured relative spectral flux distribution was obtained
with a lamp current of 7.8 A. These two distributions are shown as a function of wavelength in
Fig. 8, with the distribution of the instrument denoted by Si. This distribution was relatively
insensitive to changes in lamp current of 0.1 A. For greater changes in current, the measured
distribution at wavelengths less than 600 nm was either obviously greater or less than Su for
increased or decreased currents, respectively. Since the lamp power supply maintains a constant
current to within 1 mA, the distribution Si is not expected to change during measurements of step
tablet films.

The spectral reflectance po(7) is specified to be 0.55 £ 0.05 [8]. The 6° - hemispherical
reflectance of flash opals of the same type used in the instrument was measured in the Spectral
Tri-function Automated Reference Reflectometer (STARR) facility [11]. A flash opal with a
diameter of 6 mm was mounted in the vacuum plate of the source system, which was then placed
at the sample port of the integrating sphere of the reflectometer. A converging lens reduced the
monochromatic incident beam diameter to approximately 4 mm. Since this diameter was larger
than the 3 mm diameter of the opal used in the instrument, a 6 mm diameter opal was measured
instead. The angle of incidence of the beam on the opal was 6°, and both the specular and diffuse
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Fig. 8. Relative Flux Distributions

components of reflection were included in the integrating sphere. The radiant flux at the detector
port of the integrating sphere was measured with a Si photodiode. At each wavelength of the
incident beam, the signal from reflection from the opal So(4) and the signal from reflection from
the integrating sphere wall Sw(4) were measured. Since the spectral reflectance of the wall pw(4)
is known, the spectral reflectance of the opal po(4) is calculated from

So(A
po(d) = T((;)-pw(z). (33)

The reflectance of a flash opal as a function of wavelength is shown in Fig. 9. The reflectance of
all three 6 mm diameter opals cut from the same large piece were the same, and this reflectance
is expected to apply to the 3 mm diameter opal used in the instrument. The reflectance decreases
monotonically with wavelength and is within the values specified by the standard for
wavelengths longer than 490 nm. The effect of this discrepancy between the actual opal
reflectance and the standard reflectance is discussed in Section 6.
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Fig. 9. 6° - Hemispherical Reflectance of the Opal as a Function of Wavelength

The diffusion coefficient d of the opal is specified to be greater than or equal to 0.9 [8]. The
radiant flux from the opal was measured as a function of polar angle 8 using the bi-directional
reflectance goniometer of STARR. The entire source system was placed on its side so that the
opal was centered in the sample holder of the goniometer and the face of the opal was on the axis
of rotation of the detector arm. The lamp was operated at a current of 7.8 A, and water was
circulated through the lamp housing and water filter. A green filter was placed in front of the Si
photodiode on the detector arm to simulate the spectral conditions of the transmission density
instrument detector system.

The signal S(6) was measured at polar angles of the detector from -80° to +80° in 5° steps. The
signals were normalized by the signal at 0°, S(0), to yield s(6). These normalized signals are
proportional to the factor % - cos6 in Eq. (30). The normalized signal divided by cosf as a

]
function of polar angle is shown in Fig. 10. For an ideal, Lambertian diffuser, this ratio is one at
all angles. The decrease of this ratio as the angle increases indicates that the opal is not an ideal

diffuser.
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Fig. 10. Normalized Signal from the Efflux of the Opal

There are two methods for calculating the diffusion coefficient. The first is given in [7],

_ Xs(0)

" Ycosd’ (34)
where the summation is over all the angles at which signals were measured. The second
method is adapted from Eq. (2.30), which was originally derived in [9], and is given by

__ Xs(08)sinb

d = Y. cosB-sinf ’ (35)

The diffusion coefficient calculated using Eq. (34) is d = 0.95, while using Eq. (35) d =0.91.
Both of these values are greater than 0.90.

The spectral response of the detector system, V7, is specified in [7] and is given by Eq. (3),
namely

SA'V)\:SH'VT. (36)
Here, Sa is the relative spectral flux distribution of Illuminant A, V3 is the photopic spectral
luminous efficiency function, and Su is the relative spectral flux distribution specified in [6]. The

spectral response of the detector system is the product of the spectral responsivity of the
photodiode and the transmittance of the filter, as indicated in Eq. (17). The transmittance of the
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lenses is not included since it is constant with wavelength in the visible spectral region for BK-7
glass.

The spectral responsivity of the Si photodiode was measured in the Spectral Comparator Facility
[12]. Monochromatic, collimated light was incident on a calibrated detector with spectral
responsivity Re(4) yielding a signal Sc(4). This light was then incident on the photodiode,
yielding a signal S(A). Assuming the same incident spectral radiant flux, the spectral responsivity
of the photodiode R(4) is given by

R() = 73 R(A). (37)

The transmittance of the filter was measured using the Reference Transmittance
Spectrophotometer [13]. The signals of a Si photodiode from a collimated, monochromatic beam
with and without the photopic filter present in the beam are St¢(4) and S(4), respectively. The
transmittance /) of the photopic filter is then

A
(L) = % (38)

The spectral response of the detector system, normalized by its value at 550 nm and denoted by
J11s shown as a function of wavelength in Fig. 11, along with the specified spectral response V.
There is an obvious discrepancy between the two spectral responses for wavelengths longer than
570 nm. However, V1 closely approximates V5, which is expected since the filter was designed so
that the spectral response obtained in combination with the Si photodiode is V5. Because the
photopic spectral luminous efficiency function is widely used and no filter could be readily
found to modify V1 to Vr, no attempt was made to obtain V1. The effect of the discrepancy
between V1 and F1is discussed in Section 6.
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Fig. 11. Spectral Response of the Detector System
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To use Eq. (22) to calculate transmission density from the signals and gains, the linearity of the
photodiode and the ratio of gains G/Gjmust be determined accurately. The linearity of the
photodiode-amplifier combination was measured in the Beam conjoiner facility [14]. This
facility uses the beam addition method with sets of filters on each beam path to automatically
vary the radiant flux on the detector by three decades. The source system of the transmission
density instrument provided the input flux. The linearity was determined at each gain setting of
the amplifier, the maximum radiant flux incident on the detector being controlled by the lamp
current and neutral density filters in front of the photodiode. The relative responsivity, defined as
the ratio of the measured signal to the incident radiant flux as a function of current from the
photodiode is shown in Fig. 12 at several gain settings. A relative responsivity of one
corresponds to ideal linearity. The relative responsivity of the photodiode — amplifier
combination is very close to one for gain settings 5 to 8. Deviations from one occur at gain
setting 9, mostly due to the small currents at this gain setting.
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g 8 8 8

Relative Responsivity

¢ Gain Setting
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:{ - 548
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*
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Fig. 12. Relative Responsivity vs. Gain Settings

The gain setting of the amplifier is the nominal power of ten by which the current from the
photodiode is multiplied to convert it to an output voltage. For example, at a gain setting of 7 the
gain is 107 V/A. From Eq. (22), the ratios of gains are required, not the actual gains. These were
determined using a constant current source in place of the photodiode as the input to the
amplifier and a voltmeter to measure the output signal. At each gain setting, the current was set
to obtain a 10 V signal and then reduced in ten steps to obtain 1 V and then by another ten steps
to obtain 0.1 V. The output signal was measured at each current. Since this procedure yielded
currents that were common for successive gain settings, the average of the ratio of the signals at
the same currents was the gain ratio. For example, currents from 0. 1 pA to 1 pA yielded
voltages from 1 V to 10 V at a gain setting of 7, while the same currents resulted in voltages
from 0.1 V to 1 V at a gain setting of 6. The measured gain ratios for successive gain settings are
given in Table 3, where the gain settings are denoted by subscripts on the gain G. Note that the
gain ratios are not exactly 10.
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Table 3. Values of Successive Gain Ratios

Relative Standard

Gain Ratio Value Uncertainty
Gs/Ga 10.00032 4.13x10°
Ge/Gs 10.00493 6.31x 107
G7/Ge 10.00311 4.62x 107
Gs/G7 10.00098 529x 107
Go/Gs 9.97574 1.09 x 10
G10/Go 10.01515 2.36x 10

The spectral transmittance and reflectance of the film step tablets are parameters in Eq. (23).
These properties were therefore measured for both the x-ray and photographic step tablets at the
step with the lowest transmission density. This is the step that is not exposed during processing
and so is representative of the properties of the base film. The regular transmittance and
directional - hemispherical reflectance were measured using a commercial Varian-Cary SE
spectrophotometer. The transmittance and reflectance as a function of wavelength are shown in
Fig. 13 for both the x-ray film step tablets and the photographic film step tablets. There is
spectral structure in these properties for the x-ray film, giving it a blue tint, while the neutral
photographic film has no such spectral structure.
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Fig. 13. Reflectance and Transmittance of the Indicated Films

Several other geometrical conditions are specified by [7] in addition to the diffusion coefficient
of the opal. The half-angle of the acceptance cone must be less than 10°. From the description of
the lens system in the previous section, the half-angle of the instrument is 9.5°. The film must be
in contact with the opal when the efflux is measured, which is achieved by pulling the film onto
the opal with a vacuum.

The transmission density is to be measured at the center of each step. Centering the steps on the
opal is accomplished by optical means in the transverse direction of the steps and by mechanical
means in the longitudinal direction. Note that the transverse direction of a step corresponds to the
longitudinal direction of the film step tablet. The step widths are equal for each type of film and
the position along the longitudinal direction of the film is continuously adjustable with the
horizontal translation stage.
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Therefore, all that is required to center the opal in the transverse direction of each step is to
determine the location of a reference position on each film. This is done by measuring the signal
from the opal as the film is moved in the longitudinal direction in increments of 0.08 mm from
the first to the second step. The signal decreases at the boundary between the steps; the location
at which the signal has decreased by 5 % from its value in the first step is the reference position.
Knowing this position sets the locations of the centers of each step along their transverse
direction. The center along the longitudinal direction is set mechanically. The positions of the
horizontal translation stage and the film holder are adjusted so that the film holder is centered on
the opal over its entire length. This fixes the positions of the stage and holder. The posts on the
film tray are then adjusted to give the minimum possible clearance between them and the film
holder. This centers the filmsin the tray and thereby the longitudinal direction of the steps.

The instrument was designed to measure diffuse visual transmission density according to spectral
and geometrical conditions specified by the applicable standards. The conditions are satisfied by
the instrument, with the exception of the opal reflectance and the spectral response. The effects
of these discrepancies between the standards and the instrument are detailed in Section 6.

5. Calibration Procedure

The instrument automatically measures the transmission density of each step of an individual or
batch of step tablet films. The setup for the measurements is simple. The film(s) are loaded into
the film holder in the order in which they are to be measured, with the serial numbers face-down
so that the correct side of the film will be in contact with the opal. The serial numbers of the
films are entered in a separate text file, which is used by the program during the measurements to
keep track of the films. The digital voltmeter is set to auto-zero and to use ten power line cycles
for each reading. The lamp is operated at 7.8 A. After a 30 minute warm-up period, the room
lights are turned off, and the measurements are begun.

For each film, the film holder is moved horizontally over the film tray and then vertically until
the holder is in contact with a film. The vertical spring-loaded stage allows the film holder to
remain stationary and in contact with the film while the vertical translation stage continues to
move downward, preventing unnecessary torques on the holder. The vacuum is applied,
attaching the film to the holder. The signal from the aperture flux is measured at a gain setting of
5 by closing the shutter, recording five readings from the voltmeter, opening the shutter, and
recording five more readings. The signals measured with the shutter closed are referred to as
dark signals. The holder is then translated vertically and horizontally until the first step of the
film is 1.6 mm above the opal. The signal is measured to verify that a film is attached to the film
holder; if not, the process is repeated until a film is attached. The boundary between the first and
second steps is found, as described in the previous section. This sets the location of the
horizontal translation stage so that the centers of the steps are measured.

To measure the signal from the transmitted flux of a step, the film is moved horizontally to
center the step on the opal, the film is lowered until it is on top of the opal, and a vacuum is
applied with the vacuum plate while the vacuum on the film holder is released. This pulls the
film into close contact with the opal, and five readings from the voltmeter are recorded. A
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vacuum is applied to the film holder while it is released from the vacuum plate, which attaches
the film to the holder. The holder is then raised and the process is repeated for the next step. If
the signal from a step is less than 1.3 V, the gain setting for the next step is increased by one and
a dark signal is measured prior to measuring the signal from the transmitted flux. After the last
step is measured, the film is moved over the other film tray, the vacuum on the film holder is
released and air is introduced into the line, and the film falls onto the tray. The signal from the
aperture flux is then measured as before.

The transmission density is calculated from the signals and ratios of the gain settings. Each set of
five signal readings are averaged, and the dark signals at each gain setting are subtracted from
those signals obtained at that setting to yield the net signals. The two net signals for the aperture
flux are averaged to yield the final aperture signal Sy. For each step, the transmission density is
calculated using Eq. (22),

Si  Gg
Dy = logso (2 - £). (39)
where S is the net signal from the transmitted flux at each step and G+/G;j is the gain ratio. The
signal from the aperture flux is approximately 1.5 V on gain setting 5. For Dt = 4, this
corresponds to a signal of 1.5 V at gain setting 9. Therefore, only gain settings 5 to 9 are used for

calibrating films. The gain ratios, relative to gain setting 5, are listed in Table 4, along with the
relative standard uncertainties.

Table 4. Values of the Gain Ratios used to Calculate Transmission Density

Relative Standard

Gain Ratio Value Uncertainty
Go/Gs 1.000 493 x 10" 6.31x 107
G7/Gs 1.000 804 x 10? 7.82x 107
Gs/Gs 1.000 903 x 10° 9.44x 107
Go/Gs 0.998 475 x 10* 9.50x 107

A batch of films is measured on three separate occasions in both ascending and descending serial
number order. The average of the three determinations is reported on the calibration certificate as
the transmission density of a step. The standard deviation of the three determinations must be
less than the expanded uncertainty due to random effects, detailed in the next section. A sample
calibration certificate is given in the Appendix. Proper operation of the instrument is verified by
including in each batch at least one check standard film that were measured previously. These
check standard films were randomly chosen from each lot of films received from the
manufacturer.
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6. Uncertainties

Each measurement of transmission density has an uncertainty associated with it. This section
details the components of uncertainty, their evaluation, and the resulting uncertainty in
transmission density. This uncertainty analysis follows the guidelines given in [15].

In general, the purpose of a measurement is to determine the value of a measurand y, which is
obtained from # other quantities xi through the functional relationship given by

y = f(x1,%X2, o X, o Xp) - (40)

The standard uncertainty of an input quantity xi is the estimated standard deviation associated
with this quantity and is denoted by u(xi). The relative standard uncertainty is given by u(xi)/xi.
The standard uncertainties may be classified either by the effect of their source or by their
method of evaluation. The effects are either random or systematic, the former arising from
stochastic temporal or spatial variations in the measurement and the latter from recognized
effects on a measurement. The method of evaluation is either Type A, which is based on
statistical analysis, or Type B, which is based on other means.

To first order, the estimated standard uncertainty u(y) in the measurand due to a standard
uncertainty u(xi) is

u@®) = Lulo). (1)

where 0f/0Oxi is the sensitivity coefficient. The combined standard uncertainty uc(y) in the
measurand is the root-sum-square of the standard uncertainties associated with each quantity xi,
assuming that these standard uncertainties are uncorrelated. The expanded uncertainty U is given
by k-uc(y), where k is the coverage factor and is chosen on the basis of the desired level of
confidence to be associated with the interval defined by U. For the films, £ = 2, which defines an
interval having a level of confidence of approximately 95 %.

The components of uncertainty for transmission density are conveniently divided into those
arising from the signal measurements, the uniformity of each step, and agreement with the
appropriate standards [6,7]. In the first case, the appropriate measurement equation is Eq. (22),
while for the last case Egs. (23) and (31) are applicable. Expressing Eq. (22) as

Dy = logs1o(x) (42)
where x can be a signal or the gain ratio, the sensitivity coefficient is

oDy 1
L=0434- . (43)

Therefore, the standard uncertainty u(D1) due to the standard uncertainty u(x) is

u(Dy) = 0.434 - 22 (44)

X
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Note that the standard uncertainty of Dr is proportional to the relative standard uncertainty of x.

There are several components of uncertainty associated with calculating transmission density
from Eq. (22), which assumes that the signals are directly proportional to the fluxes. In addition,
the same influx is assumed when measuring Sjand S:. These components are the accuracy of the
digital voltmeter, signal noise, lamp stability, detector linearity, and the gain ratio.

The uncertainty arising from the accuracy of the digital voltmeter is a systematic effect with a
Type B evaluation and assuming a normal probability distribution. Using the manufacturer's
specifications, the relative standard uncertainty of Sj is 23 x 10, while the maximum relative
standard uncertainty of St is 77 x 10°%. The combined relative standard uncertainty of Sj/St is
therefore 80 x 10 which, using Eq. (44), results in a standard uncertainty u(Dt) << 0.001.

Signal noise and lamp stability result in uncertainties from random effects with Type A
evaluations. A typical relative standard deviation of the signal calculated from measurements of
ten different films is 0.001, which results in a standard uncertainty u(D1) = 0.001. Likewise, a
typical relative standard deviation of the signal from the aperture flux monitored over a period of
15 min is 0.001.

The uncertainties arising from the detector linearity and the gain ratio are systematic effects with
Type A evaluations. The signals are always between 0.1 V and 12 V at each gain setting, except
for gain setting 9, for which the minimum signal is 1 V. The maximum relative standard
deviation of the relative responsivity of the photodiode - amplifier combination, subject to the
ranges of the signals, is 0.0028, resulting in a standard uncertainty u(Dt) < 0.001. The relative
standard uncertainties for the gain ratios are given in Table 4, resulting in a standard uncertainty
u(D1) <0.001.

The transmission density is supposed to be determined at the center of each step. However, if the
transmission density of a step is not uniform, an uncertainty in centering the opal results in an
uncertainty in the measured transmission density. The standard uncertainty in centering the opal
along the transverse direction of a step depends upon finding the boundary between the first and
second steps of a film and knowing the spacing between the centers of the steps, and is 0.5 mm.
The standard uncertainty for the longitudinal direction depends upon the mechanical adjustments
of the film holder and the posts on the film tray so that the transverse direction of the film is
centered on the opal along the entire length of the film. The standard uncertainty in centering in
this dimension is 1 mm.

The uniformity of the transmission densities of the steps of five representative samples of each
type of film was determined by measuring the transmission density every 0.17 mm along three
lines running the length of each film. One line was centered along the width of the films, the
other two were displaced by -1.5 mm and +1.5 mm from the center line. All the transmission
densities varied by much less than 0.003 within 0.5 mm of the center in the transverse direction
of the steps and by approximately 0.003 within 1 mm of the center in the longitudinal direction.
Therefore, the standard uncertainty u(Dz) due to the uniformity of the steps is 0.003.
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As mentioned in Section 4, neither the opal reflectance nor the spectral product are in agreement
with the standards specified in [5]. The uncertainties arising from these two components are
systematic effects evaluated using Type B methods and a normal probability distribution. The
standard uncertainties are estimated from Eq. (23) using the measured transmittance zs(4) and
reflectance ps(4) of the films and separating the effects of the two components by assuming either
an ideal spectral product or opal reflectance.

The diffusion coefficient d = 0.91 is within the range of values specified in [4]. Therefore, the
standard uncertainty arising from this component is less than 0.001. However, instruments using
opals with different diffusion coefficients could measure significantly different transmission
densities. Using Eq. (31), the difference in transmission density 4Dr due to different diffusion
coefficients is

do
ADr = 10910(7) ) (45)

where do is the diffusion coefficient of the opal used in this instrument and d is the diffusion
coefficient of another instrument. From [6], the minimum acceptable value of d is 0.9, while
from [8] the physically maximum value is 0.95. Therefore, from Eq. (45) 4Dt can range from
+0.005 to - 0.019.

As shown in Fig. 9, the opal reflectance po(4) is greater than the acceptable maximum of 0.6 [6]
for wavelengths shorter than 490 nm. The standard uncertainty u(D7z) is estimated from Eq. (23)
by calculating Dr for different values of po(4) using

(46)

ISu@® 155Gy psm VT 42

Dr = logso (
Values of Dr for different opal reflectances and both types of films are given in Table 5. Since
the transmission densities calculated using the actual opal reflectance are within the ranges

obtained from the acceptable opal reflectances, the standard uncertainty u(Drt) associated with
the opal reflectance is < 0.001.

Table 5. Calculated Values of Transmission Density for Both Types of Step Films

Opal Reflectance X-Ray Photographic
0.50 0.173 0.121
0.55 0.172 0.118
0.60 0.171 0.117
actual 0.171 0.118
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Finally, the spectral product of the instrument St - V1 1s not Su - V'r, but approximately Su - Vi
since the spectral response of the detector is nearly the photopic spectral luminous efficiency
function. The standard uncertainty u(Dt) is estimated from Eq. (33) by calculating the
transmission densities obtained with the ideal and actual spectral products, using the ideal opal
reflectance po(4) = 0.55. The difference in transmission density 4Dt is given by

[ S1)  Vp(d) - da
ADr = lo -
T G1o (f slu)-—1_0_;_;.,(_25(1)-VT(A)-dA>

(47)

~ log [ S Vo) - dA
PO\ 5@ - B8 v () - aa

Using Eq. (47), 4Dt = 0.000 282 and 0.000 002 for the x-ray and photographic films,
respectively. This results in a standard uncertainty u(Dt) < 0.001 for both types of films. Since
the reflectance and transmittance of the photographic films are relatively constant over the
wavelength range for which the spectral product is appreciable, 4Dt is expected to be nearly zero
for these films.

The standard uncertainty u(Dr) resulting from each component of uncertainty is given in Table 6,
along with the combined and expanded uncertainties. The only components that contribute to the
combined uncertainty are the signal noise, lamp stability, detector linearity, and step non-
uniformity, all of which except the detector linearity are caused by random effects. The expanded
uncertainty from these random effects (i.e., neglecting the detector linearity which is systematic)
is 0.005. Therefore, as mentioned at the end of the previous section, the standard deviation of the
three determinations of the transmission densities of a step must be less than 0.005 to accept the
average as the reported transmission density of the step. Otherwise, the instrument is assumed to
have malfunctioned in some manner during one of the runs and the film is measured again. Note
that even though the opal reflectance and the spectral product do not perfectly comply with those
specified in the standards [7], the resulting standard uncertainty in transmission density is less
than 0.001 in both cases.

Table 6. Components of Uncertainty

Source of Tvpe Degrees of Uncertainty Contribution
Uncertainty® yp Freedom (Transmission Density)
Source Stability A 4 0.001
Signal Noise A 4 0.001
Amplifier Gain A 4 <<0.001
Detector Linearity A 4 0.001
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Step non-uniformity A 4 0.003
Spectral Product B <<0.001°
Combined Standard
Uncertainty, uc 0.003
Expanded
Uncertainty 0.007
Uk=2)

& Other sources of uncertainty including voltmeter accuracy, diffusion coefficient, and opal reflectance
were determined insignificant.
b The value shown is the equivalent value for a normal distribution.

7. Conclusions

The instrument detailed in this Special Publication measures the diffuse visual transmission
density of both x-ray film and photographic film step tablets using the diffuse influx mode. It is
fully automated so that single, or multiple films can be measured in one batch run.
Comprehensive characterizations of the instrument were performed to ensure that it complies
with the relevant international standards for these measurements. The expanded uncertainty (k =
2) for transmission density is 0.007.
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Appendix A. Sample Report of Calibration

SAMPLE REPORT OF CALIBRATION
38100C Diffuse Transmittance

for
One X-Ray Step Tablet

Issued to:
XXX Company
Attn: Customer Name
Customer Address

Issue Date: XX/XX/XXXX

1. Description of Calibration Items

The item calibrated is a double emulsion x-ray film step tablet 25.4 cm (10 in) long by 3.5 cm
(1.375 in) wide with 17 steps 1.3 cm (0.5 in) wide perpendicular to the long edge of the film and
with transmission densities ranging from less than 0.200 to greater than 4.000. The step tablet
contains an inscribed serial number XXXXXXX.

2. Description of Calibration

The transmission density of each step of each tablet was measured using the NIST Reference
Diffuse Transmittance facility (RDT) which is described in Reference 1. The instrument and
measurements conform to the conditions specified for ISO Standard Diffuse Visual Transmission
Density, Dr(90° Opal; Su: < 10°; Vr) in References 2 and 3.

The RDT consists of an illumination system, a film transport system, and a detector system. The
illuminator provides diffuse illumination to the film step tablet with the recommended spectral
flux distribution. The illumination system consists of a lamp, a filter, a shutter and an opal. The
shutter assembly blocks all light from reaching the opal assembly, allowing a background, dark
signals, to be taken. The film transport system transports a standard film from the film tray to the
flash opal, positions the film above the flash opal in order to measure the transmission density on
each step of the film and then transports the film to the film tray on the opposite side of the
instrument. The flash opal is the aperture of the detector system. The detector system detects the
efflux from the acceptance cone and focuses the radiant flux onto a silicon diode. The system
consists of a silicon photodiode, a photopic filter, a collecting lens, a collimating lens, a focusing
lens, a temperature controller, an amplifier, and a voltmeter. The room temperature during the
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measurement was 24 °C, the ambient photometer temperature was 25 °C, and the relative humidity
during the measurement was 30 %.

The transmission density, Dr, is calculated from the ratios of the signal and the gain. A set of five
signal readings are averaged and the dark signals at each gain setting are subtracted from those
signals at that gain setting to yield the net of the signals. For each step on the film, the transmission
density is calculated by

S G
D, = Log,, [S_]G_TJ

M
where S; is the signal with no sample, S: is the transmitted signal, G- is the amplifier gain for the
transmitted signal, and Gj is the amplifier gain for the signal with no sample.

3. Results of Calibration

The calibrated transmission densities of the step tablet are listed in Table 1. Measurements were made
on a 3 mm diameter circle at the center of each step and apply only to that area. When
measured, the side of the tablet with the serial number was facing away from the opal diffuser of
the instrument. The expanded uncertainty (k = 2) of the reported transmission density is 0.004.
Table 2 summarizes the uncertainty budget for the measurements. The uncertainty associated with
the measured values is discussed thoroughly in Reference 1. Refer to Reference 4 for the NIST
policy on statement of uncertainties.

The optical densities of step tablets may change with time. To minimize such changes, step tablet
films should be stored in a cool, dry place where they will not be exposed to light or other radiant
energy or to chemical fumes, or to dust in the air. Scratches, abrasion marks, or foreign matter on
the films can change the density values. Fingerprints are a common source of contamination.
Fingerprints on film surfaces can be avoided by handling step tablets only by the edges and by
wearing clean gloves. Any attempt to clean a film step tablet, other than to remove dust with a
soft camel-hair brush, is not recommended as it is likely to alter the calibrated values. Calibration
will be nullified if a step tablet is damaged or contaminated. The laboratory shall have the
necessary intermediate check standards and internal quality system to maintain confidence in the
calibration status of their standard.

Table 1. Transmission densities of x-ray step tablet, serial number XXXXXXX.

Step Number Transmission Density
1 0.131
2 0.456
3 0.678
4 0.924
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5 1.247
6 1.501
7 1.677
8 1.979
9 2.190
10 2.434
11 2.703
12 2.930
13 3.191
14 3.394
15 3.660
16 3.903
17 4.131

Table 2. Uncertainty contributions and expanded uncertainty (k = 2) of the transmission density
for x-ray step tablet, serial number XXXXXXX.

Source of Tvpe Degrees of Uncertainty contribution in
uncertainty® yp Freedom Transmission Density
Source Stability A 4 0.001
Signal Noise A 4 0.001
Amplifier Gain A 4 <<0.001
Detector Linearity A 4 0.001
Step non-
uniformity A 4 0.003
Spectral Product B <<0.001°
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Combined
Standard 0.003
Uncertainty, uc

Expanded
Uncertainty 0.007

Uk=2)

# Other sources of uncertainty including voltmeter accuracy, diffusion coefficient,
and opal reflectance were determined insignificant.
®The value shown is the equivalent value for a normal distribution.

4. General Information

1y

2)

3)

The only preparation for measurement was the removal of dust with either an air bulb or a
camel hairbrush.

The values listed in Table 1 correspond only to the 3 mm diameter circle at the center of
each step.

This calibration report may not be reproduced except in full without the written consent of
this laboratory.

Prepared by: Approved by:

Maria E. Nadal Gerald T. Fraser

Sensor Science Division For the Director,

Physical Measurement Laboratory National Institute of

(301) 975-4632 Standards and Technology
Maria.Nadal@nist.gov (301) 975-3797
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