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CALIBRATION OF RADIATION DETECTORS

EM THE ULTRAVIOLET REGION

BETWEEN 972 AND 2500 A

James O. McClenahan

Ames Research Center

SUMMARY

This report describes the development of experimental setups and procedures for calibrating
photosensitive devices in the spectral range 1022 to 2500 A for which no direct calibration
techniques exist. An indirect technique that uses a sodium salicylate detector calibrated outside this
range was developed for use as a secondary standard. The primary standard was a xenon-filled
ionization chamber, which is an absolute standard over the wavelength interval 972 to 1022 A.
Measurements made by this method were checked at 1470 A with a xenon lamp and at 2537 A with
a mercury arc lamp and a 0.5 m blaze monochromator with a grating blazed at 2000 A. The overall
accuracy of the measurements was ±40 percent or better.

INTRODUCTION

The shock layer produced by a vehicle entering the earth's atmosphere from a superorbital
mission radiates strongly in the region between 1000 and 3000 A. Absolute measurements of such
radiation require the calibration of photosensitive devices, which is not possible over this entire
region by direct methods.

For wavelengths greater than 2500 A the calibration of photosensitive devices is possible
because metals have stable properties at the temperatures required to produce such radiation, and
excellent metal ribbon or filament lamps are available for accurately simulating black-body
continua. For wavelengths below 1000 A calibration schemes may be devised which use various
gases that are ionized by photons in this spectral region. For wavelengths between 1022 and
2500 A, however, there are no standard lamps or detectors for direct calibration. A secondary
standard that uses sodium salicylate was therefore produced to bridge the interval between 1022
and 2537 A.

The purpose of the work described here was to develop apparatus and procedures for
calibrating photomultipliers in the wavelength range from 1040 to 2537 A. General purpose
laboratory equipment was used wherever possible so that the system would be flexible and could be
modified with a minimum of effort. The aim of the work was first to calibrate a solar blind
photomultiplier tube for use in a shock tube experiment and, second, to establish a systematic
calibration procedure and describe it with sufficient detail to help others performing measurements
in this region. Heavy reliance was placed on reference 1 in which the properties of many types of
detectors and sources are discussed.



EXPERIMENTAL PROCEDURE

Three different experimental procedures were used to establish the calibration curve of a solar
blind photomultiplier tube between 1040 and 2537 A. These procedures involved (1) calibration in
the wavelength region 1100 < X < 1600 A using a sodium salicylate secondary standard, (2) calibra-
tion at 2537 A using a mercury lamp, and (3) calibration at 1470 A using a xenon-filled discharge
lamp.

Calibration at 1100 A < X < 1600 A

Calibration of the solar blind photomultiplier tube in the wavelength region
1100 A < X < 1600 A involved two steps: First, a sodium salicylate-coated photomultiplier tube
was calibrated between 972 and 1022 A as a secondary standard (using the ionization gage as a
primary standard). Next, this secondary standard was used to calibrate the solar blind
photomultiplier tube between 1100 and 1600 A.

The experimental apparatus for this calibration is shown schematically in figure 1. The source
of radiation was a Hinteregger type capillary tube discharge lamp (ref. 2) employing hydrogen.
Typically, this lamp was operated at a discharge current of 0.4 A and a pressure of 4 Torr measured
immediately upstream of the gas inlet to the lamp. A differential pumping station separated the
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Figure 1. — Ultraviolet detecto- calibration setup.
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lamp from monochromator, which was a 0.5 m Seya-Namioka type vacuum-ultraviolet mono-
chromator (see ref. 3) with a 1200 line/mm grating blazed at 800 A. The differential pumping
station (see ref. 4) prevented an appreciable amount of gas from the source from flowing into the
monochromator and thereby decreasing through absorption the light intensity available at the exit
slit of the monochromator. A xenon-filled ionization chamber was the primary standard detector
for these tests. In the wavelength region 972 < X < 1022 A, xenon has a photoionization quantum
yield of unity (i.e., one electron is produced per photon absorbed; see ref. 5). Thus a properly
constructed ionization chamber filled with xenon becomes an absolute standard in this wavelength
region. Details of the construction and use of ionization chambers, typical of that used in this work,
are presented in reference 6.

Calibration of the secondary standard involves (1) determination of the absorption coefficient
of the gas in the ionization chamber, and (2) determination of the anode sensitivity of the
sodium-salicylate secondary standard.

Determination of the absorption co- 4 3 2 Monochromator
efficient— The experimental setup for de- '
termining the absorption coefficient of the
xenon gas used in the ionization chamber is
shown in sketch (a). In this setup, the
ionization chamber is used solely as a
container for the xenon. A small moveable
light pipe was used to measure the flux at
two positions within the ionization cham-
ber. The light pipe was a short length of
glass tubing with its tip sealed by a sodium Sketch (a)
salicylate-coated flat disk. The visible light
signal produced by fluorescence of the
coating, due to ultraviolet radiation, was transmitted to the photomultiplier tube in a fiber optic
bundle. If Beer's law holds within the absorption chamber, the output current of the photo-
multiplier tube is

where

ij output current of photomultiplier for position /, A

7 anode sensitivity of photomultiplier, A/W

kj factor of proportionality that accounts for geometrical effects (i.e., not capturing all of the
light that enters the ionization chamber).

Qo flux entering the ionization chamber at pressure p, W

p pressure in the ionization chamber, Torr

M absorption coefficient of the gas in the ionization chamber, Torr""1 cm"1



Xj distance from ionization chamber entrance to the front of the light pipe for }th position, m

If measurements are made at two locations in the ionization chamber (stations 2 and 3), the
ratio of the photomultiplier tube currents is

_ v \~] o\A2H (.4)

As the pressure in the ionization chamber goes to zero, the flux entering the chamber goes to a
maximum and

*'a m - ^3 /3\
/2 m k*

Combining equations (2) and (3) and solving for ju gives

i / / \ // \
n = ! 0 / '3 \ ( I2m\ (A)
P n(y _ v \ nl v II -• I *• '

.Pl^3 *2) \l

The absorption coefficient was determined for several pressures and locations and was found to
have a constant value of 0.0786 (Torr cm"1) to within a few percent. Constancy of this value is
verification of the application of Beer's law within the ionization chamber for the range of pressures
at which the calibration was performed.

Although a very efficient differential pumping system was used, some gas in both the
differential pumping system and the monochromator remained in the lightpath and absorbed
radiation. This absorption was a function of the gas pressure in the ionization chamber. With the
ionization chamber filled to a given pressure p (within the Beer's law region), and the detector a
distance X from the ionization chamber entrance slit, the flux entering the ionization chamber may
be determined by use of equation (1):

ip
Qo = Qom r~ exp(ppx) (5)lm

where

Qo flux entering the ionization chamber, W

Qom flux entering the ionization chamber at pressure p = 0, W

ip output current of photomultiplier tube at pressure p, A

im output current of photomultiplier tube at p = 0, A
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Determination of anode sensitivity of
secondary standard- The experimental set-
up for determining the anode sensitivity of
the secondary standard is shown in sketch
(b). Several approaches can be used to
determine the anode sensitivity of the
secondary standard. The one used here
relies on using the ionization chamber as an
absolute standard combined with a pre-
determined knowledge of the absorption Sketch (b)
coefficient of the gas in the ionization
chamber. The output current of the secondary standard is

; 17- /-» / f\

*4 — &ss(24 \\>)

where

Kss anode sensitivity of secondary standard, A/W

Qn flux falling on secondary standard, W

Care was taken in the experimental setup to ensure that the secondary standard viewed the entire
solid angle of radiation that entered the ionization chamber. With this provision, the flux falling on
the secondary standard is

04 = Qo ~ Qi (7)

where Qt is the flux absorbed in the ionization chamber. Beer's law can be used to find the flux
leaving the ionization chamber

<24 = Qo exP(-pMO (8)

where C is the length of the ionization chamber. Combining equations (7) and (8) gives

Qi
exp(p/zfi) - 1

(9)

It should be noted here that the flux exiting the ionization chamber may be found without
calculating the flux entering the chamber (eq. (5)). Substituting equation 9 into equation 6 and
solving for Kss gives

(10)

(11)

5
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The output current of the photoionization chamber is given by



with

where

7 quantum efficiency of the gas in the ionization chamber, electron/photon (7 = 1 for
972>X>1022A)

X wavelength of radiation entering the ionization chamber, A

e electron charge, C

h Planck's constant, J-sec

c speed of light, A/sec

Finally, the anode sensitivity for the secondary standard can be written

i4 [exp(p/z8)-lj

This sensitivity was determined at various wavelengths between 972 and 1022 A (autoionization
region for xenon) and was found to be constant to within ±10 percent. Since sodium salicylate has
a nearly constant quantum yield (see ref. 7), this sensitivity was used in the wavelength range
1100A<X<1600A.

Calibration of solar blind photomultiplier tube— The experimental setup for calibrating the
solar blind photomultiplier tube over the wavelength range 1 1 00 A < X < 1 600 A is shown in
figure 1. In principle, the technique involved installing a tee at the output slit of the
monochromator, and diverting the radiative flux to either the secondary standard or the solar blind
photomultiplier tube by means of a rotatable front surface mirror. Care was taken to ensure that
both detectors viewed the same solid angle, and the calibration was repeated at several wavelengths
given by the hydrogen lamp (see ref. 8). The actual radiation spectrum obtained in this experiment
as measured with the secondary standard is shown in figure 2.

Calibration at X = 2537 A

Solar blind photomultiplier tubes have long wavelength cutoffs defined by the natural response
of the photocathode material. For the particular tube calibrated in this study, the cutoff was
nominally 2500 A. A cutoff in this region was required for this particular experiment. The use of a
sodium salicylate detector system was precluded because the spectral sensitivity of such a system
extends into the visible. The cutoff was not well defined by the manufacturer and since it is
important that the system sensitivity be low above cutoff a separate calibration was made at
X = 2537 A. The apparatus used is shown in figure 3. A mercury-arc lamp was used as the light
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Figure 2. — H2 emission spectrum as measured by system shown in figure 1.

2537 A line from this source. A thermocouple detector with a sapphire window was used to
calibrate the output of the source-monochromator combination. The thermocouple was calibrated
with respect to a quartz iodine lamp that was traceable to NBS standards and accurate to ±15
percent (fig. 4). The detector sensitivity was found from

KtC = T- A/W
ltc

(14)
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power supply
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adjustable table
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Figure 3. — 2537 A calibration system.
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Figure 4. — Setup used to calibrate thermocouple.



where

W/cm2 (15)

and

R\ spectral radiant intensity of the lamp, W/cm2/A

7\ transmission of sapphire thermocouple window, dimensionless

IfC flux density of light falling on the thermocouple, W/cm2
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Figure 5. — Topographic display of radiant beam
impinging on thermocouple.

Over the wavelength interval of the quartz
iodine lamp 2600 A < X < 2.6 n, the spec-
tral response of the thermocouple is as-
sumed to be constant; therefore, this
calibration constant can be applied within
this interval, and, as is the case here,
slightly outside this interval, with
confidence.

A further complication arises as a
result of the very small size of the thermo-
couple junction. Even though focusing
optics were used to concentrate the radia-
tion emerging from the monochromator
onto the thermocouple, and subsequently
onto the solar blind photomultiplier, the
area of the thermocouple was smaller than
the focused beam. The detector was
mounted on an X-Y micrometer adjust-
ment table, and a topographic map was
made of the variation in intensity within
the focal spot (fig. 5). The flux at any
point within the focal spot was determined
from

r _ / measured at X, Y
X 'Y~ 7(2537

(16)

The total radiant power in the beam was
found from



Once this power was obtained, the solar blind photomultiplier tube was placed in the beam and its
cathode sensitivity determined at X = 2537 A.

Calibration at X = 1 470 A

To check the results of the first calibration procedure, the cathode sensitivity of the solar blind
photomultiplier tube was measured at X = 1470 A using a xenon gas discharge lamp, which was
provided by the manufacturer of the photomultiplier tube. A similar lamp was used by the
manufacturer to establish the calibration curve supplied with the tube. The setup for this calibration
is shown in figure 6. This lamp was factory calibrated to an accuracy of ±30 percent at a wavelength
of X = 1 470 A, and approximately 90 per-
cent of its total output was at this wave-
i j.t f^c xi- • • i rv t. c •length. Of the remaining 1 0 percent, a fair
portion is in the visible region, and thus
outside of the spectral response of the solar
blind photomultiplier tube. Both the lamp
output power and beam geometry were
provided by the manufacturer (fig. 7(a)
and (b)). However, the actual usable solid
angle of radiation available from the source
was considerably less than that shown in
figure 7(b) because (1) the vendor installed
a housing around the lamp after it was
calibrated at the factory, and (2) limiting
or collimating apertures were installed in
the experimental apparatus. The resulting
half-angle of the cone of radiation from the

High voltage
power supply

Figure 6. - 1470 A calibration system.
lamp was 22.6°. The power in that beam
was found from

p=
27T.

(18)

PQ = L22.6°
IQ sin0 dd

where

P total power in the beam, W

PQ scaling factor, dimensionless

Ig normalized lamp output/sr (fig. 7(b))

The scaling factor was obtained by taking the vendor's value for the total power from the lamp
(in this case 50 juW) and performing the calculation:
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Figure 7. — Characteristics of the xenon lamp.

fo = 50/zW

r (19)

0

For the calibration of the solar blind photomultiplier tube at A = 1470 A the apparatus was
arranged so that all light emerging from the lamp fell on the photomultiplier tube in nearly the same
physical location on the photocathode as it would in the actual experiments. The sensitivity of the
detectors was found from

•<M470 "" ~p7<

where G is the gain of external amplifier.

The photomultiplier sensitivity as determined by the above procedures is shown in figure 8.

(20)

DISCUSSION OF RESULTS

The objective of the work was to develop a method for calibrating photosensitive devices in
the wavelength region between 1 000 and 2000 A. The technique was used to calibrate a particular
photomultiplier with spectral response between 1040 A (the short wavelength transmission cutoff

10



due to its lithium-fluoride window) and
2500 A (the long wavelength cutoff due to
the characteristics of the photocathode
material (fig. 8). The error bars on data
points were obtained from the following
analysis.

Error Analysis

1. Calibration at 1100 A < X < 1600 A.

(a) Accuracy of measurements, ±6
percent

(b) Accuracy of measurement of
tube gain, ± 3 percent

10

.01

A Data obtained by use of Seya Monochromator
O Data obtained by use of 1470 system

D Data obtained by use of 2537 system

1000 1200 1400 1600 1800 2000 2200 2400 2600
Wavelength , A

Figure 8. — Cathode spectral response of
vacuum ultraviolet phototube.(c) Scatter in Kss data, ±9.6 percent

(d) Scatter in K\ data, ±28 percent

Total uncertainty in spectral response of solar blind detector, approximately ±40 percent

2. Calibration at X = 2537 A.

(a) Accuracy of curve fit, approximately ± 10 percent

(b) Accuracy of thermocouple calibration, ± 15 percent

(c) Data scatter, 5 percent

Total uncertainty of measurement, approximately ±25 percent

3. Calibration at X = 1470 A.

(a) Accuracy of lamp output, ±30 percent

(b) Accuracy of lamp current measurements, < 1 percent

(c) Accuracy of phototube current measurement, 5 percent

(d) Data scatter, 5 percent

Total uncertainty of measurements, approximately ±35 percent

This list shows that the main source of uncertainty is the scatter in the measurements made at
identical conditions when the solar blind detector was calibrated with respect to the secondary

11



standards. The light level produced by means of the Seya-Namioka 0.5 m monochromator and
Hinteregger lamp was very low. The anode currents from the photomultipliers were typically of the
order of 10~n A for the setup used to obtain K\. The signals were displayed and recorded by strip
chart recorders, and high gains (external to the photomultipliers) were required. The data scatter
associated with these measurements is large because the systemic noise level in the output was large,
although good shielding and "common mode" noise rejection techniques were employed. For the
application to which this work was directed, this level of uncertainty (±40 percent) was tolerable.
For other applications, however, the level may have to be reduced (e.g., by cooling of amplifiers and
detectors and by very careful shielding).

The calibration technique is based on instruments that are available in most research
laboratories or may be purchased "off the shelf." Therefore, the calibration would require a
minimum of time and effort. The accuracy of calibration actually obtained here is estimated to be
±40 percent. Since this number is not based on an error source fundamental to the measurements
but rather on experimental system noise, it is probable that a calibration accuracy of ± 10 percent
should be attainable. Furthermore, the same experimental system may be used over a broader
spectral range if other noble gases are used in the ionization chamber; Argon, for example, is an
absolute standard at wavelengths between 778 and 787 A.

Ames Research Center
National Aeronautics and Space Administration

Moffett Field, Calif. 94035, July 1972
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