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A bilateral intercomparison of photo-
metric units between NIST, USA and
PTB, Germany has been conducted to
update the knowledge of the relation-
ship between the photometric units dis-
seminated in each country. The
luminous intensity unit (cd) and the lu-
minous flux unit (Im) maintained at
both laboratories are compared by cir-
culating transfer standard lamps. Also,
the photometric responsivity s, is com-
pared by circulating a V(A)-corrected
detector with a built-in current-to-
voltage converter. The results show that
the difference of luminous intensity
unit between NIST and PTB, (PTB-
NIST)/NIST, is 0.2 % with a relative
expanded uncertainty (coverage factor
k =2) of 0.24 %. The difference is

reduced significantly from that at the
1985 CCPR intercomparison (0.9 %).
The difference in luminous flux unit,
(PTB — NIST)/NIST, is found to be 1.5 %
with a relative expanded uncertainty
(coverage factor k =2) of 0.15 %. The
difference remained nearly the same
as that at the 1985 intercomparison
(1.6 %). These results agree with what
is predicted from the history of main-
taining the units at each laboratory.
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1. Introduction

The last international intercomparison held by
the CCPR (Comité Consultatif de Photométrie et
Radiométrie) in 1985 showed variations of *1 %
in the units of both luminous intensity (candela,
cd) and luminous flux (lumen, Im) maintained by
the 14 and 10 participating laboratories, respec-
tively [1]. At that time, the differences of the mag-
nitude of units between NIST (National Institute
of Standards and Technology, USA) and PTB
(Physikalisch-Technische Bundesanstalt, Germany),
(PTB —NIST)/NIST, were: 0.9 % for luminous in-
tensity and 1.6 % for total luminous flux. Subse-
quently, BIPM (Bureau International des Poids et
Mesures) and some of the participating laborato-
ries changed their units, as reported by BIPM [2].

NIST and PTB have an agreement whereby each

" institution hosts staff members of the other every
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year and to collaborate on important scientific
work in radiometry and photometry. This also pro-
vides a framework for bilateral intercomparisons.
Since the CCPR intercomparison in 1985, only one
bilateral intercomparison between NIST and PTB
was conducted on the luminous flux unit in 1987
using a single incandescent lamp, OSRAM' Wi5

! Certain commercial equipment, instruments, or materials are
identified in this paper to foster understanding. Such identifica-
tion does not imply recommendation or endorsement by the
National Institute of Standards and Technology, nor does it im-
ply that the materials or equipment identified are necessarily
the best available for the purpose.
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(110 V/100 W frosted bulb). At that time the dif-
ference of the total luminous flux values measured
by NIST and PTB, (NIST—-PTB)PTB, was found
to be 1.7 %.

To update the knowledge of the relationship of
the photometric units, another bilateral intercom-
parison between NIST and PTB has been con-
ducted. The luminous intensity units and the
luminous flux units of both laboratories have been
compared by circulating transfer lamps. The photo-
metric responsivity sy of a V(A )?-corrected detector
with a built-in current-to-voltage converter (called
photometer in this paper) has also been compared.

The results of this intercomparison might also
provide preliminary information to the CCPR in
planning the next international intercomparison of
photometric units [3]. CCPR established the Work-
ing Group on V(A)-corrected Detectors in 1990,
consisting of members from OMH (Orszéigos
Mérésiigyi Hivatal, Hungary), NIST, NPL (Na-
tional Physical Laboratory, UK), and PTB to pre-
pare for the next intercomparison. This bilateral
intercomparison has been performed partly based
on the discussion at the ad hoc meeting of the
Working Group held in May 1993 [4].

2. Realization and Maintenance of
Photometric Units at NIST and PTB

At NIST, until recently, the luminous intensity
unit (cd) was based on blackbody radiation [5].
There was a relative increase of the NIST unit by
0.35 % in 1990 due to the change of the interna-
tional temperature scale. In 1992, the luminous in-
tensity unit was realized at NIST based on the
absolute responsivity of detectors, then based on a
100 % quantum-efficiency silicon detector [6], and
now based on a cryogenic radiometer [7]. As a con-
sequence of these more recent realizations of the
unit, approximately 0.3 % relative change of the
NIST luminous intensity unit is expected [6]. These
changes in both 1990 and 1992 occurred in the di-
rection in which the difference between NIST and
PTB would be reduced.

The new candela unit is realized and maintained
on a group of eight photometers (referred to as the
NIST standard photometers). Therefore, at NIST,
photometric responsivity is the primary quantity
used to derive photometric units. Illuminance is

2¥(A) is the spectral luminous efficiency of human vision, stan-
dardized by CIE (International Commission on Illumination) in
1924.
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measured directly with the standard photometers,
and the luminous intensity is inferred from the illu-
minance and the lamp-to-photometer distance.
The realization and maintenance of the luminous
intensity unit at NIST are shown in Fig.1.

Absolute Cryogenic
Radiometer

Abs. Spectral Response Transfer
Interpolation

Absolute Spectral
Response Scale
(Silicon Photodiodes) [A/W]

Abs. Spectral Response Transfer
Aperture Area Measurement
Calculation based on Candela Definition

Photometric
Responsivity Scale

(Standard Photometers)] [ A/Ix]

i Distance Measurement

Luminous Intensity Unit
(Transfer Lamps)

[cd]

Fig. 1. Realization and maintenance of the luminous intensity
unit at NIST. (A/W: ampere per watt; A/lx: ampere per lux.)

The NIST luminous flux unit was last realized in
1985 by goniophotometric measurements [5], and
maintained on a group of six incandescent lamps
(referred to as the NIST luminous flux primary stan-
dard lamps). The unit is periodically transferred to
batches of working standard lamps (referred to as
NIST luminous flux working standard lamps) to be
used for routine calibrations. The unit is currently
independent of the NIST luminous intensity unit
realized in 1992. The realization and maintenance
of the luminous flux unit at NIST are shown in Fig.
2.

At PTB, the luminous intensity unit was first re-
alized in 1980 based on radiometric power mea-
surements with absolute radiometers, and the unit
has been maintained on a batch of 23 incandescent
lamps (Toshiba 5 A, 14 cd, 2042 K; referred to as
the PTB luminous intensity reference lamps). Since
then, the luminous intensity unit has been realized
annually on two reference photometers based on
the absolute radiometers. The unit realized on the
reference photometers, however, has scattered
around the unit on the reference lamps (within the
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Fig. 2. Realization and maintenance of the luminous flux unit at
NIST.

uncertainty of realization), while the unit on the
reference lamps has remained more stable. There-
fore, the unit on the reference lamps has been
maintained with no adjustment. This unit is trans-
ferred to batches of working standard lamps (re-
ferred to as PTB [Iluminous intensity working
standards).

The PTB luminous flux unit is derived from the
luminous intensity unit by goniophotometric mea-
surements and maintained by several batches of in-
candescent lamps (referred to as PTB luminous flux
working standard lamps). All PTB photometric
units have remained unchanged [8] since before
the CCPR intercomparison in 1985. The realiza-
tion and maintenance of the luminous intensity and
luminous flux unit at PTB are shown in Figs. 3 and
4.

According to the results of the 1985 CCPR inter-
comparison and the history of maintaining the pho-
tometric units at both laboratories as described
above, the relationship of the luminous intensity
and luminous flux units between NIST and PTB is
predicted as shown in Table 1. All the values are
presented relative to the magnitude of world mean
units as reported by BIPM [2].

3. Measurement Equations

Since the methods of photometric measurements
used at NIST and PTB are in the main similar but
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Fig. 3. Realization and maintenance of the luminous intensity
unit at PTB.
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Fig. 4. Realization and maintenance of the luminous flux unit at
PTB.

differ in some details, the equations used in the cal-
culation of the measurement results are given here
systematically to clarify the concept and the calibra-
tion procedures at both laboratories. It should be
noted here that a photometric responsivity is not re-
garded as a “photometric quantity” because all
photometric quantities refer to properties of light
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Table 1. Relationship of NIST and PTB units of luminous intensity (candela, cd) and luminous flux (lumen, im)
since 1985 CCPR intercomparison, relative to the world mean of 1985

Units Participant 1985 1987 1988 1990 1992 1993
CCPR Bilateral BIPM New Int'n NIST Predicted
intercomp. intercomp. report Temp. Scale New unit
Candela BIPM 1.0100 1.000 1.000
PTB 1.0032 1.003 1.003
NIST 0.9942 0.994 0.9977 1.0014 1.001
PTB—NIST  0.0090 0.009 0.0055 0.0018 0.002
Lumen BIPM 0.9930 1.000 1.000
PTB 1.0056 1.006 1.006
NIST 0.9899 0.990 0.990
PTB-NIST  0.0157 0.017 0.016 0.016

sources according to CCPR [9]. The photometric
responsivity, however, can be used to derive the
photometric units, or can be used to maintain the
illuminance units.

3.1 Equations for Luminous Intensity and
Photometric Responsivity

With the maximum luminous efficacy, K, =683
Im/W, as defined in 1979 by CGPM (Conférence
Générale des Poids et Mesures) [10] and the spec-
tral luminous efficiency function V'(1), which was
adopted later by CCPR [9], luminous intensity [ is
calculated from the spectral radiant intensity
L.A(A) by

I =KmJ'AIe,A()t)V()t)d)¢. (1)

In this intercomparison, incandescent lamps are
used as light sources. Since their relative spectral
power distributions S (A,Tq4) are similar to those of
black body radiators, they are characterized by a
distribution temperature Tq [11]. I is then given by

1=Kl I S(A,TaV(A)dA
A

with Ia(A)=105(A,Ty), 2
where I is the spectral radiant intensity at wave-
length A;=555 nm. The spectral responsivity s(A)
of a photometer head is measured in radiometric
units and is often given as the product of a normal-
ization factor so=s(Ao) and a function s (A) nor-
malized at wavelength Ao=555 nm,

s(A)=soswa(A). &)
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The normalization factor sy is the absolute respon-
sivity of the photometer head at wavelength Ae. The
output signal y of the photometer, illuminated at a
spectral irradiance E..(A) is given by

y =soJ'AEe,A()¢)s,e|()t)d)¢. “

According to the photometric inverse-square law
I.=E. - 1*/{), which defines the relationship be-
tween radiant intensity /. and irradiance E. ({% is a
solid angle equai to 1 steradian), the output signal
y of the photometer, illuminated at a sufficiently
large distance [, is expressed by

Y =5 Ieo%j S()t,Td)Sm()t)d)t. (5)

The color correction function ccf(7y) is defined as

LS(ATaV (A)dA
LS (A, Tg)sea(A)dA

ccf(To) = ©

The basic equation for the realization of luminous
intensity based on radiometric units —as done simi-
larly by NIST and PTB—is derived from the com-
bination of Egs. (2), (5), and (6), and is given by

I =% —}—Zoy ccf(Ty). @)

In practice, a mismatch correction function ccf*(Ta)
normalized to unity at the distribution temperature
T4=2856 K (CIE illuminant A) is often used,
which is given by

ccf(Tq

cof (10 = o (To= 2856 K) ®)
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The related photometric responsivity s is given by

* So

SV = Kaccf(To=2856 K) °

®

The photometric responsivity of a photometer
changes with the temperature T, of the photometer
package by a temperature coefficient c,. A correc-
tion by a linear function has to be applied if the
photometer is not temperature controlled. The cor-
rection is made by

sv' (Tp) =53 +co(To— Tw), (10)
where Ty is the temperature at which s, is deter-
mined. With the definitions of Egs. (8) to (10), Eq.
(7) can be rewritten as

I=s—:r-(7%;-—%ccf(Td). (11)

At PTB, the color correction function shown in Eq.
(6) is replaced by a function k(Tj), which is deter-
mined as a polynomial fit of ccf(7T,) calculated at
several (n) distribution temperatures in the range
2000 K= T; =< 2856 K with 1<i<n as given by

minimum zn:[k (T)—cef(T))F

2
with k(Ts)= Da; T4. (12)
j=0

Similar to Egs. (8) to (11), normalization of Eq.
(12) gives the mismatch correction function;

k(T
¥\ — ‘
k() = (T.=285%6 K) (13)
and the related photometric responsivity s ;
sy % (14)

" Kuk(To=2856 K)*

The corresponding equation to calculate the lumi-
nous intensity is

L=—t—

sv (Tp) k*(Ta),

/

- 15

a (15)
with the correction for the change of photometer
package temperature 7T, included.
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3.2 Equations for Total Luminous Flux

The total luminous flux @ of a lamp is funda-
mentally determined with a goniophotometer. Its
value is calculated, starting with the definition of
illuminance E =d®/dA4, by the spatial integration
of illuminance on an imaginary sphere with a total
surface area A4,

<15=LE da. (16)

Using polar coordinates (r, ¢, 4), with 0< ¢ <27,
0< ¥ <, and dividing the surface area (radius r)
into zones at angles 9, the equation can be rewrit-
ten as

& =2m rzj E (9)sin(d)dd
0

1T

with E(a)=%j2 E@,0)de.  (17)

If m is the number of zones, the integration in 9 is
replaced by a summation with 1sism, Ad=m/
(2m) (half-width of a zone) and 8, =(2 —1) A9
(center angle of a zone). Then the equation is sim-
plified to

&=2m rzg:E(ﬂ,-)(cos(ﬂ,- —A8) —cos(9 +AD)).
(18)

The photometer in the goniophotometer is cali-
brated with luminous intensity working standards I,
at a distribution temperature Ty at a distance / with
an output signal y,. At PTB, the total luminous flux
@ of a lamp under test, operated at distribution
temperature Ty, is calculated from the photocur-
rents y(9;) averaged over zones,

—_ IOk* Td (5)2"‘- . -
(p_zmk*(n) ! E:IY(I%)(COS(& A9)

—cos(J +Ad)). 19
An integrating sphere is used to compare the val-
ues of total luminous flux @ of a lamp under test —
operated at distribution temperature T4 producing
the output signal y —with the values of total lumi-
nous fluxes &; of (n) reference lamps — at distribu-
tion temperatures T,; with 1<i<n and output
signals y.;. If the holders of the lamps, sizes of the
lamps, and/or the transparencies of the bulbs of the
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lamps are different, changes in self-absorption are
corrected by the ratio of output signals y,.; and y.
measured with the sphere illuminated by an auxil-
iary lamp and with a standard lamp or test lamp
mounted in the sphere but not turned on. The fol-
lowing equation is used at PTB

1 < q)r,i ar,i
D=y k*(Ts), .=,[y_,,-k*(T,,-)y‘yZ]' (20)

In this equation, k *(Ts) includes the mismatch of
the photometer head modified by the relative spec-
tral throughput of the integrating sphere. At NIST,
the same equation is used with k*(Ty) and k*(T%,)
replaced by ccf*(Ts) and ccf(T.:). As shown by
Egs. (10) and (11), corrections are applied for the
changes of the photometer package temperature
from a reference temperature.

4. Procedures of the Intercomparison

The measurements for this bilateral intercom-
parison were performed between April 1993 and
December 1993. Measurements were carried out at
both laboratories to compare the photometric val-
ues of 1) two luminous intensity transfer lamps pre-
pared by PTB, 2) a transfer photometer prepared by
NIST, and 3) four luminous flux transfer lamps , two
of which were prepared by PTB and two by NIST.

All the objects used in the intercomparison were
hand-carried between NIST and PTB. The struc-
ture of the intercomparison is shown in Fig. 5.

At NIST, the standard photometers were used to
measure the luminous intensity transfer lamps and
the responsivity of the transfer photometer. A
color temperature standard lamp (2856 K) was
used in the responsivity measurement. The lumi-
nous flux transfer lamps were measured against the
NIST luminous flux working standard lamps by a
substitution method using a 2 m integrating sphere.
The same procedures were used in the repeated
measurements before and after the transportation
of the lamps and the photometer.

At PTB, two luminous intensity transfer lamps
were originally calibrated, as part of a group of six
PTB luminous intensity working standard lamps
against the PTB luminous intensity reference
lamps. After return to PTB, the two transfer lamps
were compared with the rest of the group of work-
ing standard lamps. These working standard lamps
were also used to measure the photometric respon-
sivity of the transfer photometer and to calibrate
the PTB goniophotometer. Before transportation
to NIST, the two luminous flux transfer lamps
(PTB) were calibrated by a substitution method us-
ing an integrating sphere against a batch of PTB
luminous flux working standard lamps, which were
originally calibrated with the goniophotometer. Af-
ter transportation to PTB, all the luminous flux

NIST . TRANSFER PTB

STANDARD
PHOTO-
METERS

LUMINOUS
INTENSITY
TRANSFER

TRANSFER
PHOTO-

- — - — -

CERATING
SPHERE

Fig. 5. Structure of the intercomparison. Circles indicate lamps, squares
indicate photometers. A circle in a square indicates instruments. Arrows

mean the flow of calibration.
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transfer lamps and the luminous flux working stan-
dard lamps (PTB and NIST) were calibrated with
the goniophotometer.

5. Luminous Intensity Comparison

Two luminous intensity transfer lamps were used
to compare the unit of luminous intensity main-
tained at NIST and PTB. The lamps were operated
at both laboratories under identical conditions and
each lamp was calibrated twice at each laboratory
in the order PTB—NIST—NIST—PTB. The mea-
sured values of luminous intensity are denoted as
IleT and IpTB.

5.1 Lamps Used

The two luminous intensity transfer lamps were
of the type OSRAM Widl/G, cemented in a special
socket with a four-pole outlet for the electrical con-
nections. They must be operated at constant dc
current with a fixed polarity (negative potential
connected to the center contact of the original
lamp cap). The voltage across the lamp is mea-
sured to check the stability of the electric power
consumed by the lamp. These lamps were used at
PTB over a period of several years. The relative
short-term stability of their luminous intensity was
found to be better than 0.02 %. The relative aging
during the burning of the lamps is estimated to be
less than 0.03 %/h. The relative reproducibility due
to alignment tolerances is found to be less than
0.05 %. The uncertainty of the intercomparison
due to these factors in described in Sec. 5.4,

The socket is so constructed as to reduce the un-
certainty due to alignment tolerances. To measure
a number of lamps, only the lamp holder has to be
aligned, which is done by an alignment jig (a so-
called dummy lamp) constructed to give precise
alignment using telescopes and a laser beam. The
lamps can then be mounted into the holder without
any further adjustment.

The lamp holder must be aligned so that 1) the
center of the alignment jig is on the horizontal op-
tical axis of the photometer, 2) the mirror surface
of the alignment jig is perpendicular to the optical
axis, 3) the upper plane of the lamp holder is hori-
zontal as indicated by a level, 4) the distance mea-
surement starts at a mark (hair cross) on the
alignment jig.

5.2 Measurements at NIST

The luminous intensities of the transfer lamps
were measured by using three of the NIST stan-
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dard photometers. Measurements were first made
in May 1993, when the lamps were brought to
NIST, and repeated in October 1993, before the
lamps were returned to PTB. The eight NIST ref-
erence photometers were recalibrated for self-con-
sistency within the group between the two
measurements in May and October. This means
that each of the NIST photometers were recali-
brated against the average of all the eight NIST
photometers in order to reduce the errors due to
long-term changes of individual photometers. The
average change of the responsivity values of the
three photometers used in the intercomparison was
0.08 %.

The measurements were made on the NIST pho-
tometry bench [6]. The lamp holder was fixed on a
carriage of the bench, and aligned following the
procedure specified by PTB using the alignment
jig, a laser, and a telescope. The lamps were placed
at approximately 3.5 m from the photometer and
operated at a constant dc current with the polarity
specified by PTB. The lamp current was automati-
cally controlled, with a relative stability of +0.002
%. The voltage across the lamp during the mea-
surement was recorded.

The luminous intensity Inist of the lamps was de-
termined from the output voltage y of the photo-
meter, the photometric responsivity s of the
photometer, and the measurement distance /. The
temperature T, of the standard photometer during
calibration was monitored by a built-in tempera-
ture sensor, and the responsivity of the photometer
was corrected using Eq. (10). The mismatch correc-
tion factors ccf*(7Ta) of the photometers shown in
Egs. (6) and (8) were applied for the difference
between the color temperature for the calibration
of the NIST photometers (2856 K) and that of the
transfer lamps (2750 K). The luminous intensity
Inist was calculated by Eq. (11).

5.3 Measurements at PTB

The mechanical alignment and the electrical op-
eration of the lamps were carried out as stated in
Sec. 5.1. The power supply was set with a resolu-
tion of better than 0.002 % of the current of
the lamp, which was stabilized to better than
+0.001 % of the current during operation of the
lamp. The relative expanded uncertainty® of the
electrical quantities is estimated to be 0.02 %.

3 Throughout this paper, all uncertainties are given as relative
expanded uncertainties with a coverage factor k =2 and thus a 2
standard deviation estimate.
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In April 1993, the annual transfer of the lumi-
nous intensity unit to all working standards at PTB
(including the two lamps transported to NIST) was
carried out with two photometers at a distance of
about 4.5 m. At the same time, the photometers
were recalibrated and an aging of their mismatch
correction functions was detected. The new func-
tion k*(T:) shown in Eq. (13) was not verified be-
fore transportation of the two luminous intensity
lamps to NIST, so no correction was applied to the
values first reported to NIST. Meanwhile, slightly
different mismatch correction functions were ob-
tained and the values of the luminous intensities of
the two lamps (T9=2750 K) were increased by
about 0.15 % of the original values.

After transportation back to PTB, the two lamps
were recalibrated, but then four working standards
(T:=2750 K) were used for the comparison with
the PTB maintained unit. The transfer was carried
out with the two photometers used in the annual
transfer in April 1993. The distance to the lamps
was adjusted to 3.5 m, the same as at NIST.

At PTB, photometer heads are temperature con-
trolled and no correction for package temperature
is applied. A substitution method was used for the
two batches of lamps, both operated at the same

distance from the photometers. The luminous in-
tensity Jprs of a lamp under test with distribution
temperature Ty, producing a photocurrent y is cal-
culated from the luminous intensities I;; and the
related photocurrents y,,; for a batch of (n) refer-
ence lamps with the distribution temperature T,
with 1<i<n according to

Ip'm=yk*(Td) i: ” IJZT ) (21)

The entire measurement procedure is run automat-
ically by a computer.

5.4 Results

The resuits of luminous intensity measurements
are summarized in Table 2. The average difference
between the measured values of luminous intensity
by NIST and PTB, (NIST — PTB)/PTB, was 0.18 %
with a relative expanded uncertainty of 0.24 %.
The uncertainty of this comparison is obtained as
the quadrature sum of the statistical uncertainties
of each laboratory’s luminous intensity measure-
ments which should include the reproducibility of
the lamps and the aging effect of the lamps. The

Table 2. Summarized results for PTB luminous intensity transfer lamps measured at NIST and PTB with average

differences between the values

Lamp no. Date Lamp voltage Luminous intensity Difference Burning time
lamp current 1993 v 1 min
dist. temp. cd
NIST PTB NIST PTB (NIST-PTB)/PTB

2608 March 27.847 196.22 40
5.500 A May 27.851 196.65 60
2740 K October 27.850 196.39 60

October 27.845 196.06 40
Average 27.851 27.846 196.52 196.14 0.19 % Total 200
A 000% 0.01 % 0.13 % 0.08 %

2648 March 27.953 198.64 80
5.500 A May 27.956 199.09 60
2750 K October 27.957 198.64 60

October 27.950 198.43 40
Average 27.957 27.952 198.86 198.54 0.16 % Total 240
A 000%  0.01 % 0.23 % 0.11 %
Ui® 021% 010%

Difference of luminous intensity values measured by NIST and by PTB:

+0.18 % 0.24 %(U)

* A is the difference of the two measurements of each lamp at each laboratory, [/ (first)-I (second) /I (first).

b Ui is two times the standard deviation of luminous intensity values of each laboratory normalized by the average of
each lamp. U is the quadrature sum of Uyp(NIST) and Ujp(PTB).

234
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statistical uncertainties at each laboratory were ob-
tained as two times the standard deviation of the
luminous intensity values of both lamps normalized
by the average of each lamp.

Throughout these results, the maximum differ-
ence of luminous intensity of the same lamp mea-
sured twice at the same laboratory was 0.22 % of
the measured values. The difference of NIST mea-
surements in May and in October includes the
slight changes of the responsivity values of the
NIST standard photometers implemented by the
self-consistency calibration as described in Sec. 5.2.

6. Photometric Responsivity Comparison

As described in Sec. 3.1, a photometer is charac-
terized by the photometric responsivity s+ (T) and
the mismatch correction function ccf*(Ts) or
k*(T4) determined at a certain temperature Ty of
the photometer package. At NIST, since the trans-
fer photometer was not temperature controlied,
the temperature coefficient ¢, was additionally de-
termined. The photometer was operated in both
laboratories under identical photometric condi-
tions and calibrated twice at each laboratory fol-
lowing the scheme NIST->PTB—PTB—NIST. The
measured values of photometric responsivity are
denoted as s *nist and s *prs. Those of the mismatch
correction functions are ccf*nist(T4) and k *pre(7Ty).

6.1 Photometer Used

The transfer photometer, prepared by NIST, is
of the same type as the NIST reference photome-
ters [7]. The photometer consists of an entrance
aperture of 0.1 cm? area, a V(A)-correction filter
(no opal glass), and a silicon photodiode with a
sensitive area of 0.3 cm?. The reference surface for
the distance measurement is the front surface of
the aperture, which is 3 mm inside the front sur-
face of the photometer. There is a built-in current-
to-voltage converter with a gain setting from 10° to
10" (volt/ampere). The outside diameter of the
photometer is 6.35 cm, and it operates on a dc po-
tential of =15 V. It also has a built-in temperature
sensor which measures the temperature of the pho-
tometer package. The temperature dependence of
the photometer responsivity was found to be
cp=—0.0176 mV-Ix" "K',

6.2 Measurements at NIST

The photometric responsivity of the transfer
photometer was measured against two of the NIST
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standard photometers. Measurements were first
made in May 1993 before the photometer was
transported to PTB. Measurements were repeated
in December 1993 when the photometer was trans-
ported back to NIST.

The measurements were made on the NIST pho-
tometry bench [6] using a color temperature stan-
dard lamp operated at 7,=2856 K. Since all the
NIST photometers are calibrated for 2856 K
source, the spectral mismatch correction was not
necessary. The distance between the photometer
and the lamp was approximately 3.5 m. The ambi-
ent temperature was approximately 25 °C, and the
temperature T, of the transfer photometer and T,
of each standard photometer were measured and
recorded at the same time as the output signal y
was measured. The responsivity sasr(T,) of the
photometer under test was determined at a range
setting of 107 from (1) the photometer temperature
T, measured, (2) the illuminance value determined
by the standard photometers with photometric re-
sponsivity sv{(Tp.), and (3) the output signal y, ac-
cording to

swst(Ty) =§s:,(rp,r). (22)

6.3 Measurements at PTB

At PTB, the transfer photometer was mounted
in a temperature controlled housing at a constant
temperature T, with |T, ~ Tp|< 0.5 K. The temper-
ature coefficient ¢, was not measured at PTB. The
small deviation of the photometer temperature was
taken into account to correct the responsivity using
the temperature coefficient as given by NIST. All
the measurements were carried out with the photo-
meter aperture aligned normal and central to the
optical axis of the photometer bench.

The mismatch correction function k*prs(T4) of
the transfer photometer was determined by substi-
tution with a PTB photometer under the same illu-
minances by a standard lamp operated at varied
color temperature. The mismatch correction func-
tion k*(T3) of the PTB photometer was previously
calibrated by spectral response measurements.
k*pra(T4) was determined from the photocurrents
¥(T;) of the transfer photometer and y(T;) of the
PTB photometer for the illuminances produced by
the lamp operated at several (n =4) distribution
temperatures T;, as given by

(T
¥ (T)

2
Wlth kyrB(T,) = Ea,- TJ
j=0

minimum ﬁ:[km;(T,-) k?(Ti):'2

i=1

(23)
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The result kpra(74) was normalized to unity at the
distribution temperature Ty=2856 K to finally ob-
tain the mismatch correction function k *prs(7%).

The photometric responsivity s*pra(T;) of the
transfer photometer was measured by substitution
with the PTB photometer. The photometric re-
sponsivity s *, of the PTB photometer was first cal-
ibrated against four PTB luminous intensity
working standard lamps. s *prs(T;) was then deter-
mined, by comparison with the PTB photometer,
from the photocurrent y, mismatch correction
function k *pre(7y), distribution temperature Ty of
the lamp, the mismatch correction function & *(Ta)
and photocurrent y, of the PTB photometer

*
T R
sha(T,) = I%r*%(ﬁg)l Lt 24)

6.4 Results

Table 3 shows the results of the determination of
the photometric responsivity spra(Ts) and sist(7Ta)
of the transfer photometer. Since the temperature
of the transfer photometer was different when
measured at NIST and at PTB, the values are cor-
rected to the same temperature (297.0 K). The dif-
ference of the photometric responsivity measured
by NIST and by PTB, (NIST-PTB)/PTB, was
—0.22 %, with a relative expanded uncertainty of
0.14 %. The uncertainty of this comparison is ob-
tained as the quadrature sum of the statistical

uncertainties of each laboratory’s measurements,
which were obtained as two times the standard de-
viation of the photometric responsivity values mea-
sured.

Table 4 shows the results of the mismatch cor-
rection function of the NIST transfer photometer
calculated from four distribution temperatures.
kera(Ts) is the value measured by PTB and
k*nist(T,) by NIST. The coefficients a.; of the fit-
ted second order polynomial are also shown. Fig. 6
shows the mismatch correction function curves ob-
tained by PTB and by NIST. The mismatch correc-
tion factors of the transfer photometer in a range
2000 K to 3000 K measured by NIST and by PTB
agreed within = 0.0003.

7. Total Luminous Flux Comparison

Four luminous flux transfer lamps—two from
NIST and two from PTB—were used to compare
the unit of luminous flux maintained at NIST and
PTB. The lamps were operated at both laborato-
ries under identical conditions. Each lamp was cali-
brated twice at each laboratory following the
schemes NIST—>PTB—PTB—NIST for the NIST
luminous flux transfer lamps, and PTB—
NIST—>NIST—-PTB for the PTB luminous flux
transfer lamps. The measured values of total lumi-
nous flux are denoted as Pnist and Pers.

Table 3. Determination of the photometric responsivity of the NIST transfer photometer compared to that of a PTB

photometer
Date of Pack. temp. Photometric responsivity Corrected responsivity Difference
measurement T s*(T,) 5%(297.0)
1993 K mV/Ix mV/Ix
NIST PTB NIST PTB (NIST-PTB)/PTB
April 297.0 23.120 23.120
August 297.5 23.174 23.183
October 297.1 23.176 23.178
December 297.4 23.135 23.142
Average 297.3 23.131 23.181 ~-0.22 %
A* 0.09 % 0.02 %
Ui’ 013% 003 %

Difference between photometric responsivity values measured by NIST and PTB:  —0.22 % =0.14 %(U)

* A is the difference of the two measurements at each laboratory, [s*(first)-s *(second)Ys *(first).
b U is two times the standard deviation of the responsivity values at each laboratory. U is the quadrature sum of

Uin(NIST) and Upu(PTB).
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Table 4. Determination of the mismatch correction function of
the NIST photometer by a parabolic fitting from values mea-
sured at four different distribution temperatures

PTB NIST
Tq k*pra(Ta) k*nist(Td)
2000 1.00173 1.00194
2366 1.00098 1.00090
2600 1.00068 1.00042
2856 1.00000 1.00000
ao 1.00313 1.0129
ay 1.4525x 1077 —7.7218x10°¢
a, —4.341x10°" 1.1248x10~°
1:003 Fr——r————— —
! I —a— XTy)
5 LOOZ_;;~~ .m.f . i mmm%w.m. _____ Cq*(n) H
81,001 | o T s+ b e .
1 _
0.999 L~ I SN

2800 3000

A
2200

2000 2400 2600

Distribution Temperature (K)

Fig. 6. Mismatch correction values k*(7;) and the fitted func-
tion k *(T,) determined at PTB (solid curve), and the mismatch
correction function ccf*(Ts) measured at NIST (dashed curve).
The uncertainty bars show 2 standard deviations of the PTB
measurements.

7.1 Lamps Used

Two OSRAM Wi4 (24 V/100 W frosted bulb)
lamps were prepared by PTB, and two OSRAM 24
V/40 W opal bulb lamps were prepared by NIST.
These transfer lamps were operated at constant dc
current with specified polarity and operated in the
cap-up position. The lamps prepared by NIST were
seasoned for at least 50 h on a dc power at approx-
imately the same current as used in the measure-
ment. The color temperature of the NIST lamps
(2750 K) was determined using a spectroradiome-
ter. The lamps prepared by PTB belong to a group
of working standards used for several international
and bilateral intercomparisons in European coun-
tries. Their stability (short-term) and reproducibil-
ity over several years is known to be better than
0.1 %. The distribution temperature (2830 K) was
determined from the spectral distribution.
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7.2 Mgasurements at NIST

The total luminous fluxes of the transfer lamps
were measured using a 2 m integrating sphere [7]
against the NIST luminous flux working standard
lamps. All transfer lamps were operated, in the
base-up position, at dc constant current with the
specified polarity. The lamp voltage during the
measurement was recorded. The integrating sphere
is equipped with a V' (A)-corrected detector of a de-
sign similar to the NIST standard photometers.
The detector has an opal diffuser at the entrance
for cosine correction. The detector has a built-in
temperature sensor, and the output reading is cor-
rected for the differences in temperatures during
measurements as shown by Eq. (10). The integrat-
ing sphere is equipped with an auxiliary lamp on
the sphere wall, and the self-absorption effects are
measured for each lamp including lamp holders,
and corrections are made to the results. The rela-
tive spectral responsivity of the detector and the
relative spectral throughput of the integrating
sphere were measured. The mismatch correction
factors as given by Eqgs. (6) and (8) were calculated
and applied for the differences in color tempera-
ture of the lamps measured. The total luminous
flux values were calculated according to Eq. (20)
with k*(T4) replaced by ccf*(T.).

7.3 Measurements at PTB

In April 1993, when the two luminous flux trans-
fer lamps were transported to NIST, the PTB
goniophotometer had not yet finished being up-
graded. As a result, PTB calibrated the luminous
flux of the lamps using a 1.5 m integrating sphere.
The lamps were compared with luminous flux
working standard lamps, which had been calibrated
with the PTB goniophotometer one year before.
The luminous flux values were calculated according
to Eq. (20).

When the luminous flux transfer lamps were
transported back to PTB, the upgrade of the PTB
goniophotometer was complete, and all the lamps
were calibrated with the goniophotometer. The go-
niophotometer was calibrated against the PTB lu-
minous intensity working standard lamps. These
are the same lamps used to calibrate the luminous
intensity transfer lamps and the photometric re-
sponsivity of the NIST photometer.

The total luminous flux values of the transfer
lamps were calculated automatically using the go-
niophotometer program according to Eq. (18). The
radius of the goniophotometer is ~2.5 m and the
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surface of the imaginary sphere is divided into ~70
zones. Corrections for photometer spectral mis-
match, stray light and drift of the NIST lamps dur-
ing the measurement time (about 20 min for one
run) are applied to the values. The drift is mea-
sured with a monitor photometer moving continu-
ously only at the equatorial zone.

7.4 Results

The results of the total luminous flux measure-
ments are summarized in Table 5. The average

difference between the measured values of lumi-
nous intensity by NIST and by PTB, (NIST — PTB)/
PTB, was 1.53 %, with a relative expanded
uncertainty of £0.15 %. The uncertainty of this
comparison is evaluated in the same way as that of
the luminous intensity comparison was.

8. Conclusion

The bilateral intercomparison of photometric
units maintained at NIST and at PTB was con-

Table 5. Summarized results for PTB and NIST luminous flux transfer lamps measured at NIST and PTB including
relative differences between the values and the related statistical uncertainties

Lamp no. Date Lamp voltage Luminous flux Difference Burning time
lamp current 1993 v {4 min
dist. temp.
NIST PTB NIST PTB (NIST -PTB)/PTB
PTB9 April 21.497 1231.0 30
3.800 A May 21.511 12495 45
2828 K October 21.510 1250.2 ) 45
November 21.501 1232.6 60
Average 21.511 21.499 1249.9 1231.8 1.47 % Total 180
Ar 0.01 % 0.02 % -0.06 % -013 %

PTB10 April 21.863 1287.0 30

3.800 A May 21.877 1304.4 45

2844 K October 21.870 1306.2 45

November 21.867 1287.9 60
Average 21.874 21.865 1305.3 1287.5 138 % Total 180
A 0.03 % 0.02 % -0.14 % ~0.07 %

NIST1205 October 24.080 489.8 45
1.660 A November 24,082 481.39 60
2760 K November 24.084 482.14 60

December 24.097 489.8 20
Average 24.089 24.083 489.8 481.77 1.67 % Total 185
A 0.07 % 0.01 % 0.00 % -0.15 %

NIST1206 October 24.240 510.9 45
1.660 A November 24.242 502.87 60
2776 K November 24.243 502.75 60

December 24.245 510.6 20
Average 24243 24243 510.75 502.81 1.58 % Total 185
A 0.02 % 0.00 % 0.06 % 0.02 %
Ut® 0.09 % 012 %

Difference between luminous flux values measured by NIST and PTB: +1.53 % *0.15 %(U)

* A is the difference of the two measurements of each lamp at each laboratory, [ P(first)- P(second))/P(first).
® Uiy is two times the standard deviation of luminous flux values of each laboratory normalized by the average of each

lamp. U is the quadrature sum of Ui.,(NIST) and Ui.,(PTB).

238



Volume 100, Number 3, May—June 1995
Journal of Research of the National Institute of Standards and Technology

ducted within a 1-year period. Two luminous inten-
sity transfer lamps, one V(A)-corrected transfer
photometer and four luminous flux transfer lamps
were calibrated at NIST and PTB against the main-
tained units of luminous intensity and luminous
flux. All the measurements were repeated by the
two laboratories in such a way that four values
were always obtained: the first and the fourth at
one laboratory before and after the transportation,
and the second and third at the other laboratory
with approximately 3 months in between.

The luminous intensity values measured by NIST
were found to be 0.18 % (of the measured values)
larger than the values measured by PTB with a
relative expanded uncertainty of 0.24 %. The pho-
tometric responsivity value of the transfer photo-
meter for CIE illuminant A measured by NIST was
found to be 0.22 % (of the measured value) smaller
than the value measured by PTB with a relative
expanded uncertainty of 0.15 %. This means that
the magnitude of the NIST candela is 0.2 %=
0.24 % (of the unit) smaller than that of the PTB
candela. The difference is well within the relative
expanded uncertainty of calibration at each labora-
tory (0.5 % at NIST [7] and 0.4 % at PTB [12]),
and is significantly reduced from a value of 0.9 %
obtained in 1985. The comparisons using the lamps
and the photometer gave almost equivalent results.
The mismatch correction factors of the transfer
photometer measured in a range 2000 K-3000 K by
NIST and by PTB agreed within +0.0003.

The total luminous flux values measured by
NIST were found to be 1.53 % (of the measured
values) larger than the values measured by PTB
with a relative expanded uncertainty of 0.15 %. In
other words, the NIST lumen is 1.53 % +0.15 %
(of the unit) smaller than the PTB lumen. The re-
sult indicates, however, that the luminous flux units
maintained at both laboratories have not changed
significantly since 1985. The difference in luminous
flux unit is significant compared with the relative
expanded uncertainty of calibration at each labora-
tory (1.0 % at NIST [7] and 0.6 % at PTB [12] ).
This difference should be studied. At NIST, a new
realization of luminous flux unit is in progress.

Throughout the results of this intercomparison,
the reproducibility of lamps after a round trip to
and from NIST and PTB showed satisfactory re-
sults with a maximum change of 0.11 % of the lu-
minous intensity and 0.13 % of the total luminous
flux, which were comparable with the change of
0.09 % of the responsivity of the photometer. The
reproducibility might be degraded if the objects are
not hand-carried. It is also noted that the results
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for both luminous intensity and luminous flux units
agreed with what had been expected from the his-
tory of maintaining the units at each laboratory.
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