A COMPARISON OF THE LASER POWER AND TOTAL IRRADIANCE SCALES
MAINTAINED AT THE NATIONAL BUREAU OF STANDARDS
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Systematic errors among the_varioﬁs measurement scales and standards
are a nevermending.source of concern to the National Bureau of Standards,
This is partilcularly true when measurements are supported by different
groups at the NBS., Each group will assign limits of systematic efror to
the measurement‘for which they are responsible, but users who are reasonably
well-informed will want to know how much difference is actually found between
measurements based oﬁ the work of the different NBS groups. If both groups .
have assilgned conservative limits to éystematic error, fhis difference may
be appreclably less than the sum of the limits of systematic error, unléss
one ox both groups has overlo?ked significant sources of error. In eithe£
case, users trying to reconcile differences need to know whether an appreciable
part ofbtheir discrepancy may lie in their standards.

The calibration of instruments for laser power and energy measurements
has been based on two different sets of standards, depending on the history
of the calibrating laboratory and the equipment available. Some work has been
based on lamps .calibrated by comparison with black body radiation by the
Optical Radiation Section of the National Bureau of Standards, and other work
on callbrated calorimeters or detectors traceable to the electrical standards
used in the Laser Measurement Techniques Sectlon, It has been reiaortedlp2
that a 9% dlscrepancy was found between measurements based upon the different
standards available from these two NBS sections., More extensive measurements
placed the discrepancy at 47,3 The wide circulation of reference 2 may lead
many people to believe that the rather common discrepancies in laser power and

energy measurements are to a significant extent due to discrepancles in the ¥BS




standards. The purpose of thisvpaper is to report a recent inbercomparison
that demonstrates théilévélgof<agreement betwegn the scales presently
maintained by the two NBS sectlons,

The two scales Involved in the intercomparison were the upper end of
the MBS total irradiance scale maintained by the Optical Radiation Section,
and the lower end of the laser energy (and a&erage power) scale maintaiﬁed by
. the Laser Measurement Techniques.Sectioﬁ. The uppex end of the total irradiance
scale is disseminated on 1000 watt DXW, quartz, halogen, coiled-coil filameqt
lamps with ceramic veflectors yielding approximately 146 mw/em? at 40 cm. from
the lamp. Originally this scale was realized by comparison of the total
irradiance from the lamp with that from a black body“, but it has been recently
re-realized with an electrilcally radiometer (a radiometer with a heater built
into its receiver), and?the scale is being shifted about 2,57 at its upper
end as a result®., The laser energy scalé.is realized and maintained by a
group of calorimeters designated the C-series, which can be used toAmeasure
average laser powers as low as B

The intercomparison was carried out with the same radiometer that was-
used to re-realize the NBS total dirradiance scale, It is an improved version
of a type that has been described.previously,7 The features of this radiometer
that are noteworthy to this intercomparison are its linearity due to electrical
calibration and its accomodation ©0f different irradiation geometries with
negligible systematic error. During the laser energy scale intercomparison,
the radiometer had a one cm diameter aperture surrounding a one half cm diameter
opening in a cavity receiver, During its usual operation, the radiometer is

equipped vith a 0,02516 = 0,00002 cm area circular aperture in front of the

cavity receiver,




‘The.experimental arrangemént for the laser energy scale intercomparison
has been described in detail8., The essence of the technique is that the
laser beam passes tﬁrqugh an ape;ture in aﬁ opaque screen, and is incident
on a wedged gléss beam splitter, The>directly transmitted beam is collected

by the r:adiometer9 the first surface refiection from the beam splittér is
collected by a C-series célorimeter; ahdvthe second internal reflection from
the beam splitﬁer is collectediby a detector that activates a timer. The
rest of the low‘order reflections are collected on blacklbaffles. A shutter
is provided sb that the aperture can be closed, and the measurement procédure
is to open the shutter for a preset period of time, the actual chutter open
period being determined by the detector-activated timer., During the shutter
closed period (i.e., calorimeter rating periodg), an electrical current is

passed through the receiver heater of the radiometer and the voltage across

the heater and current through it are measured for calibration of the radiometer.

The average power incident 6n the radiometer during the measurement
period 1s calculated relative to the laser eneréy scale by the following
procedure: the énergy measured by the calérimeter is divided by the time
'interval during which the shutrer was open, and the result is multiplied by the
transmittancé/reflectance ratio of the beam splitter, which in turn is measured
by replacing the radiometer by another C-series calorimeter.

Two measurements éf nominal five minute duration were run in the above
described configurétion; and two measurements of nominal one minute duration
were run with the position of the calorimeter and radiometer interchanged,
using the reciprocal of the transmittance/reflectance ratio of the beam splitter

to calculate the average power incident on the radiometer as measured by the
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calorimeter, The principle(difficulty in these measurements was that‘the
calorimeter and laser measure different quanticies. The output of the S
calorimeter is proportional to the energy incident on it, whereas the outbut
of the radiometer 1s a complex integral transform of the instantaneous power
incident‘on‘it. (It is only for a constant power input to the radiometer
Ithat a steady state output that is proportional to the Inclident power is
obtained.) ‘

To reduce the data obtained from the radiometer, it was assumed that tﬁe
radiometer was a linear, sipgle time constant (lumped parameter) system, in
which case the instantaneous power Pr(t) incident on it during the shutter
open period is given by

PL(E) =Ty [V(E) = vo + 1 9(6)] VI/(vg = v,) o
where P;.= 1.00274 is a correction factor for the various errors associated
with realiziﬁg a radiant power scale with the radiometer?, v(t) is the
instantaneous radiometer output;voltage during the shutter open period,

Vo is a zero offset voltage, 1. is the time constant of the radiometer (thirty

seconds in this case)!?, the dot indicates differentiation with respect to time,

V is the voltage across the receiver heater and I 1s the current through it
during the shutter closed period, and Ve is the steady state output of the
radiometer during this period,

In the laser energy scale intercomparison, the quantity obtained from the
calorimeter was the average power during the shutter open period, thus we
integrate.E%. 1 from t; to tp, and divide the result by tp,—-t;, to obtain the
average power, P, incident on the radiometer as measured by the radiometer,
The result is

easm

Pr=£‘;) VI?I: ) (2)




where
ty |

F,l‘ff ‘V(t)dtw(tz‘-tl)‘vo T [V(tz)mv(t.l)] (tz'-tl) (Ve_vO)S (3)
t1 »

can be considered as a correction factor. The accuracy of F) is dependent
“upon the'liﬁearity and single time constant assumptlons necessary for Ei‘ i,
For the highest accuracy the receiver hg;ter circuit should be opened and
'glosed in exact synchronization with the opening and closing of the‘shutter.
Also before the actual measurement, V should be adjusted éo that the radiémeter'
t output voltage does not change as the shutter is opened and closed., 1In this
case the radiometer would be operating under steady state conditions and Fi
would be equal to 1,0, Howéver, in the actual measurement, these ldeal
conditioqs could not be achieved for two reasons, First, the receiver—ﬁeater
circult was openad and closed manually, and only approximate synchrontzation
Witﬁ the opening and closing of the shutter could be obtained., Secondly, theA
laser output fluctuated as much as five percent over a few minutés, so an exact
match between the radiant power and electrical power was not possible.

The lower curve in Flg. 1 is the radiometer output voltage during one of
the measurements. The actual data was recorded digitally with a four second
sampling period, aﬁd the curve was drawn by connecting the points. The shutter
was opened at zero minutes and closed at one minute, The spiké in the curve
at zero minutes was caused by closing the receiver heater slightly before tﬁe
shutter was opened. A similar spike in the opposite direction appearing juét
before the shutter is closed, is superimposed upon a sudden increase in laser
output,

The upper curve in the figure is the instantaneous power during the interior

fifty-two seconds of the shutter open period, as calculated from the radiometer







oﬁtput-(lower curve) using Fig; 1 and numerical differentiation. This
procedure was not applied at the end points of the intervai in order éo

avoid introducing the spurious effects of the previously mentioned spikes

into the data, Similarly, the points t; and t, were chosen about four

seconds away from the ends of the shutter open interval (towards its center)
when calculating the average power using Egqs. 2 and 3. Of course the average
éowers‘computed over two similar but:non—idéntical intervals cannot be expected
to agree exactly due to laser fluctuations. None the less, the differences to
be expected under the conditions of Ehe measurenments described in this paper‘
are small. The square in Figure 1 represents the area that corresponds to a
0,147 error 1n average power for the'daia of the figure,

In accordance with the above, the data in Table I compares the average
power, during the entire shutter open period, as measured by the calorimeter
with the average power, during a period falling within the shuttér open period
but 6f eight seconds less duration, as measured by the radiometer. We can
readily identify at least four possible sources of the scatter of the values

o R T o . the '
of PC/PR in the right hand column of the table. They areAintrinsic noise

associlated with the radiometer, the intrinsic noise associated with the calori-~-

-
» PR

meter, the failure of the assumptions used in deriving Eq. 3 for ﬁigvand the
differences in the average power from a fluctuating source when calculated over
slightly different nested intervals, We make no attémpt to assess the relative
magnltude of these effects here.. The significant point is that the average
value of Ec/ﬁk is a measure of the agreement between the total iryaqiance and f
laser energy scales presently maintained at NBS, and the 0J79”digcrepaﬁcy is

well within the estimated limits of error associated with the two scales,




Furthermore, taking account of the recent total lrradiance scale shift,
we gee a difference that agrees satisfactorily with the 4% reported in

reference 3,
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TABLE 1. Comparisons of ‘i;R the average power incident on the
radiometer as measured by the radiometer® and P, the
average power Incident on the radiometer as measured
by the calorimeter##, . '

b

Measurement Duration T Cy R . ?c ml;—c/PP};
Number (sec,)
1019713 300 - 0.,9615 8.474 8,484 . 1.0012
1019714 300 0.9777 8,317 ‘ 8.335 © 01,0022
1020713 60 1.0798 5.352 5.356 ~-1,0007
0
1A20714 60 1.0054 5.190 : 5.188 0.9996
#ECR 2
wRCI-2

+ of shutter open period
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