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Principles and detailed procedures are described for measuring lase r energy and power in terms 
of e lectrica l e ne rgy based on voltage, resistance , and frequency standards. The construction of a small 
isoperibol ca lorimetcr used for the measurements is desc ribed. The ca lorimeter wi ll accommoda te 
0.0] to 20.1 and 4 X 10 5 to I W cw and is limit ed to a maximum pul se intens it y of 0.1 .I/cm'. The s tand
ard deviation of comparison meas urements using two calorimeters and a beam s plitter is 0.08 percent 
when the smaller energy input is not less than 0.3 1. The estimated limit s of sys tematic eITor for one 
ca lorimeter are ± 1.0 percent of the laser e ne rgy measured by the calorimeter. 
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1. Introduction 

Calibration of a device for laser power and energy 
measurements is just the process by which the output 
of the device is translated into watts or joules based 
on standards maintained by the National Bureau of 
Standards. Evidently, methods of measurement which 
can compare laser outputs directly to the basic elec
trical standards offer considerable advantages by re
ducing the number of steps in the calibration process 
and the associated propagation of errors. These more 
direct methods of measurements have been the object 
of a program conducted at NBS [1, 2, 3, 4].1 The main 
thrust of the work has been to apply calor imetric 
methods to the measurement of laser power and 
energy, and, through the use of beam splitters, to 
provide monitored beams of known energy for calibrat
ing other measuring devices. More recently the work 
has been directed toward calorimeters which are 
simple enough for non-experts to operate, rugged 
enou gh to ship between laboratories, but accurate 
enou gh to provide a means of referring laser power 
and elltrgy to the NBS electrical standards - a refer
ence calorime ter. In this paper we describe principles 
and procedures for referring laser power and energy to . 
electrical standards by means of a group of calori
meters, which we designate the C-series*, meeting 
most of the above requirements. It is contemplated 
that calori meters of this type will be the basis of a 
servi ce to calibrating laboratories to check on their 
overall accuracy and precision, much in the manner 
of the present system used with the standards of mass 
[5,6]. 

·Contribulion of the National Bureau of Standards. Not s ubject 10 copyright . 
··Quanlum Elec tronics Division. National Bureau of Standards. Boulde r. Colo. 80302. 

I Figures in brackets indicate the lit e rature references at the e nd of this paper. 
-There have been three designs thus far . designated C1, C2 . and C3. The first was a 

prototype. The principal difference between C2 and C3 is that C3 has an incomplete outer 
shield and a conical mirror so that the calorimeter can accommodate laser beams of larger 
dialneler. 

Besides reducing the number of steps in the calibra
tion process, calori metry has other advantages. 
Calorimetry can be used to measure the energy in a 
pulse or, by the use of a sui table timer, a wide range 
of average power levels. A calori meter properly de
signed and operated can make a valid comparison 
of energies independent of the time required to put 
the energy into the calorimeter. It is valid to compare 
energy in a pulse to cw energy put in over a 5 minute 
period , for example, or to compare a laser pulse to an 
electrical input of 10 to 300 sec duration. To conform 
with calorimetric tradition, we shou ld probably 
restrict the term calorimeter to devices which can 
perform such time-dependent energy comparisons 
and relegate other so-called calorimeters to the cate
gory of thermal detectors. It is a technique that has 
been in use for about 100 years, so that a great deal of 
information on the design and operation of calorimeters 
is available [7, 8, 9, 10]. Calorimeters can be shaped 
to approximate a total absorber, to reduce the de
pendence of the calibration on the wavelength of the 
laser radiation. They can be constructed so that the 
calibration factor does not depend on where the 
laser beam strikes the calorimeter. This geometric 
variation of the calibration factor is rather com
mon - not only in thermal devices, such as bolom
eters, thermopiles, and conduction calorimeters, 
but also in devices which respond to li ght quanta, 
such as photoelectric tubes. A calorimeter will retain 
its calibration factor for a very long time, unless it 
is damaged by a gross error, such as exceeding the 
maximum ratings for power density or energy. Using 
a beam-splitter, intercomparison and calibration of 
energy measuring calorimeters can be made inde
pendent of the laser stability, either in cw power 
or the energy of single or multiple pulses. 

The requirements for laser power and energy 
measurements are extremely varied-wavelengths 
from 0.4 fLm to 30 fLm, continuous power levels 
from 10- 6 to 10:3 W, pulse powers in gigawatts, and 
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energies from 10-3 to 103 J in single or repetJtlve 
pulses. Calorimeters are probably adaptable to a 
greater range of these requirements than other 
methods of laser power and energy measurements, 
but they too must be designed for a restricted por
tion of the problems. The practical operating param
eters for the C-series calorimeters are summarized 
in table l. 

Although this paper describes a particular calo
rimeter in detail, its main purpose is to describe 
apparatus design and experimental techniques which 
any laboratory can follow to refer laser power and 
energy measurements to electrical standards. 

2. The Theory of the Measurement 

The C-series calorimeters, in common with the 
liquid cell calorimeter [3], are of the isoperibol type; 
that is they operate in an environment in which the 
temperature does not change with time. The theory 
for this type of calorimeter has been worked out in 
detail from its basis in the First Law of Thermody
namics and a generalized boundary-value heat flow 
problem describing isoperibol calorimeters [11]. The 
application of the theory to data reduction for tempera
tures taken at equal time intervals has been worked 
out for both a least squares computer program and a 
manual approximation [12]. The theory is summarized 
in the equation 

I,· 

W = E [TF- T/+ E L (T- Too)dtJ (1) 

where W is the thermodynamic work done on the 
calorimeter, either by a laser beam or by a calibrating 
electrical current; E is the energy equivalent deter
mined with a known work quantity; T is the tempera
ture (or a quantity linearly related to the temperature 
[12]); E is the cooling constant described below; and 
t is time. The work quantity W is the actual work done 
by the laser beam; an additional measurement is 
required to determine any power or energy in the beam 
which is scattered back out of the calorimeter. The 

TABLE I. Operating parameters oj C3 calorimeters 

Energy (cw).. .......... ... ..... 0.03 to 3 J (0.01 to 20 J slightly 
less accurate) 

Wavelength (with BK7 window) ... 0.4 to 2 p..m 

Aperture (max beam size).......... 2 cm 

Cooling constant (reciprocal time 0.003 s 1 

constant) 

Power range (cw)..... ................ 4 X 10- 5 to 2 W 

Max pulse intensity (pulse 0.1 J/cm2 

< 10- 3 s) 

Precision (standard deviation of 0.2 percent 
an electrical calibration) 

Systematic error..... ....... . ......... less than 1.0 percent 

quantity in brackets is traditionally called the corrected 
temperature rise tl.Tc and is determined from observa
tions of the temperature over the time of the experi
ment. The quantity E(TF - T/) is very nearly the change 
in the internal energy of the calorimeter and the 
product EE times the integral is very nearly the heat 
exchanged between the calorimeter and the surround
ings. The subscripts 1 and F refer to the initial and final 
rating periods, as outlined below. The initial and final 
temperatures must be observed during rating periods 
as defined by equation (2). The convergence tempera
ture Too is the temperature observed an infinite time, 
in a practical sense, after a disturbance of the 
calorimeter. 

The other equation essential to the measurement 
[11,12,13], is the following: 

(2) 

When the temperature obeys this equation the calorim· 
eter is said to be in a rating period. The measurement 
requires that rating periods both precede and follow 
the work input to the calorimeter. Two equations
one for each rating period - can be solved for the 
convergence temperature Too and the cooling constant 
E. Obviously Too is the temperature when its rate of 
change dT/dt is zero. It is shown [11] that E is the 
smallest eigenvalue of the heat .flow problem; it can 
be varied by changing the thermal contact between 
the calorimeter and its constant-temperature en
vironment, by removing air in the space around the 
calorimeter, for example. 

It is important to note that equations (1) and (2) 
take into account the fact that the calorimeter has an 
opening for the laser beam and therefore must be 
somewhat influenced by objects in the room. Only the 
variation during an experiment of the radiation from 
the room will have an effect and this variation will 
appear in the random error of the calibration factor. 
For measurements at low light levels it may be pre
ferable to keep objects in the room, such as super
visors, in fixed positions. 

The use of equation (1) with actual data requires 
averaging techniques to achieve the highest accuracy 
and precision [12, 13]. We reduce data for the C
series and other isoperibol calorimeters by a simple 
least squares computer program [12]. Alternatively 
it may be accomplished manually. A simple manual 
method sacrifices very little precision or accuracy 
[12]. 

The least squares program in effect fits the integral 
of equation (2) to the data in the initial and final rating 
periods to obtain the best values for Tp , Tl , E, and Too 
in equation (1). The integration is carried out by the 
trapezoidal rule. 

Equation (1) contains all of the quantities used in 
the computation of the energy equivalent E and is 
therefore the starting point for the analysis of errors 
in electrical calibration experiments. 

Calorimetry compares laser energy actually ab
sorbed to electrical energy. The energy in the beam as 
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it strikes the calorimeter is greater than the energy 
absorbed because of the losses in the window on the 
calorimeter and the small reflectance of the calorimeter 
proper. If W, is the incident laser energy and Tw is 
the transmission of the window, then Tw WI is the 
energy incident on the calorimeter proper, which ab
sorbs a fraction 0', so that the work quantity W in 
equation (1) is just O'TwWI. As we measure it, the quan
tity 0' also allows for a possible small heat exchange 
term. When the laser beam strikes the absorbing 
surface, that surface will be heated above the cor
responding temperature in the electrical experiment. 
There will be a corresponding increase in the heat 
loss by thermal radiation over that accounted for by 
isoperibol theory. We call this the excess thermal 
radiation and treat it along with the absorption. Writ
ing AT,. for the corrected temperature rise, we obtain 
th e laser energy incident on the calorimeter window 
in terms of observable quantities 

(3) 

The determination of the energy in the laser beam 
depends on the determination of the four quantities 
on the right of equation (3). This paper will be con
cerned mainly with these quantities. Equation (3) 
contains all the quantities required to compute the 
energy from a laser beam and is therefore the starting 
point for the analysis of errors in laser experiments. 

Systematic errors may also be due to inadequacies 
of the theory of the measurement. Problems related 
to the adequacy of the linear theory are discussed 
in references [11] and [12]. 

3. The Calorimeter 

The calorimeter and its constant-temperature sur
roundings are shown in a schematic vertical section 
in figure la. Figure Ib is a photograph of the calorim
eter as used. The apparatus is roughly cylindrical 
and symmetrical about a horizontal axis. The calorim
eter proper, in which the laser beam is absorbed, 
consists of a main copper cylinder with a conical mirror 
on one end and a small cone closing the other. The 
mirror cone has a half-angle of 25° and accommo-
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FIGURE lao Diagram ofC3 calorimeters. 

Laser radiation enters through the window and is absorbed inside the calorimeter. 
The temperature is measured by a n a·junction thermopile. Elec trical calibrations are 
carried oul by applying a voltage to the healer in the caJorimeter. 
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FIGURE Jb. Photograph of a calorimeter of the C.1 design. 

dates a collimated-beam 2 cm in diameter by reflect
ing the outer part of it into the calorimeter. The small 
cone and the cylinder are blackened inside, by ox
idizing the co pper in C3- 1, for example, to provide a 
good absorber that is reasonably resistant to high 
energy or power in the laser beam. This cavity con
struction avoids most of the error caused by variation 
of the absorptivity over the surface of the absorber. 
The outer surface of the calorimeter is gold-plated for 
corrosion resistance and low emittance for radiant 
heat transfer. The closed end, where most of the radi
ant energy is absorbed, is fitted with a thin copper 
shield in the form of a cylinder soft-soldered to a copper 
ring around the main cylinder. A calibrating electrical 
heater is wound under this shield. The shield serves to 
make the laser and electrical sources "equivalent" 
for evaluating heat transfer from the calori meter. The 
problem with accounting for heat transfer is that the 
calibrating and laser sources cannot be in exactly the 
same geometrical locations and, therefore, will set 
up different temperature gradients. Although this 
geometrical effect can never be eliminated, it can, in 
principle, be made as small as desired. This principle 
'is discussed in reference [11]. Application to our 
particular case is discussed below. The length of the 
cylinder represents a compromise between total ab
sorption of radiation and the time required to make a 
measurement. A longer cylinder will absorb a larger 
fraction of the incident radiation, but the time required 
is increased roughly as the square of the length. 

The calibrating heater is about lOOn of #40 man
ganin wire (.075 mm diameter) wound bifilarly to cancel 
inductive effects. The heater current leads are #36 
copper (0.12 mm) about 8 cm long. Potential leads are 
attached midway along the current leads between the 
surface of the calorimeter and the inner surface of the 
surroundings. This construction avoids possible sig-



nificant systematic errors [14, 15] in comparing electri
cal energy to laser energy. The heat generated in the 
leads is 0.2 percent of the heat generated in the 
calorimeter. We estimate that the potential leads are 
located so as to allocate this 0.2 percent to better 
than 1/20 of itself (8 mm of wire in 16 em of leads) 
for a maximum systematic error of 0.01 percent of 
the energy measured. 

The calorimeter is suspended in the constant
temperature surroundings by an 8-junction thermo
pile of #36 alloy wires (0.12 mm). The thermopile 
output is approximately 600 /.LV /K. Pure metals were 
avoided for the thermopile because of their greater 
thermal conductivity and the consequent increase in 
the cooling constant. 

The space between the calorimeter and its surround
ings is evacuated to about 10- 3 Torr (0.1 pascal) 
to reduce heat transfer and decrease the cooling 
constant. The smaller cooling constant makes the 
internal (stored) energy of the calorimeter about four 
times as large as the heat exchange term. On the basis 

. of a few experiments made at pressures higher than 
usual we believe that the precision of the measure
ment is improved by reducing the pressure and that 
smaller power and energy can be measured. This 
observation is in accord with the practice in very accu
rate (0.01 percent) isoperibol calorimetry of making 
the heat exchange term about 1 percent of the internal 
energy [13]. 

The constant-temperature environment consists of 
a copper ring and two coaxial copper cylinders soldered 
to the ring. The inner cylinder is closed at the rear, 
but has four holes through which four junctions of the 
thermopile are drawn taut. The outer cylinder is closed 
by a rear plate with an "0" ring seal. A window, 
which in this case is a 10 wedge of borosilicate glass 
BK7, is mounted on the front of the constant-tempera
ture surroundings. The wedge virtually eliminates pos
sible problems with interference. It is mounted so that 
a line from the thinnest part to the thickest part is 
nearly horizontal. Vacuum seals for the window mount 
are made with "0" rings. 

The constant-temperature surroundings are mounted 
in a heavy support ring by means of three thin-wall 
stainless steel tubes 0.6 cm in diameter. Aluminum 
covers are fastened to the support ring. Thermopile 
and heater leads are brought out through the support 
ring. This construction allows easy access to the inner 
parts of the calorimeter. 

4. Temperature Control 

The temperature control of the surroundings is 
a critical part of the measurement. The theory treats 
a temperature constant in time. If the temperature var
ies appreciably this will cause two errors: (1) The 
heat exchange term will be incorrectly determined, 
because no allowance is made for temperature varia
tion. (2) The internal energy will be incorrectly evaluat
ed, because of an error in temperature measurement. 
The internal energy is proportional to the tempera
ture difference T F - T/. Since the thermopile with 

which we determined TF and T/ has its reference 
junctions on the surroundings, a change in the refer
ence junction temperature between the two tempera
ture observations will appear directly as an error in 
the difference. 

The controlled temperature is sensed by a resistance 
bridge as described by Maier [16], wound in the 
copper ring. The bridge consists of alternate arms 
of copper and manganin of about 100 0 resistance 
fastened to the ring with an epoxy resin which cures 
at 1000 C. The bridge balances at about 33° C. The 
bridge supply is 2 V DC. The output is amplified by 
an operational amplifier having a low offset voltage 
and gain stabilized with a feedback resistor. The 
amplified signal is fed to intermediate operational am
plifiers which provide proportional and integral (reset) 
control to an output transistor. This transistor regulates 
the current in a 30-0 control heater wound near the 
control thermometer on the outer surface of the 
surroundings. 

The temperature is controlled to ± 0.1 mK as cal
culated from the gain of the operational amplifier 
and the bridge parameters. Our experience indicates 
that our temperature control is not the limiting factor 
in the precision of the measurement. 

The temperature-controlled surroundings does not 
form a complete thermal enclosure for the calorim
eter. Some heat is transferred by radiation through 
the window, although it is opaque to most room
temperature radiation, which is a maximum at 10/.Lm. 
To this small extent the room is a part of the thermo
dynamic surroundings. In principle, the variation in 
room temperature would set a lower limit on the laser 
energy to be measured accurately in isoperibol cal
orimeters, but we have not yet established such a limit. 
Other factors are probably more important at the 
present time. 
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5. Operation of the Calorimeter 

The output of the thermopile, which measures the 
difference between the temperature of the calorim
eter and that of the temperature-controlled surround
ings, is amplified by a D.C. amplifier linear to 0.01 
percent, having a maximum gain of 105 at 100 /.LV full 
scale. The output of the amplifier (10 V max) is read 
by a digital voltmeter. At selected equal intervals of a 
few seconds, the voltmeter reading is transferred to a 
data coupler and then printed by a typewriter which 
simultaneously punches a paper tape. 

In preparing for an experiment, the D.C. amplifier 
is allowed to warm up while the temperature control is 
established. About 15 min after the temperature of the 
surrondings is under control the rate of change of the 
calorimeter temperature in equation (2) becomes small 
enough to make a measurement. It is not unreasonable 
to wait until it is zero or nearly so, but it need not be 
zero. We keep the rate of change in the initial rating 
period less than about ten percent of the rate of change 
in the final rating period, because we believe that the 
increase in internal energy can be measured more 
accurately than heat exchange. If the calorimeter is 



cooling rapidly in th e initial rating period , the heat 
exchange term for the experime nt will be large . 

The experiment cannot be started until equation 
(2) is obeyed , but IS min will us ually prove more than 
adequate for thi s purpose. In any case, thi s point is 
checked in the computer data analysis . 

When one is satisfi ed that equation (2) holds, a 
numbe r of data points are logged (20 to SO) and the n 
the electrical or laser input is made. We frequently 
log a minimum of 20 points at 4 s intervals (tlO s) 
After th e input e nough points are taken to make sure 
that 20 to SO points are in the final rating period when 
highe r order exponentials have beco me negligible and 
equation (2) again hold s. Th e final rating period can 
usually be started about 40 sec after the input is 
stopped. The co mpute r program [12] prints de viations 
of individual points from the integra l ' form of th e 
equation (2) to show whet her th e rating period was 
started too soon. If it was, the calculation is merely 
re peated with a later se t of poi nt s . . 

6. Electrical Calibrations 

The electrical calibrating c ircuit diagram in figure 
2 is based on principles long in use in calorimetry. 
The diagram is included to facilitate discussion of th e 
errors in th'e measure me nt. Electrical calibrations are 
carri ed out usin g the calorime ter heater as a four
terminal resistor , meas uring the D.C. current in th e 
heater, the voltage across it, and the tim e the powe r 
is on. The heater current is dete rmined from the volt
age across a standard resis tor. Two differe nt s tandard 
resis tors are used to accommodate different heate r 
curren ts. The voltages are meas ured with digital volt
meters. These voltmeters and the s tandard res is tor 
were calibrated by the RF Power, C urre nt, and Voltage 
Section of NBS. 

The power source for calibration is a D. C. supply 
operating up to 12 volt s and 0.3 amp regulated to 0.1 
percent. Thi s regulation is a matter of conve nie nce; 
the voltages required for the power computation are 
measured. The heater power is varied by c hanging the 
fixed value seri es resistor. 

The time is read by a counter·timer with a built-in 
crystal-controlled oscillator. The oscillator is checked 
against a 100 kHz standard frequency supplied from 
the Time and Frequency Division of NBS. The timer is 
connected in parallel with the calibrating heater and 
is triggered by the voltage across the heater. Any 
leakage current in the timer is by-passed around 
the standard resistor to avoid a systematic e rror in 
the heater powe r. 

We consider the errors in the electrical calibration 
by returning to equation (1). Abbreviating the cor
rected te mperature rise by b.Tc. we write the electrical 
work W el done on the calorim eter 

The electrical work is the product of the voltage 
VII across the heater, the c urre nt given by the voltage 

448-417 0 - 72 - 2 
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Elec tri ca l wo rk is the produc t of the voltage across the healer. the c urre nt , whic h is the 
vo ll agc ac ross the s ta nd ard resis tor divided by it s res is tance. and the lime. An y cu rre nt 
in the timer c irc uil b Y- I}H SSeS the standard res is tor. 

VI' across the s tandard res is tor divided by its resis tance 
R, and th e tim e t. Subst ituting for Wand so lving for £ 

E = V"Vl't. 
Rf:!.Tc 

The uncertainty in £ = j(V", VI" t , R, b.Tcl due to 
sys te matic errors in the quantities V" , VI" t , R, a nd 
f:!.Tc may be evaluated in th e following manner. The 
systematic error 8£ in £ caused by a systematic 
error 8V" in V" is approximately 

_ aj 
8£- av" 8V" 

However 8V" is unknown except that e vide nce has 
l;>een presented that 8V" is limited by ± dY". It follows 
that the error 8£ in £ due to 8V" is limited by 

± lai,l dV". Similarly, limits on the errors in E due to 

the other four parameters may be obtained. If the error 
sources are un correlated it is clearly unlikely that they 
will affect £ in the same direction and at their extreme 
magnitudes. However it is conservative, and custom
ary for a small number of error sources, to add the 
limits directly. Expressed as a fraction , the resulting 
limit to the systematic error in E is given by: 

d£ = Idf:!.Tcl + IdY"l + IdYrl + IdRI + Idtl 
£ b.Tc. V" Vr R t 

A more complete discussion is given by Ku [17]. The 
systematic error in b.Tc is taken to be zero. A systematic 
error in f:!.Tc would imply that either the laser or the 
elec tri cal experiment affects the thermopile output in 
some way other than by changing the temperature of 
the junctions. It is possible for electrical leakage to 
bias the thermopile output, but checks for this source 
of error are easily made. A strip chart recorder con
nected to the nanovoltmeter will respond much more 



rapidly to electrical leakage than to the slow t~ermal 
effect so that leakage is easy to detect as an mstan
taneo~s offset- Such an offset must be distinguished 
from a possible inductive effect of switching, which 
will appear as a spike and not an offset- W.e do ,:ot 
find either an offset or a spike due to an mdu ctlve 
effect- The major systematic errors are in the two 
voltmeters. The systematic errors in the voltage meas
urements are estimated to be less than 0.1 percent 
for one voltmeter and 0.03 percent for the other. 
The standard resistor calibration is stated to be ac
curate to 0_005 percent- No correc tion has been made 
for the temperature change of the standard resistor. 
This quantity is extremely small and, in any case, 
appears as part of the standard deviation in the elec
trical experiments_ The counter-timer is compared to 

. an NBS frequ ency accurate to about one part in 109• 

The trigger error was found to be less than 0_5 micro
second , which checks the manufacturer's specifica
tions for the counter. The counter has a least count 
error as used of 1 X 10- 5 , but this is a random error 
and will be taken into account in the standard devia
tion. We restric t the heater current to a minimum time 
of 1 sec, so that the estimated systematic error in the 
time interval due to time base, trigger error and count
ing error is negligible compared to the other systematic 
errors. 

Limits to the sys te matic error in E are± 0.15 percent 
obtained .by summing the es timated limits of ± 0.11 
percent , ± 0.03 perce nt and ± 0.005 percent esti mated 
for V", V,. a nd R respectively. The heater lead error 
discussed above has been included as part of the error 
in VII. Th e contributions of t and !1Tc are taken to be 
negligible compared to 0.15 percent- .. 

A chronological control chart for the electncal calI
brations of calorimeter No. C3- 1 is shown in figure 3. 
The individual determinations of the e nergy equivalent 
are plotted in the order in which they were made. The 
weicrhted averacre of all points is shown as a heavy 
dashed line. Po~ts below 0.3 J were given 1/16 weight 
because of the poorer precision. The es timated stand
ard deviation for an individual measurement is 0.22 
percent and is plotted in the lighter da~hed lines. 

To ascertain whether the e nergy eqUIvalent changes 
significantly with the total energy input, the energy 
equivale nt of calorimeter C3- 1 is plotted against energy 
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FIGURE 3. Control chart showing calibration factor for C3- 1 
versus experiment number in chronological order. 

The he avy dashed line represents the weighted mean and the light er dashed lines rep
resent ± one s tandard deviation. The calibrat ions cover 7 months in the development of 
the measureme nt. 
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FIGURE 4. Control ch.art of the calibration Jactor for C3- J versus 
energy. 

The heavy dashed line represent s the mean and the light er d?s hed lines r.e presenl ± one 
standard deviation. Points below 0.3 J scatter more and were given less weight. 

input in th e co ntrol c hart in figure 4. The lack of a sig
nificant tre nd with the energy input is evidence for the 
adequacy of the linear theory in this range. We have 
used the approximation that the thermopile emf is pro
portional to th e te mperature. This approximation may 
impair the accuracy for larger energy inputs. A few 
experiments at 10 J and 20 J appear to have good pre
cision but differ a small but signifi cant amount from 
th e average. Present procedures sacrifice some accu
racy in thi s range. Procedures now being de~eloped 
for converting to a better te mpe rature scale WIll prob
ably ex tend th e accurate range to these greater 
energies. . 

In a third control chart in figure 5 the energy eqUIva
lent is plotted against the cooling consta~t. The cool!ng 
constant is an indication of the pressure In the calonm
eter; a smaller cooling constant corresponds to a 
lower press ure . Th e c hart reveals no dependence of ~he 
energy equivalent on the cooling constant for calOrIm
eter C3- 1. We did find a variation of the energy 
equivale nt of about 0.2 percent in an earlier ?alorim
ete r C2- 2. While thi s effect can be taken Into ac
count, it is more convenient to maintain an adequately 
low pressure. 

7. Arrangements for Optical Intercomparisons 

A typical experimental arrangement for optical 
intercomparisons or calibrations is shown in figure 6. 
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FIGURE 5. Control chart of the calibration factor E plotted against 
the cooling constant to demonstrate the lack of a significant 
trend. 



FIGURE 6. Schematic diagram showillg experimell tal arrangement 
for intercomparing two calorim.eters. 

The ape rture re moves some Wlwa nt ed divl'rgen l radiation . The lens reduces tile' beam 
diameter so that it wi ll fit comfortably in the calorime ter. The first s urface re flection is 
taken 10 the calorimeter at B. The second illlt'rnal reflection from the beam sp litter acti va tes 
a light sensor which sta rt s and stops a count er- time r. 

In this arrangement the laser is an ion laser us illg 
argon or krypton gas. Th e beam is fir st passed through 
a 9 mm aperture stop placed about 3 meters from the 
exit port of the laser. The di s tan ce from th e laser 
serves to red uce any possible e ffec t on results of radia
tion due to pumping power. In thi s laser the pumping 
power is several thousand times the output powe r, so 
th at a very s mall frac tion of th e pumping power could 
cause large errors in output power measure ment. The 
pumping power radiation dive rges rapidly , so that its 
effect decreases rapidly with di stance from the exit 
port. Divergent radiation can cause a sys te mati c error 
in comparison or calibration of devices havin g appre
ciably different entran ce apertures or placed at 
different optical path le ngths. Under these circ um
stances one device will capture more of th e diverge nt 
radiation than the oth er. The purpose of the 9 mm 
aperture s top is to re move a small amount of e xtra
neous laser radiation which makes an appreciable 
angle with the main bea m. This ex traneous radiation 
creates so me confusion in se tting up th e expe rim e ntal 
arrangement , but the main proble m is that diverge nt 
radiation can cause sys te matic errors in comparison 
of two calorimeters having different apertures. The 
edge of th e aperture mus t be ke pt out of any brigh t 
part of the beam to avoid diffraction effects and the 
corresponding divergence of the beam. The stop is 
painted black on both sides as a safety measure_ 

The beam passes next through a lens having a 2 m 
focal length. The purpose of the lens is to reduce the 
size of the beam so that there is no question that all of 
the beam e nters the calorimeters. A s horter focal 
le ngth lens may make the beam so s mall th at a dust 
particle or imperfection in the optics may have an 
appreciable effect. The beam strikes th e le ns about 
15 mm from the cente r so that re fl ections are carried 
out of the path of the main beam. Th e two largest 
re flections are absorbed on the back of the aperture 
stop. 

The beam splitter is a 1° wedge of "c" cut sapphire. 
W edges are used to make it easier to sort out the 
various reflections and to avoid possible problems 
with interference. The 1° angle is a com promise chosen 

to facil itate removal of undesired re flections without 
introd uci ng proble ms related to th e polarization of the 
laser bea m. T he lase r beam s trikes the firs t surface at 
an incide nt a ngle of ap prox im a tely 2.3 degrees. This 
s mall angle is chosen to redu ce de pend ence on the 
polarization of th e laser beam. The first s urface 
re fl ection is ta ke n into calorime ter and the seco nd 
s urface re fl ecti on is terminated as a safe ty meas ure. 
T he second internal re fl ec tion is taken to the silico n 
detecto r which triggers the counter-timer for time
interval meas ure me nts. 

The alignme nt of calorim eters of the C3 type is 
simple. The beam is ce ntered on the ope ning in th e 
fron t of the calorime ter. The calorimeter is th e n 
orie nted so th at th e two main re fl ections strike the 
black s upport of the beam splitter at th e level of the 
main beam co min g through. Thi s arrangement ass ures 
that the angle of in cide nce on the window is the sa me 
as that used in determinig th e tra nsm iss ion of the 
window. These re fl ec ted beams are a t equal a ngles to 
the main beam, so th at th e e ffects of polarization can 
again be neglected , and both the main beam and the 
seco nd internal re fl ec tion are prac ti cally centered on 
the absorbing cyli nder in the calorime te r. 

It is important to di s tin guish be tween the first 
s urface re fl ection a nd the fir s t inte rn al re fl ection. The 
di s tinction is not appare nt to the eye, so we use th e 
sche me s how n in the diagram in fi gure 7. Wh e n the 
two re fl ec tions s traddle the mai n beam, the seco nd 
internal re fl ec tion will be on the same side of the main 
beam as the first inte rnal re fl ec tion. 

8 . Window Transmission Measurements 

The arrangement for meas uring th e trans miss ion of 
th e window for C3 calorimeters is similar to that in 
figure 6. T he calori meter at A is moved to 1.1 m from 
the beam s plitter and the win dow to be c hecked is 
placed midway be twee n the m. The window , a 1° wedge , 
is orie nted so that the two brightes t re fl ec ted beams 
make equal angles with the incide nt beam, as de
sc ribed in th e precedi ng section. Th e second inte rnal 
reflection does not e nter the calorimeter , as it will when 

FI GU RE 7. Beam splitter illustrating method of distin.guish ing the 
/rOllt sUlface reflectioll and the fi rst internal reflection. 

The spl itt er is o ri ented so tha t the two refl ec tions make equal angles with the incident 
bealH. The first and second int e rnal re flec tions a re then on the sa me side of the incident 
beam. 
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it is mounted on the calorimeter, so that th e measured 
transmission must be increased by a few tenths of a 
percent , depending on the material of the window. 

Since the transmission of the window is measured 
before it is placed on the calorimeter, a procedure has 
been develope d whi ch gives the measured transmis
sion inde pendent of the transmission of whatever tem
porary windows are on the calorimeters at the tim e. 

The procedure starts with a dete rmination of the 
ratio R of th e e nergy WI in the beam transmitted by the 
be am splitte r to the energy W,. in the beam reflected 
from the beam splitter. Using subscripts A and B to 
refe r to the calorimeters in those positions, we write 
from equation 3 

R = W, = EII I1TII THCXH 
W,. TA CXA EIJ 11TH 

(4) 

In sertion of a window in the trans mitted beam will re
duce th e energy transmitted to the calorimeter at A. 
Using primes to allow for a poss ible c han ge in th e lase r 
output, we observe the followin g ratio 

R' = Tw' W', = EA I1T' A To CXo 
W',. TIICXA EIJI1T'IJ 

(5) 

As we would predic t, the ratio W'rI W',. is observed to 
be independe nt of the laser power level , so that 
W'dW',. = WdW,.. Substitution for thi s ratio in eq (5) 
from eq (4) gives the equation 

TWEII I1TII T/J CXH EA I1T'A TO CXIJ 
TA CXII EIJ I1T/3 Til CXA Eo 11T'/3 

(6) 

The tran smi ss ion and absorption quantiti es [or the two 
calorime ters appear on both sides of th e equation and 
can be canceled. The energy equivalents EA and E/3 
are constants, independent of the energy or I1Tc over 
th e operating range. Cancelling these and rearrangin g, 
we obtain the equation for the tran smiss ion of the 
window. 

(7) 

After the transmission IS measured , the window is 
placed on the calorimeter. The transmi ssion actually 
used is the measured transmission increased by a few 
tenths of a percent because the second internal reflec
tion, which is discarded in the transmission measure
ment , enters the calorimeter whe n the window is 
mounted on the calorimeter. 

Transmission measurements for calorimeter C3 - 1 
at 676 nm are shown in Table 2. From these data we cal
culate the transmission of the window to be T = 0.9115, 
including a correction of .0016 for the second inte rnal 
reflection. The standard deviation of T based on these 
measurements is 0.032 percent. 

A systematic error in the transmission might ari se 
(1) from gradual changes in the window between trans
mission measurements or (2) from nonuniform scatter-

TABLE 2. Beam ratio data for C3- j window 

H (eq. 4) 

11.5482 
11.55 ] 1 
11.5549 
11 .5436 

Ave 11 .. ,)494 
s= 0.0048 

1<' (eq . 5) 

10 .. 5J93 
]0. 50:26 
10.5044 
10.5141 
J 0 .. 5073 
10 . .5077 
LO .509:2 
0.0063 

ing or transmission by the glass. The first of these might 
come from slow formation of a coating of some kind. 
This kind of error can be avoided by repeating the 
tran smission measure ments at reasonable intervals. 
Measurements of the trans mission of the window of 
calorimeter C3- 1 made three months apart agree to 
0.07 percent, although the first set of measurements 
was made with th e calorimeter operati ng in air. In this 
case, the transmission of 0.9122 is the ratio of the 
energy meas ured with th e window in its actual operat
ing pos ition to the energy measured with th e window 
re moved - no correction is necessary for the seco nd 
internal re fl ection. The individual measure ments are 
less precise without the window ; the standard devia
tion is 0.11 perce nt. The 0.07 percent difference in the 
two values of the tr.ansmission is not s ignificant at the 
95 percent confide nce level. Meas uremen ts on anothe r 
window of the same type gave the value of 0.9122 for 
th e tran sm iss ion; thi s value is the average of nine 
measure me nts and its standard deviation is 0.025 
percent. 

On th e basis of the preceding inform ation, we es ti
mate th at the sys te mati c e rror in WI due to e rror in 
measuring T will not exceed ± 0.12 percent of T , or 3 
times th e standard deviation plus an error of .0002 in 
the inte nsity of the second internal reflection. 

9. Absorption by the Calorimeter; Excess 
Thermo I Radiation 

It is evide nt from equation (3) that the fraction cx of 
the incident radiation absorbed by the calorimeter 
must be known accurately and that th e error in the 
frac tion absorbed enters directly into the over-all 
accuracy of the measurement. It is also possible that 
there is an excess of thermal radiation from C3-1 in 
the laser experiment. The absorbing surface will 
have to run slightly hotter relative to the thermopile 
than in the electrical experiment because the heat 
flows from thi s surface to the metal parts of the calo
rimeter. Both the scattered radiation and this excess 
th ermal radiation are taken into account in our deter
mination of the quantity cx, which for brevity's sake 
we term the fraction absorbed. 
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The frac tion absorbed by the calorime ter is meas
ured with the experime ntal arrangement shown in 
figure 8. A small calorimeter R1, constructed on its 
own window mount is placed in the evacuated calo
rimeter space in such a way that it intercepts prac
tically all of the radiation, including thermal radiation, 
escaping from the interior of the calorimeter C3-1. 



r C3 - 1 

/ 

/ >1 

FI GURE 8. Experimental arrangement Jor measuring the Jraction 
oj the incident radial ion absorbed. 

A s mall lasc r beam passe s through the apt'rIUTC and through a s lightly larger opening 
in the ca lorimeter B I inlo the ca lorirn(' l cr C3- 1. where nwsl of the rad iation is absorbed 
and meas ured. Th e small amount of radiati(J 1l not absorbed by calurime ter C3- 1 is abo 
sorbe d a nd meas ured by calorim eter R I and the frac tion a absorbed by C3- 1 is ca lculat ed 
from the two measurement s. 

Calorimeter Rl consists of an aluminum dish 2 cm 
in diameter a nd about 30 /-tm thick weighing 0.2 g 
with a 2. 0 mm hole in the center. The di sh is painted 
black on the surface facing calorimeter C3- 1 and is 
mounted on three nickel-chromium alloy wires. The 
t.emperature is measured by a four-junction thermopile 
relative to the metal window mount , which is fastened 
to the te mpe rature-controlled copper ring (fig_ la). 
Calorim eter Rl is calibrated in a separate evacuated 
e nclosure usin g a monitored 676 nm lase r beam as in 
fi gure 6. The mean e ne rgy equival e nt from 3 experi
ments is 4.35 X 10- 4 J/ /-t V and the s ta nda rd deviation 
of the mean is 0_6 percent. The cooling consta nt for 
Rl as a separate entity is 0_02 S - I. 

Two types of experiments are carried out. In a laser 
experi ment , a small beam en ters calori meter C3- 1 
through a 1.5 mm aperture and th e 2 mm opening in 
calorime ter Rl. The beam is focused at the aperture. 
In an electrical calibration , calorimeter C3- 1 is heated 
in the usual way in order to observe th e temperature 
change in Rl in response to thermal radiation from 
C3- 1. 

The major additional proble m with two calorim ete rs 
in the same enclosure as in figure 8 is that they radiate 
energy to one another. In the present case, thermal 
radiation to Rl from C3-1 is far greater than the 
scattered laser radiation striking Rl directly and the 
problem is to extract the desired information from the 
data taken in the two experiments described above_ 

Since the scattered radiation is a small fraction 
1- 0' of the incide nt laser radiation , thi s fraction can 
be in error by a large percent of itself without impairing 
the determination of 0' and hence the over-all accuracy 
of the calorimetric measurement of laser energy. We 
take advantage of this by using a simplified heat flow 
problem as the theoretical basis for the experiment 

In the case of an electrical calibration at constant 
power, the temperature of calorimeter Rl will rise 
due to the rmal radiation from calorimete r C3- L For 
a laser input , laser radiation will be scattered back 
from C3- 1 and absorbed by Rl along with the excess 
thermal radiation. The te mperature of Rl will rise 
faster than it would due to the thermal radiation 
alone. Typical data for the two experiments normalized 

--------------
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to th e power level of C3- 1, a re plotted in fi gure 9. 
Both electrical a nd laser in puts were of 30 second s 
duration start.in g at zero t.ime . 

To find th e fraction 1- 0' of the incident radiati on 
received by Rl we treat th e two calorim e ters in a 
consta nt-te mpe rature enclos ure as a linear sys te m , 
as in reference rll], and make use of the ideas of 
s uperposition and convolution. A constant electric 
power input t.o C3- 1 will produce a typical time
temperature response in Rl because the calorimeters 
are th ermally coupled by radiative heat transfer. A 
con stant power Rl would produce a different response; 
the te mperature would rise more rapidly for such a 
direct input. The time-temperature response of Rl to a 
lase r input to C3- 1 will be a s uperpos ition of these two 
respon ses : most of the laser beam is absorbed by C3- 1, 
and Rl responds to the accompanying th ermal radia
tion , but a small fraction of the beam will be scattered 
a nd a bsorbed on Rl , givin g a quicker response. The 
excess thermal radiation will produce a similar effect. 
The absorbing surface is a thin layer of copper oxide 
which will quickly reach a te mperature excess pro
portional to the cons tant laser powe r, so that thi s com
ponent of the radiation to Rl would lag very little 
behind the input to C3- 1. The observations the refore 
can account for the combined scatte ring of the laser 
beam and the excess thermal radiation. Knowing the 
time- te mperature respon se of Rl to the thermal 
radiation from C3- 1 in the electrical ex perim e nt , we 
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FIGURE 9. Data Jor finding the absorption Jactor Jor calorimeter 
C3- 1; comparison oj time-temperature curves Jor calorimeter R I . 

In an e lec trical expe riment "0" the te mperature of RI rises due 10 the rmal rad ia tion 
from C3- 1; in a laser experime nt " 0 " a s m«11 fraction of the incident radiation is scat · 
tered 10 calorimete r R I so thai it s temperature ri ses faster than in the electrical experiment. 



can subtract it from the time-temperature curve for 
the lase r input and the re mainder will be the reo 
sponse to the combined laser and excess thermal 
radiation not present in the calibration experimen t. 

The ana lysis of the resulting data is based on a 
simplified heat flow problem discussed by West and 
Churney [18] and by Churney, Armstrong and West 
[19]. Familiarity with their arguments will make the 
following discussion easier to follow. We begin by 
setting up an equatim for the conservation of energy 
in calorimeter RL The rate of increase in internal 
ene rgy of Rl is the product of its heat capacity C and 
the rate of change of te mperature dT/dt. When there 
is no direct laser input to Rl thi s increase in internal 
energy is equal to the rate of heat transferred to RL 
This heat transfer is the product of a heat tran sfer 
coefficient hs and the temperature difference T, - T 
between the constant-temperature surroundings and 
Rl plus the product of another heat tran sfer coeffi cient 
he and th e tem perature difference Te - T between 
C3- 1 and R1. In equation form 

CdT/dt = hs(T, - T ) + he( Te - T). (8) 

When dT/dt = O, the sys te m is in a stead y state, whic h 
is characterized by the s ubscript 00. For thi s stead y 
state 

0= h s (T, - T,,) + he (Tex - T ex ) . (9) 

For calorim etry we are not interes ted in thi s steady 
state, so long as it is steady. Subtraction of the steady
state equation gives 

The "temperatures" in equation (10) represent only 
that part of the temperature due to the laser input 
to Rl; that part of the temperature due to the thermal 
part of the radiation has been subtracted from the com
posite observed temperatures before equation (10) 
is applied. The temperature C3- 1, which has s ix 
times the heat capacity of Rl , will not rise much due 
to radiation from R1. The last term in equation (10) 
will therefore not contribute much to the temperature 
ri se of Rl because Tc - Tex is small, so we neglect 
this term. With this approximation and putting 
b= (hs + hc)/C, we integrate equation (10) 

T - T,,= Ae- 1J1 (11) 

where A = To- T oo at time t = O. 
We now introduce the scattered laser power into 

the problem. Let A represent the temperature due to 
an input to Rl of 1 J at time t = 0; then A = 1/e. For 
an input of pdT joules at time T, equation (11) becomes 

(12) 

We can find the temperature due to a constant power 
input p starting at time t = 0 by integrating equation 
(12) over all elapsed time T = 0 to T = t: 

T-L 1 
- - = - (l - e- bt ) • 

fJ bC 
(13) 

The temperature will have a maximum or new steady 
state value from which we obtain the scattered laser 
power p relati ve to the total power P to C3- 1 

!!. = be (T max - T ,J Ll . 
P (P t:J.t) I 

The constant C is obtained by calibration as described 
above. The cooling cons tant b is obtained from a se mi
log plot of (T max - T.x') - (T - T.r) . In the actual case 
these temperatures were divided by the electrical or 
laser power to C3- 1, so that we obtain the fraction of 
the incide nt light scattered to Rl. The results of four 
sets of paired electrical and laser experiments gave for 
the fraction scattered to Rl 0.11 percent, 0.17 percent, 
0.13 percent, 0.12 percent (chronological order). 
The average is 0.13 percen t. The radiation lost through 
the hole in Rl is neglected. The 2 mm hole is 4 percent 
of the total area. The painted surface of Rl absorbs 
about 97.6 percent of the incident radiation, and 
contributes a negligible error (2.4 percent of 0.13 per
cent). The standard deviation of the mean of these 
measurements is 0.02 percent. 

It is possible that the absorption varies with the posi
ti on in the calorimeter. To investigate this possibility 
we mad e 7 measure ments of the beam ratio with a 
beam 3 mm in d iam eter and 8 measurements with a 
beam s lightl y over 4 mm in diameter. The latter illu
minates about twice as large an area. The mean of the 
first set was 11.527 and of the second set lL528 with 
a pooled standard deviation of 0.0092. The difference 
is not significant, but, of course, the experiments are 
not sufficient to eliminate the possibility. 
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We estimate limits to the systematic error of ± 0. 2 
percent in the fraction absorbed a to allow for (1) a 
possible error in time, which affects the positioning of 
the two c urves in figure 9, (2) three times the standard 
deviation of the mean, and (3) possible variations in 
the fraction absorbed with the location of the beam in 
the absorbing cavity. This estimated systematic error 
must be increased if part of the radiation strikes the 
gold-plated conical surface. 

The gold-plated conical surface will reflect most of 
the incident radiation into the absorbing cavity, but 
some will be scattered back out of the calorimeter. 
We compare the response of the calorimeter to radia
tion incident on the conical surface and directly into 
the cavity, but this measurement is not simply a com· 
parison of the fractions absorbed. A basic idea of 
calorimetric theory is that the method of accounting 
for heat exchange introduces an error in the com
parison of laser beams absorbed at different locations 
in the calorimeter- the geometric effect discussed in 
the next section. Also, when the calorimeter is moved 
so that the beam strikes in a different place, the beam 
comes through a different part of the window, so there 
may be a small effect due to imperfections in the win
dow. Radiation striking the gold· plated cone will 
therefore produce a different effect because of varia· 
tion in absorption , the geometric effect and the 



window. Measurements made with a 676 nm cw laser 
beam 4 mm in diameter are shown in table 3. The 
beam ratio is the ratio of the energy measured by 
C3- 1 to the energy measured by the monitor. The 
largest variation is 0.8 percent less than the ratio meas
ured at the center of the calorimeter opening. The 
only change made in these experiments is movement 
of C3-1. 

The conical area is not ordinarily used for inter
comparisons with other devices, so this systematic 
error ordinarily does not affect results of intercom
parisons, although some allowance must still be made 
for possible geometric effects. When a large beam is 
used, a systematic error must be estimated based on 
the beam size and the above measurements. 

10. The Geometric Effect 

The theory of calorimetry predicts a systematic error 
in the comparison of two heat sources due to the fact 
that the errors in accounting for heat exchange with 
the environment do not exactly cancel when the sources 
develop heat in different parts of the calorimeter. This 
systematic error tends to decrease as the two sources 
are made more remote from the surface of the calorim
eter and the heat exchange is made small. Tests can 
be performed with known sources in different locations 
such as a known beam striking the calorimeter in differ
ent places or using electrical heaters in two different 
locations. The latter technique is more precise because 
it eliminates some of the uncertainties associated with 
small beams, such as a change in scattering by the 
window. Larger beams are unsatisfactory because they 
allow too little variation in position a nd they tend to 
average out the geometric effect. We have performed 
the experiments described in the preceding section 
to test for the geometric effect in C3-1. These tes ts, 
described in the preceding section , do not separate the 
geometric effect from the effects of light scattering by 
the gold-plated surface and by the window. The experi
ment was carried out with a 4 mm beam striking the 
gold-plated surface. In practice, the beam is directed 
at the absorbing cavity and only that part of a beam out
side a 1 cm diameter would strike the gold-plated sur
face. The largest variation in Table 3 (0.8 percent) 
therefore represents an unrealistically high estimate of 
the limits of systematic error due to the geometric 
effect. 

TABLE 3. Beam Ratios for Light Incident on Conical Surface 

Centered ... .......... . ....... . 

5 mm Right. .... . ............ . 

4 mm Right.. . ....... . ....... . 
4 mm Left.. ...... . ..... . ..... . 
5 mm Left.. .............. . ... . 

Beam ratio 

11.532 
11.525 
11.436 
11.433 
11.468 
11.514 
11.490 
11.495 

Difference from 
center (perce nt) 

- 0.8 

- 0.5 
- 0.1 
- 0.3 
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We have checked the geometric effect in an earlier 
version of the calorimeter C2-2 using two electrical 
heaters. The heaters are located at each end of the 
absorbing cylinder so that they greatly exaggerate the 
geometrical effec t sin ce a laser beam would mainly be 
absorbed at th e closed end. The averages of six expe
riments with each heater are 3.614 and 3.606. The 
s tandard deviation of the mean is 0.0061 , so that the 
two agree within twice . the standard deviation. The 
difference between th e average values is 0.22 percent. 
On the basis of the geometri c effect in Calorimeter 
C2-2 and the data in Ta ble 3, whi ch may possibly be 
due to the geometri c effect , we es timate limits to the 
systematic error of ± 0.5 percent of the energy meas
ured. Note that we would have to make some allowance 
for a systematic error in any case because the tests 
that can be made are only indicative of the magnitude 
of the error; they do not prove that there is no possible 
way that a greater sys tematic error could not be 
inc urred. 

11. Precision and Accuracy of a Laser Energy 
Measurement 

In analyzing the over-all precision and accuracy of 
the measurement we first examine some errors not 
yet considered. 

Polarization. The angle of incidence of the laser 
beam on the calorimeter window is 0.75°. W e calc ulate 
a maximum error of 4 X 10-5 in the transmission due 
to a change from vertically polarized to horizontally 
polarized light. 

The rmal radiation from the window. Some of 
the incident radiation will be a bsorbed by the window, 
raisi ng its temperature and increasing the thermal 
radiation to the calorime ter over that present during 
electrical calibrati ons. This radiation will not reach the 
calorimeter C3- 1 in the absorption measurements 
because of calorimeter Rl , fi gure 8 , so it must be 
treated separately. We calculate that a 20 J laser 
input will raise the glass temperature 4 mK, assuming 
no heat loss from the glass. The resulting thermal radi
ation to the calorim ete r will be less than 0.01 percent 
of the input. 

Errors from data logging equipment. The gain 
stability and linearity of the data acquisition equip
ment does not contribute a systematic error. Short term 
instability will appear in the random error. If there is 
a long term drift it will show up on the chronological 
co ntrol chart for the e nergy equivale nt, fi gure 3. No n
linearity will limit the useful range of the calorimeter 
and will show up in the control chart of energy equiva
lent plotted agains t total e nergy input. 

It is prudent here, as with the digital voltmeters, to 
utili ze most of the scale of the instrume nts. In this way 
least count and percent-of.scale errors are minimized. 
Measurements and calibrations for a given energy 
should be made on the same scale . 

Precision and accuracy of a m easure ment of a 
laser energy input. The error in measuring a laser 
input is estimated by reference to eq uation (3). Follow
ing the recommendations of Eisenhart [20], we present 



the systematic and random errors separately. The limits 
of systematic error estimated above for the various 
factors are: dE/E = ± 0.21 percent; dcx /cx =±0. 2 per
cent; dT/ T = ± 0.12 percent; thermal radiation from the 
window ± 0.01 percent; and the geometric variation 
= ± 0.5 percent so the limits on the total ~ystematic 
error are estimated to be the sum of these or ± 1.0 per
cent of the measured energy. As more data become 
available, better, and probably smaller, limits can be 
placed on the systematic errors. 

The random error associated with the measurement 
of a laser energy WI input to the calorimeter is a useful 
quantity because it is one of the criteria for judging its 
merits relative to other devices and its applicability to 
a particular problem. This random error is due entirely 
to the random error in determining t::.Tc since the other 
factors on the right-hand side of equation (3) are 
constants: 

If we assume that the standard deviations of t::.T.~ and 
t::.T/i are dependent on the inp ut energy and expressible 
as a constant fraction, that is, if 

then sA l t::.TA = 0.000Sj"v2 or 0.057 percent. Assuming 
that S.I = Su and that they are independent of the energy 
input , and using t::.TA = 17 t::..T/i from the data, we esti
mate the standard deviation for the measurement of 
a laser input to be 0.02 percent at 0.1 J and 0.002 per
cent at 1 1. Until better electrical calibration data are 
available, we will use the more conservative estimate 
of 0.06 percent for the random error associated with 
a laser energy input to calorimeter C3- 1. 

One anticipated use for the C series calorimeters 
is in tes tin g or calibration of other devi ces. For this 

(3) purpose we c urre ntly use the experime ntal arrange-

To estimate the random error from re peated meas ure
ments on a particular laser we would have to depend 
on the stability of the laser, a dependence we are not 
willing to ass ume. In general, the random error is best 
estimated from electrical calibration data because the 
contribution from the electrical meas urements can be 
negligible. In our particular case, experimental e vi
den ce indicates that the old digital voltmeters a re not 
sufficiently stable. The standard deviation of an elec
trical calibration is 0.22 perce nt of the measured energy 
based on IS determinations. The standard deviation as 
a percent of the measured energy increases as the 
measured energy decreases below about 0.3 J for both 
elec trical and laser inputs , so we will confine our con
siderations to energies greater than 0.3 J. The pooled 
standard deviation based on three sets of beam ratio 
experiments (19 experiments, 16 degrees of freedom) 
is O.OS percent. The standard deviation of a measure
ment with either calorimeter by itself must, of course, 
be less than O.OS percent, but in any case this O.OS per
cent is so much smaller than the 0.22 percent for elec
trical calibrations that we conclude that the electrical 
measurements themselves are making a major contri
bution to the random error. 

For lack of a better basis , we estimate the random 
error associated with a laser energy input from the 
beam ratio measurements , making a few simplifying 
assumptions. Since the absorption of the cavity and 
the window transmission were measured only for 
C3- 1, we first assume that these quantities are the 
same for both calorimeters. These quantities then 
cancel in equation (4) and we have for the beam ratio 

From propagation of error formulas we know that the 
standard deviation Sf{ of determinations of R can be 
expressed in terms of the standard deviations SA and 
Su of the corrected temperature rises t::.TA and t::.T13: 

me nt in figure 6. One calorimeter is used as a monitor 
(at either position) and th e device to be tes ted is s ub
s tituted at the other position. The beam ratio R is 
given by equation (4). 

(4) 

The standard de viation of this ratio is O.OS percent. 
If a device to be calibrated is now s ubstituted for B 
the ratio can be written in terms of the calibration 
factor F and the scale reading S of the device to be 
calibrated 

R' = E 'It::..T~ _1_. 
T;lO'A FS 

If we are careful to maintain the experimental optical 
arrangement applying to equation (4), then R = R' 
and we obtain for the calibration experiment 

The systematic error in th e monitoring calorimeter at 
A cancels in this equation but the random error from 
our measuring system is inc reased because there are 
now two contributions from the monitor in t::.TA and 
t::.TA. The random error in the scale reading S will 
make an additional contribution to the error in the 
calibration factor F. The point is that the precision 
and accuracy of any measurement made with the C3 
calorimeters will depend on what additional param
eters are introduced. Eac h measurement must be 
examined from this point of view and planned so as to 
eliminate additional errors if possible. 
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12. Intercomparison of Calorimeters 

The C series calorimeters are being proposed as 
devices for measuring laser energy relative to electrical 
standards, so it is important to compare C3-1 to some 



of the liquid cell calorimeters which have been the 
main basis of NBS laser power and energy measure
ments [1,3]_ For this comparison we selected two liquid 
cell calorimeters having laboratory designations AF2 
and AF6_ The ratios of the energy measured in a des
ignated calorimeter to the energy measured by the 
monitor calorimeter are given in Table 4_ These ratios 
differ from others given in this paper because an extra 
lens was inserted so as to give a beam 1.1 cm in 
diameter on the liquid celIs- To avoid a possible bias 
from interference effects, the liquid cell calorimeters 
were repositioned for each experiment- The means of 
measurements of AF2 and AF6 differ from the mean 
of the measurements for C3-1 by - 2.1 percent and 
- 1.8 percent respectively. Considering the claim of 
2 percent for the "estimated calibration uncertainty" 
of a typical liquid cell calori meter and the random and 
systematic errors considered earlier in this paper, the 
differences of about 2 percent seem somewhat too 
large. We therefore investigated two possible sources 
of systematic error in the liquid cell calorimeters: 
(1) the poss ibility that the small amount of energy 
reflected from the glass-solution interface might result 
in an appreciable systematic error and (2) the possibil
ity that the geo metric effect had been underestimated. 

In the first series of experime nts we used a 676 nm 
beam 4 mm in diameter and let it s trike the liquid cell 
in the center and at di stan ces of 4 and 5 mm from th e 
center in all directions. The results are given in Table 5 
in chronological order. The calori me te r was re-align ed 
after each measure ment. The measure me nts have a 
standard deviation of 1 perce nt, appreciably larger than 
normal, but the mean differs from the value in Table 2 
obtained with C3- ] by the same - 2.1 pe rce nt- We con
clude from these experiments that there may be a meas
urable interference effect if the liquid cell calorim eter 
is used with small beams , but that there is no appreci-

T AB LE 4. Intercomparison of calorimeters 

Date Ratio AF2 Ratio AF6 Ratio C3-1 
to monitor to monitor to monitor 

4- 28 10.538 10.773 
10.541 

4- 29 10.545 10.777 
10.540 10.767 

4- 30 10.580 10.765 
10.577 
10.587 

5- 5 10.534 10.766 
10.546 10.782 

Mean 10.541 10.581 10.772 
s = .004 s = .005 s = .007 

-- -- - - ----- -
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TABLE 5 Beam ratio measuremellts wit h liquid cell calorimeter 

Hatio 

11 .430 
11.213 
11.382 
11.1 24 
11.223 
11 .494 
11.246 
J 1.278 
11.310 
J 1.130 
11.327 

Ave 11.287 
8= 0.117 

Bcam loca tion 

Cen te r 
5 mm ri ght of ce nt er 
Ce nt er 
4 mm le ft 
5 mm le ft 
4 mm above 
4 mm be low 
Ce nt er 
Ce nter 
Cent er 
4 mm right 

able geometri c effec t associated with the di stribu
tion of e nergy anywhere on the exposed surface of the 
window . 

There is another possible sys te matic error due to the 
geometric effect in an axial direction , which co mes 
about because- heat generated by the elec tri cal heater 
is closer to the silver housin g than heat generated by a 
laser beam. In an electri cal calibration the thermo
couple locate d on th e silver hous ing res ponds very 
quickly [1] but th e glass surface will run colder during 
the heat input because heat mus t reach the glass through 
poo r th ermal co nductors. In a lase r ex perim e nt , the 
beam is mosLIy absorbed in the first millimeter ofliquid 
behind the glass and the heat ge nerated mu st flow to 
both the glass and the housi ng through poor thermal 
conductors. The net effect is that th e integral IT dt , 
which accounts for th e heat exc hange, is overestimated 
in an electrical experiment relative to a laser experi
ment and the resulting energy equivale nt calculated 
from equation (1) is too small. 

To get some estimate of the magnitude of this effect, 
we have taken a liquid cell calorimeter o[ an earlier de
sign with an extra thermocouple mounted on th e cen ter 
of the front glass surface. An electrical calibration was 
carried out and the time-te mperature data were take n 
with both thermocouples. The corrected rise was cal
culated [or each of th em by equation (1). The res ults 
differed by 3.6 perce nt. Since the thermocouple on the 
housing overestimates the heat exchange and the ther
mocouple on the glass unde restimates it , the true value 
lies in betw een. Qualitatively , this is in th e direction 
required to reconc ile the differe nces be twee n the liquid 
cell calorimete rs and C3-1. 

Weare grateful to Peter V. Tryon for help with anal
ysis of the data and discussions of the errors and to 
Barbara E. Orr for most of the computations. 
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