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The absorbed dose in graphite fro m a cobalt·60 gamma·ray source was measured with a spherical 
air·filled cavity ionization chamber and with two s pherical calorimeters. The ins truments were 
constructed from hig h·purity graphite . The curre nt per unit mass of air and the absorbed power 
per unit mass of graphite were determined with uncertainties of 0.40 and 0.17 percent respectively. 
Whe n the two results are combined the value of Wa lr • ~m is found to be 33.72 electron volts in graphite 
per ion pair in air, with an uncerta inty of ± 0.14 electron volts. 
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1. Introduction 

Ionization techniques are often employed for the 
determination of r adiation exposure and absorbed 
dose. Es pecially for photons in th e megavolt region, 
the instrument of choice is a cavity ioni zation chamber. 
For absolute de terminations of ex pos ure with such a 
device th e effective s topping power ra tio, Sm, co ntrib· 
utes the largest single uncertainty - about 0.5 to 2 
percent [1),1 For absor bed dose de te rmin ations with 
a cavity cha mber the principal contributors to the 
uncertainty are the stopping power ratio and the 
value of W, the average e nergy required to produce 
an ion pair in the gas. For air, the uncertainty in W 
is about 0.4 percent [1]. Higher accuracy for such 
determinations therefore necessitates a reexamination 
of the values of Wand s'n. The present investigation 
in whic h measureme nts are made, both with the 
ionization technique and with the calorimetric tech
niq ue of the same beam of cobalt-60 gamma rays , 
provides data on W . s'n. 

When the necessary conditions of homogeneity in 
the material and uniformity of primary radiation are 
sati sfi ed the relation [2] between ionization and energy 
deposited is given by the Bragg·Gray equation: 

P I - = W ' sm . 
M m 

(1) 

where .!... is the ionization c urre nt produced by the 
Tn 

r adiation per unit mass of cavity gas and ~ is the power 

deposited by the radiation per unit mass of the ab-

*T his work was supported by the Division of Biology and Med icine of the Un it ed S tates 
Atomic Energy Commiss ion. 

1 Figures in brac kets indicate the lit e rat ure refe rences a l the end of Ih is paper. 
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I P 
sorbing material. If Tn and M are given In amperes 

per gram of gas and watts per gram of absorbing 
material respectively, then W is to be given in elec
tron volts per ion pair. In the experiments to be 

P I 
described in thi s paper the values of M and - were 

Tn 

measured with small graphite calorimeters and 
a n air· filled graphite wall cavity ionization cha mber 
r espectively, using cobalt·60 gamma radia tion. The 

quoti ent of the measured values of MP and.!.. con stitute~ 
Tn 

an experimental determination of the e ffective value 
of the product W · S", in terms of mass and electri cal 
units. Su ch pairs of measure me nts have been made 
most recently by Bewley [3] and pre viously by Bernier 
e t al. [4] , and by Reid and 10hns [5]. The present 
experiment repeats work that was done earlier in this 
laboratory [6] but with improved procedures that 
result in increased accuracy. 

2. Apparatus 

2.1. Radiation Source 

The source of radiation for these measurements 
was a cylindrical asse mbly of twelve encapsulated 
cobalt-60 pencils , each a half- inch in diameter and 6 in 
long, containing about 1000 Ci (curies) in all. The 
pencils are mounted upright on a steel base plate and 
are spaced equally around a 41/ 8 in diam circle of 
centers. This assembly is mounted near the bottom 
of a square concrete cistern 6 ft on a side in the lab
oratory floor. The source is covered by water to a 
depth of 10 f1. The ion chamber and calorimeter 
were mounted in a watertight can and , during measure
ments, were placed at the geometric center of the 



source. The ex posure rate at that point was about 
55 roentgens per second. 

The exposure rate is fairly uniform near the center 
of the source. For example, the average exposure 
rate within a spherical volume 1.5 cm in diameter, 
which is the approximate inside dimension of the 
instruments, is only about 0.01 percent greater than 
at the center. 

The spectrum of photons inside the can was ex
amined and found to have approximately the compo
sition given in table 1 [7]. 

TABLE 1. Spectrum of cobalt·60 source 

CompOllcnl 

Primary pholons .. ". 
Singly scatt e red photons .. 
Multiply sca tt ered photons .. 

Fraction 
of 

intensity 
Energy 

0.80 1.1 7 Me V and 1.33 Me V 
.18 0.21 MeV to 1.33 MeV 
.02 0.105 MeV (effec ti ve energy) 

This description of the source is clearly not unique. 
For example, Ritz and Attix, studying a nearly identical 
source, found that the responses they obtained with a 
set of energy·dependent chambers could be adequately 
explained by assuming a scattered intensity of 1.7 
percent at 169 keY and a primary radiation of 98.3 
percent [8]. 

2.2. Calorimeter 

The two adiabatic calorimeters used in these meas
urements each comprise two main parts; a spherical 
calorimetric body, or core, and a spherical enclosing 
shell. They are similar to one previously described 
[6, 9]. Figure 1 shows the essential dimensions and 
details of one of the present instruments. A thermo-

A 
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FIGURE 1. Spherical graphite calorimeter with solid core. 
A Shell: Outer diam , 2.05 em: inner diam, 1.28 em; graphit e. 
B Core: Diam, ].00 em; graphit e. 
T l • T2 • T3 • Thermocouples: Constantan versus ch rome l P; 0.003 in diam wires imbedded 

in holes with epoxy resin . 
H1 Core heater made of electri cally conducting resin. 
C Copper spolS. A No. 43 cop pe r wire was attached to each spol with epoxy resin. 
H2 Shell heater. Karma res istance wire. Diam. 0.003 in. Attached to shell wi th 

e poxy res in. Space betwee n wires is about 0.2 cm. 

----- -

couple, T1, is inserted in a shallow hole in the core and 
securely fastened. It is used to measure changes in 
core temperature with respect to reference junctions 
held at a constant temperature. Thermocouples T2 
and T3 , which are attached to the core and shell respec· 
tively, are connected in opposition and permit the 
measurement of temperature differences that may 
develop between the core and the shell during 
measurements. 

Two cores differing in thickness were used in order 
to be able to determine whether or not the attenuation 
of the gamma rays within the core was properly evalu
ated. One core was made of solid hemispheres that 
were joined together by a film , HI, of electrically con
ductive resin. The resistor thus formed measured 
about 100 D. It was used as a source of heat for cali
brating changes in potential of TI in terms of energy 
input to the core. The second core was made of two 
hollow hemispheres having the same outer diameter 
as the first, but only about two-thirds the mass. These 
were joined in the same way as the first. The cores 
were carefully weighed at each step of assembly and 
the composition by weight of each component is given 
in table 2. 
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TABLE 2. Composition by weight of calorimeter cores 

Solid core Hollow core 
Component 

Mass Fraction Mass Fraction 

Gram. Cram 
Graph it e .. 0.9058" 0.9945 0.5946, 0.9929 
Conducting 

resin .. .0004, .0005 .0000, .0000 
Copper spots .. .0002, .0002 .000 17 .0003 
Epoxy .. .0009, .0010 .0007, .0013 
Copper wire .. .0002, .0003 .0001 , .0003 
The rmocouples .. .0031, .0034 .0031, .0052 

Total .. 0.9108 .. 0.9999 0.5988. 1.0000 

The calorimeter shells were also made in halves that 
fit tightly together. The thickness was sufficient to 
stop electrons generated outside the shell by cobalt-60 
photons. Four hollow polystyrene spheres of about 
1.5 mm diam were cemented to the inside surface of 
the shell to hold the core in the central position. An 
insulated wire heater, H2 , was wound over the outer 
surface of the shells and attached with epoxy resin. 
An adjustable current generated heat in the winding 
so as to permit control of the shell temperature. 
Control was automatic during the measurements, and 
kept the shell temperature equal to that of the core. 

The graphite of which the calorimeters and ion 
chamber were made was a reac tor grade material, 
a sample of which left a residue of 0.014 percent when 
ashed in a muffle furnace. Calcium, vanadium , and 
titanium were the principal constituents detected by 
spectrographic analysi s of the residue. This level of 
impurity has no significant effect upon the observed 
gamma-ray heating rates. The density of a sample of 
the graphite was 1.76 g per cm3• 
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FIG URE 2. Electrical circuits used wid, calorimeters. 
(I) Cure te mperature measureme nt. 1'1. core the rmocoup le: j . constant te m perature 

refe rence cell: R. 10 n manganin s tandard: POT, 0.- 1.6 V poten tiome te r; 0 .8.. 5 dial 
decade res is tor, 0 10 111 ,1] 0 fl ; AMP, cont ac t modulated doc amplifie r : G, microammete r 
with zero al cent er of scale. 

(2) S hell temperature con trol. Tt • CUft! the rmocouple : T I. she ll the rmocouple : J . Cull 

s tant te mpera tu re refere nce ce ll : AMP, con i act mudulat ed doc a mplifi e r : CO NTHOL. 
3-mode ('lIrrent adjus tin g cont ro ller: MAG AMP. mav; ne li c amplifier: H"l. s he ll hea le r 
winding;. 

(3) Elect ri ca l ca libration. SUPI~LY. cunstant c urrent ge ne rator : R I • Rt . wirewo und 
res istors: r, copper lead wires: HI . core healer. 

Three elec trical circ uits were required for operating 
the calorimeters. They are shown in figure 2 and 
functioned as follows: 

(1) Core temperature measurement. The EMF of 
the thermoco uple , TI , attached to th e core was meas 
ured by balan cin g it with an EMF develo ped by a 
simple Lindeck circ uit consis ting of a man ganin 10 n 
standard resis tor, R, a five dial decade resistor and a 
potentiometer se t at 0_3 V. Adjustmen ts in the decade 
resistance were made to provide a range of potentials 
of from about 45 to 175 JL V across R. The null detec
tion system consisted of a co ntact modulated d-c 
amplifier and a galvanometer. The connec tions of the 
thermocouple wires to the copper lead wires at .J 
were kept at a steady reference temperature of 26.8 °C 
by immersing them in oil in the central tube of a glass 
cell con taining solidi fyi ng diphenyl ether (10]. 

(2) Shell temperature control. The EMF of the 
opposed thermocouple pair, T2 and L , was amplified 
by a second contact modulated amplifier in order to 
obta in indications of temperature differences between 
the s he ll and the core. During normal calorimeter 
operation the EMF was kept equal to zero by the action 
of a three-mode co ntroller and a magne tic amplifier 
th at regu lated the current flowing through the heater 
winding, H2 , of the shell. The calorimeters were 
operated a few degrees C above the temperature of 
the s urroundings, so that the electr ical heat s upplied 
to the shell could be balanced by radiative and con
vec ti ve heat loss. 

(3) Electrical calibration. This circ uit provioed 
powe r to the core heater, H J, and so permitted cali
bration of the core temperature indications in terms 
of added energy. Since it was observed that the core 
resis tance increased slightly as the temperature rose 
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during a meas ure me nt, a power stabilizing arrange
me nt was e mployed co nsisting of a constant current 
source, a nd a calibrated s tabilizing resistance, RJ, 
s huntin g the heater. A calibrated resistor, R t , was 
also included a s hown. A calibrated potentiometer 
was used to measure the voltages, VI and V2 , that 
de veloped acro s RI a nd R 2• To give the desired 
s tabilizing e ffec t the res is ta nce of R I was adjusted 
to be equal to that of the co re heater , H I; for con
veni ence in meas ure me nt, the resis tan ce of R t was 
adjusted to be one-half tha t of R I, so that VI was 
nearly equal to Vt . 

2.3. Graphite Cavity Ionization Chamber 

The important dimensions and details of the cavity 
ionization chamber are shown in figure 3. The wall 
thickness is equal to that of the calorimeter shells. 
The inner and outer surfaces of the chamber are 
spherical except at the end where the instrument 
is supported. The cylindrical collecting rod has a 
s pherical e nlargement at th e e nd to reduce the elec
tri c fi eld s trength in that vicinity and thus make the 
field strength more uniform throu ghout the cavity. 

To obtain the volume of the cavity in the graphite 
shell it was weighed both when empty and when 
filled with dis tilled water. The volume of the cavity 
was then de termined as the quotient of the observed 
mass of added water by the de nsity of water at the 
corresponding temperature. Water was excluded 

t+----- E 

FIG URE 3. Spherical graphite wall cavity ionizatioh chamber. 
A G raphite wall asse mbl y, Outer diam , 2.07 e m; inne r diam , 1.27 cm. 
B Graphite co llecting e lect rode. Diam, 0.1 e m : diam of ball , 0.2 e m: le ngth , 1. 1 e m. 
e Pol ys tyrene high vo lt age insu lator. 
D Aluminum s upporting s te m with insulati ng plug to ho ld collec ting elCCll"Ode. Evacu ated . 
E Curre nt lead to e lectrome ter. 
X Air ve nt. 



from the air vent with a plug during the weighings. 
Corrections were made for atmospheric buoyancy 
acting on the added water. We believe there was no 
significant absorption of water into the graphite be
cause the weight of the shell immediately after being 
emptied of water and wiped dry was not significantly 
different from the weight after the shell was kept 
overnight in vacuum_ 

Five determinations of the cavity volume were 
made, including one in which the cavity was filled with 
mercury rather than water. The results are given in 
table 3. 

TABLE 3. Volume of ionization chamber cavity 

C avit y fillin g 

W ater 
M ercury . .. 
Water ... 
Water .. 
Water. 

Average .. . , .. .. 

Computed volume 

cm.3 

1.0839 
1.0773 
1.0770 
1.0771 
1.0800 

il Standard error of the average. 

The volume of the collecting electrode was calcu
lated from its measured dimensions to be 0.0128 cm3• 

This was subtracted from the average determined 
above to give the volume of air within the assembled 
chamber. 

The ionization current from the chamber was deter
mined by measuring the corresponding voltage drop 
that it produced in flowing through a calibrated, wire
wound resistor. A calibrated potentiometer was used 
for the voltage measurement, with a vibrating reed 
electrometer for null detection. The collecting 
voltage was supplied by dry batteries_ An aneroid 
barometer was used to determine the air pressure. 
A mercury thermometer was used to measure the 
temperature of the surrounding water. The humidity 
of the air was shown to have no significant effect on 
the chamber current [11]. 

3. Measuring Procedures 

3.1. Calorimeter 

In both gamma-ray and electrical calibration runs 
the length of time required for the temperature of the 
calorimeter core to rise between two arbitrarily 
selected temperatures was determined. The temper
atures corresponded to 160 and 60 J-t V respectively, 
as indicated by the core thermocouple. Since the 
thermoelectric power of the measuring thermocouple, 
was about 60 J-t V per degree C, the temperature inteT
val amounted to about 12/3 0c. The time required 
for the gamma rays to produce this change in temper
ature was about 40 min. 

The final determination of gamma-ray heating power 
by this method does not require that the end points 
of the temperature interval be known, but only that 
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they remain fixed during the set of runs_ It was 
convenient, however, to divide the 100 J-t V interval 
into fourths so that during electrical calibration runs 
five power observations could be made at nearly equal 
intervals of time. 

A calibration run was made as follows: The tempera
ture of the calorimeter was raised until a temperature 
indication of 175 J-t V was attained, and at that time the 
automatic shell temperature control was turned on. 
Several observations, usually seven, of microvoltage 
were made at intervals of 5 min to determine an initial 
zero-power drift rate. The electrical calibrating power 
was then turned on. When a temperature indication 
of 160 J-tV was attained (the controller having eliminated 
the transient shell-core temperature differential), an 
electronic timer was started, and measurements of 
VI and V2 were made. VI and V2 were also measured 
at 135, llO, 85, and 60 J-t V. The timer was stopped at 
the 60 J-t V indication. Calibrating power was turned 
off at 45 J-t V. Observations of microvoltage were then 
made at 5-min intervals as before, to determine a final 
zero-power drift rate_ In reducing the data obtained 
in each run, the gross drift rate determined by the time 
interval between the 160 and 60 J-t V indications was 
diminished by the average of the initial and final zero
power drift rates so as to obtain a corrected net rate. 

For gamma-ray heating runs a similar schedule was 
followed_ The calorimeter, placed near the corner 
of the pool where the radiation intensity was negligible, 
was brought to 175 J-tV and the shell temperature was 
put under automatic controL Measurements of micro
voltage were made for 30 min to determine the initial 
zero-power drift rate. The calorimeter was then 
inserted into the source. The timer was started when 
the temperature indication attained 160 J-t V, and was 
stopped when it attained 60 J-t V. At 45 J-t V the calorim
eter was removed from the radiation source to the 
corner of the pool and another set of measurements 
was made of microvoltage to determine the final zero
power drift rate. This measurement procedure was 
carried out with the calorimeter at different positions 
along the vertical axis of the source. Repeated 
measurements were then made at the position of 
maximum rate of temperature rise. 

In this method of calorimetry a systematic error can 
result if the thermocouple pair used for automatic 
shell temperature control do not measure the average 
temperature of the core and shell surfaces to which 
they are attached. To evaluate this error the calibra
tions and gamma-ray measurements were done both 
with the calorimeters evacuated and open to normal 
atmospheric air. In addition, measurements of the 
time constants for the relaxation of core-shell tempera
ture differentials with no shell heat were made under 
conditions of vacuum and atmospheric pressure. 

3.2. Cavity Chamber 

Preliminary measurements were made of chamber 
current versus chamber position along the vertical 
axis of the source to determine the position of maxi-



mum response. At that posItIOn the current was 
measured over a range of collecting potentials up to 
540 V to provide the data required for extrapolation to 
infinite field strength. To eliminate extra·cam eral 
currents each current measure me nt was made with 
both positive and negative collecting potentials. 

At the time of the meas ure ment the a tmospheri c 
pressure was read from a n aneroid baro meter in the 
laboratory, and the te mperature of the water was r ead 
from a mercury thermometer. The thermo meter 
was brought to the s urface for reading in side a I ·gal 
bottle of water. The effect of scatte ring and a ttenu· 
ation in the cha mbe r neck, insulator and ste m was 
determined by meas uring the chamber current with 
and without an equivalent dummy installed on the 
opposite side of the c hamber. 

4. Results 

4.1 . Calorimetric 

The calibrations of the two instruments and the 
gamma·ray meas ure ments obtained with the m are 
gi ven in ta ble 4. The gamma·ray measure me nts, 
which were made durin g a period ex te nding fro m 
Janu ary to July 1965, have all bee n corrected to a 
common date, Marc h 31, 1965, using 5.24 yr as the 
half-life of the radia tion. The standard error shown 
with each me an value was co mputed fro m the devia
tions of that se t of readings from its mean. It can be 
seen that the response of these ins tr ume nts was, in 
each ins tan ce, less when it was operated at atmos
pheric press ure tha n in vacuum. 

T ABLE 4. Calorimeter measurements 

(i) Calibrations, i n mic rovohs per minut e and milli wa tt 

Solid core Ho llow core 

Vacuu m Ai r Vacuum Air 

5.377 5.358 8.204 8.096 
5.380 5.357 8. 180 8.1 20 
5.370 5.363 8.189 8. 164 

5.346 8.202 8.138 
5.344 8.221 8.1 58 
5.355 
5.344 
5.350 
5.354 

Mean 5.376 ± 0.003 a 5.352 ± 0.003· Mean 8 .199 ± 0.007 a 8.1 35 ± 0.013 a 

(i i) Gamma-ra y m easure me nt s, in microvolts pe r minute 

Solid core Ho llow core 

Vacuum Air Vacuum Air 

2.509 2.507 2.548 2.497 
2.503 2.504 2.53 1 2.525 
2.520 2.491 2.544 2.549 
2.5 18 2.493 2.547 2.534 
2.522 2.509 2.548 

2.492 

Mean 2.5 15 ± O.0043 2.499 ± 0.003· Mean 2.544 ± 0.003 a 2.526 ± 0.011 a 

a S ta ndard e rror of the mean. 

The res ults of the temperature relaxation measure
me nts are give n in the four curves of figure 4, and 
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FIGURE 4. Relaxation of tempera ture differences between core and 
shell of calorimeter with no electrical shell heat . 

0/00 is t he frac ti on of the initi a l te mpe ratu re diffe re nce. Initi a l t e mperature d ifference 
was produced by a pu lse or hea t in the co re . Scale or ordi nates is logarithmic. 1. solid 
core in vacuum : 2. ho ll ow core ill vacu um: 3. s o lid core in a ir: 4, ho ll ow core in air. 

s how clearl y the importance of air as a heat conduc tion 
path between core and sh ell. The relaxation rates 
(reciprocal of time constant) de termined from these 
data are 0.168 and 0.237 per minute respectively, for 
the solid a nd hollow core instruments in vacuum ; 
0.910 and 1.30 per minute respectively, for the solid 
and hollow core instruments in air. Since for each 

calorimeter thi s relaxation rate is A = k (~l + ~J min-1 
where k = core-shell heat transfer coefficient, joules 
per minute and °C, C, = he at capacity of core, joules 
per °C and C2 = heat capacity of shell , joules per °C, 
the relaxation rates obtained above are proportional 
to th e c orres pondin g core -s h e ll heat tran s fer 
coefficients . 

As was noted from the mean values in table 4 , both 
the electric al and gamma-ray heating rates were 
affected by the addition of air with its conseque nt 
alteration of the core-shell heat transfer coeffi cient. 
The correct heating rate that is desired in both de ter
minations is that which would be obtained with no 
heat transfer to the core. That rate may be arrived 
at by extrapolating linearly to zero, on a heat transfer 
scale, the two heating r ates meas ured in air and in 
vacuum. The extrapola tions are shown in figures 
Sa and Sb and give the values shown in table 5 for the 
calorimetri c results. 

TABLE 5 . Extrapolated calorimeter measurements 

Calorimete r core 

Solid .. 
Hollow . . 

Gamm a-ray 
he ating rate 

j.J.Vmin- 1 

2.519 
2.548 

Calibratio n 

j.J.V min - 1m tl7- 1 

5.381 
8.2 13 
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FIGURE 5. Variation of calorimeter response with core-shell heat 
transfer coefficient. 

a, solid core; h. hollow core . The abscissae are proportional to the core-shell heal 
transfer coe ffi cients . 

From the values of the calorimetric results, shown 
in table 5, and the masses given in table 2, the gamma
ray heating powers per gram of the cores are obtained 
as follows : 

P 10- 3 

(1) Solid Core: M= 2.519 X 5.381 

1 
X 0.9108=0.5140 X 1O- 3 Wg- t 

~- - --- ----

P 10- 3 

(2) Hollow Core: M=2.548 X 8.213 

1 
X 0.5989 = 0.5180 X 1O- 3W g-l. 

4.2. Ionization Measurements 

Measurements of ionization current were made at 
the position of maximum observed response in the 
source on December 31, 1964, before the calorimetric 
measurements and on July 16, 20, 21, and 23, 1965, 
after their completion. The chamber currents ob
served at a series of collecting potentials were extrap
olated to infinite field strength according to the method 
of Mie [12, 13] to determine the true ionization current 
In the absence of recombination. From extrapola
tions similar to those illustrated In figure 6 it was 
found that the collection efficiency at 540 V was 
about 0.993. The measurements with and without 
the dummy stem showed that absorption in the stem 
reduced the observed current by 0.13 percent. There
fore, the observed currents were increased by the 

1.0013 
factor 0.993' The density of the air in the cavity 

chamber was computed using the expression 

_ .!..- 273.2 / 3 
Pair- 0.001293 760 T g cm 

where 

P = observed barometric pressure, mm Hg 
T = observed collecting volume air tern perature oK. 

21 , 169.--__ .-__ --,-_~--,_--,---___,_-__,_--,_-,_-, 
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FIGU RE 6. Extrapolation of observed chamber current to infinite 
field strength. 

I. observed chamber curre nt , amperes : V. co llec ting pote ntial. volt s . 



In the air density calculation, 0.4 mm Hg was added 
to the observed pressure to allow for the difference in 
altitude between the barometer and the chamber, 
and 0.2 °C was added to the observed water tempera, 
ture to allow for the gamma·ray heating of the chamber 
as measured in a separate experime nt. 

The mass of air was computed as the product of 
the volume of the cavity , 1.0663 cmS, and the dens ity 
of the air at the time of measure ment. The ioniza' 
tion current per unit mass of air was th en de termined. 
The observed currents and the res ults of the computa
tions are shown in table 6. The standard error of the 
average was co mputed from the deviations of the in
dividual determinations from the average. 

TABLE 6. Ionization measurements 

Ioni zation c urre nt 
Date of i----,----,---T----j Current 

IlH:asure- ~ir density j\'1ass of ai per unit 
men! Observed" Correc led h Exlrapo- Referred I !l ass of air 

. I.ted ' 3/3 1/65 

x 10 IlII X 10 Il;l X 10 11;1 X 10 ' A ~ 1O- 3J.(/cm x ID-3f.( X 10-'A/" 
12/3 1/64 2.03 1, 2.034, 2.049t 1.986u 1.202, 1. 282" 1. 548" 

2.032, 2.035, 2.050, 1.987n 1.202" 1. 282, 1. 549, 

7/16/65 1.850, 1. 852" I. 8M" 1.940, 1.1 72, 1.250, 1. 552, 
1.85 1, 1.853" 1.865, 1.941" 1.1 73, 1.251 , , 1.551, 

7/20/65 1.862" 1. 861, 1.876" 1. 955" 1.180, 1.258" 1.553, 
1.858, 1.860" 1.8n" 1.951, 1. 179, 1. 257, 1.551, 

7/2 1/65 1. 862, 1.865, 1.877, 1.956, 1. 1811! 1.259" 1.552, 
1.8SS!) 1.857, 1.869" 1.948" 1. 178, 1.256, 1.550, 
1.856, 1.8590 1.871, 1.9491\ 1.1 78., 1.256, 1.552, 

7/23/65 1.843, 1.845,. 1.857, 1.9377 1. 170, 1.248, 1.552, 
1.838" I.R41, I.R5,l, 1.93211 1.1 68., 1. 246" 1. 55 1" 

Average ... 1.551., 
:=:. O.OOO~ d 

,. At 540 V co il et' ling pote ntial. 
II Corrt:c led for stern absorption. 
C Extrapolated to infinit e co ll ec t ing po tential. 
d Standard errur uf the ave ru{!l'. 

5. Analysis of Results 

5.1. Correction of Calorimetric Measurements for 
Impurities and Core Attenuation 

In the relation 

P 
M 

W'SII/=I' 

m 
I 

- refers to the cavity c hamber's response in amperes 
m 

per gram of air in the cavity while ; refers to the 

calorimeter's response in watts per gram of carbon in 
the core. For this equation to hold accurately, cor
rec tions to the calorimetric results are required to 
allow for the radiation absorption of atoms other than 
carbon in the cores and for the effect of gamma-ray 
attenuation in the cores. No correction is needed for 
attentuation in the calorimeter shells as they were 
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equal in thic kness to the chamber wall, and the addi
tional attenuation in the shell heater windings was 
negligible. 

The effect of impuriti es is small and results in only 
a slight increase in gamma-ray heating relative to 
pure carbon. We calc ulate the excess, using the data 
of tables 1 a nd 2 and the mass e ne rgy transfer coeffi
cients of Berger [14] to b e 0.028 percent and 0.041 
perce nt [or the solid and hollow cores respec tively. 

In evaluating the Core a t te nuation we have made use 
of data obtained by Lo[tus and Weaver [15] in thi s 
laboratory that show the variation with wall thi ckness 
of the response of a cavity ionization cha mber. Three 
spherical chambers made of the same graphite as 
that used for the calorimeters were exposed in turn 
at the same distance from a cobalt-60 source similar 
in spectrum to the NBS water-shielded source. The 
resulting ionization current per gram of air within 
the cavity was determined for each chamber. The 
data of table 7 are the result of a series of such com
parisons , all at source-chamber distances greater 
than 1 m. 

TABLE 7. Attenuation in graphite 

C ham her Diameter Thid"ness Cu rre nt per g ram of a ir 
of cav it y of wal l rdative 10 c humbe r 2 

em 
1.588 
1.270 
0.953 

2.4 1 
4.00 
5.585 

1.0065 
1.0000 
0.9900 

These data indi cate a fractional decrease in chamber 
response of 0.0051 per mm of wall thick ness. Al
thou gh the average wall thickness [or each spherical 
chamber is larger than the radial thickness shown in 
table 7, the differences of these averages were found 
not to be signifi cantly larger than the radial differe nce. 
The linear attenuation is therefore correctl y given as 
0.0051 per mm. 

The le ngth within the cores to be used for calcu
lating the attenuation was obtained from a theore m 
of geometry due to Tomkeieff [16] that the average 
length '[ of the intercept in a spherical body is 

- V 
L =4 5 where 

V = volum e of sphere and 

5 = surface area of sphere. 

If the body contains voids and V is taken to be the 
volume of the sphere less the volume of the voids , 
then the expression gives the average length of in
terce pt not in a void. We find average gamma-ray 
paths in graphite from this theorem of 0.667 cm and 
0_438 cm for the solid and hollow cores, respectively. 

With no appreciable error of approximation the 
quotient of the average intensity of the radiation 



within the cores by the intensity outside can be taken 
to be 

1- 0.0051 X 6:7 = 0.9830 for the solid core and 

4.38 h 1-0.0051 XT=0.9888 for t e hollow core. 

The absorbed gamma-ray power in watts per gram 
of pure carbon in the absence of core attenuation is 
therefore found to be by the two calorimeter 
determinations: 

Solid core: 0.5140 X 1.0~028 X 0.9~30 X 10- 3 

= 0.5227 X 10- 3 watts per gram. 

1 1 
Hollow core: 0.5180 X 1.00041 X 0.9888 X 10- 3 

= 0.5237 X 10- 3 watts per gram. 

Average: 0.5232 X 10- 3 watts per gram. 

P I 
5.2. Value of M -;- m 

The average values of ; and ~ determined in this 

work give for their quotient 

P 

Q=M = 0.5232 X 10- 3 33.72 eV 
I 1.5514 X 10- 5 

m 

in carbon per ion pair in air. 

5.3. Accuracy of Result 

P 

In estimating the uncertainty in the quotient 7, we 

m 
have considered the effect of uncertainties in the 
determinations of mass , ion chamber current, elec
tri cal calibration power, the attenuation correction 
that was applied to the calorimetry, the field strength 
extrapolation of the ion chamber current and in the 
extrapolated values of the electrical calibration and 
gamma-ray rates. 

The meas urements of voltage in this experiment are 
subj ect to a systematic error of ± 0.02 percent and a 
random reading error (standard error) of 0.01 percent 
which have been combined to give an overall uncer
tainty of 0.05 percent (three times 0.01 perce'nt plus 
0.02 percent). 

The error in the ionization c urrent measureme nts 
caused by an inability to null precisely is estimated 
to be no more than 0.04 percent. 
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The resistance value used in the ionization current 
measurements was considered to be accurate to within 
0.01 percent. The values of RI and R2 (fig. 2), used 
in the power calibration each have an uncertainty of 
not more than 0.05 percent. 

An overall uncertainty of 0.13 percent has been 
assumed for temperature measurements , based on an 
estimated systematic error of 0.07 percent and a stand
ard error of 0.02 percent, due to reading the instrument. 
No significant error is introduced by the method of 
measurement outlined above. 

Pressure measurements are believed to be accurate 
to one part in 10,000 and are subject to reading errors 
of no more than 0.02 percent. These have been com
bined to give an overall uncertainty of 0.07 percent. 

The uncertainty in the collection e fficiency is esti
mated to be 0.06 percent, based on three times a 
standard error of 0.02 percent. 

It has been estimated that the core attenuation 
correction introduces a systematic error of not more 
than 0.05 percent. ' 

The mass of the calorimeter cores was believed to 
be known to two parts in 10,000. 

The uncertainty in the collecting volume of the 
cavity chamber has been estimated to be no more 
than three times the standard error of the mean value 
of the cavity chamber volume, from table 3, since 
the error contributed by the collecting electrode vol
ume measurement is negligible. Thus, an overall 
uncertainty of 0.36 percent has been assigned to the 
collecting volume. 

Measurements before and after each of the two 
series of ionization measurements indicated that the 
chamber was off axis by only a small fraction of a 
millimeter. We estimate that this introduced no 
significant error in the ionization measurements. 

The errors produced by the extrapolation process 
were computed to be no more than 0.10 percent and 
0.04 percent for the gamma-ray heating and electrical 
calibration rates , respectively. 

Tables 8 and 9 show the resulting uncertainties in 

~ and ~, respectively, due to the different variables. 

The combined uncertainty in each ratio is the square 
root of the sum of squares of the individual uncer
tainties listed. The uncertainty in the value of 
P I 
M -;- m has bee n computed to be (0.17 + 0. 40)1/2 = 0.43 

percent. 

T 8 U .. P 
ABLE. ncertamty ,n M 

Variable-total uncertaint y 

Mass of core: 
PO.weT: Voltage m easurement , V2• fig. 2; 

Resis tance measurement , R .. fig. 2; 
Resis tance measureme nt , R2 , fig. 2; 

Core attenuation factor; 
E lectrical calibration rat e extrapola tjon; 
Gamma-ray ra te e xtrapolation; 

Square root of sum of squares ........ . . . 

0.02 percent .. 
0.05 percent .. 
0.05 percent. 
0.05 percen t. _. 
0.05 percent 
0.04 percent. . 
0.1 0 percent 

Resulting ullcer
p 

tainty in M 

Percent 
0.02 

.10 

.05 

.05 

.05 

.04 

.10 

0.17 



TABLE 9. 
I 

Uncertainty in 
m 

Resu lting U!lee r -

Variab le- total uncertai nl y 

Mass of ai r : Volume: 
Pressure: 
Te mperature; 

C urrent : Resistance: 
Volt age measurement : 
Null determi nat ion: 
Collection efficie ncy; 

0.36 percent. 
0.07 pe rcent 
0. 13 percent 
0.01 percen t 
0.05 percent 
0.04 percent 
0.06 percenl 

Square root of sum of squares ...... __ .. __ ... _._ .......... ,_ ........... .. 

.. 1 
tallll y In ;; 

Percent 
0.36 

.07 

. 13 

.01 

.05 

.04 

.06 

0.40 

5.4. Comparison With Other Measurements 

The previous measure ments of this quotient that 
were mentioned in the introduction are shown in com
parison to the present result in table 10. These 
values should be direc tly comparable except for the 
sli ght differences in effective stoppin g power, SI/1 , 
that may a ri se from the spectral di ssimilarities of the 
differe nt cobalt so urces used . The values of s'll lis ted 
in table 10 are those give n by the authors as appli
cable to their so urces. The value for the NBS source 
was computed from the ex press ion: 

J p,(E)i(E)dE -;-J ~ p,(E)i(E)dE 
sm(E) 

where i(E) is the di s tribution in e nergy of photon in
tensity give n in table 1, p,(E) is the mass energy 
transfer coeffi cie nt of carbon given by Berger [14] and 
s'n(E) is interpola ted from th e mean mass stopping 
power ratios for gra p hite relative to air given in table 
IA 7 of NBS Handbook 85 [1]. While the methods 
used for obtaining s'll are not entire ly consistent with 
one another , the resulting di scre pancies are evidently 
small and probably negligible in comparison to the 
experimenta l uncertainties . 

The value of Q included in table 10 from the earlie r 
NBS measurements [6] differs from the other entries 
in that the value of ionization per unit mass of air was 
derived from an exposure rate measurement of the 
source with a calibrated chamber. The original data 
have been recomputed to remove a correction pre
viously made for humidity and to change the attenua
tion correction so as to conform to that of the present 
experiment using the data of Loftus and W eaver. The 
uncertainty shown is largely that assigned to the NBS 
exposure standard in 1958. 

The present measure me nts give the value of Q and 
he nce the value of the product W . Sin with a n un cer
tainty of about 0.43 percent. S ince the uncertainty 
in each of the factors is about one-half percent , the 
effect of the present determination is to reduce the 
product 's uncertainty by about a factor of two. Our 
es timates of error for the presently re ported experi
me nt are two-thirds and one-third those of Bewley and 
of Reid and Johns respectively. 
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Table 10 includes the quotient of Q by Sm for each of 
the experime nts. These should be equal, provided 
the values of Sill have bee n selecte d in a consistent way. 
Th e quoti ents how a reaso nable degree of consistency, 
exce pt for th e early meas urement of Bernier et al. 
If th e data r edu ction computations of measurements 
3 and 4 were to be alte red to eliminate the humidity 
correc tion th at was includ ed, the quotients of Q by 
SII/ would be in creased, although probably by no more 
than 0.1 percent. 

The cons iste ncy of the values of Q -;- 5111 does not , 
however, imply a corresponding degree of accuracy of 
W, since each quotient carries with it the uncertainty in 
Sm. The uncertainty in Sm does not appear to be ea il y 
reduced by direct experiment or computation. 

A more acc urate experimental determination of W , 
on the other hand, does appear to be possible, and 
would, if available, also provide a more accurate value 
for Sm. 

TABLE 10. Comparison of results 

M easure- I' I " 
" Au thors Q=- ... - ! " W= Q ~ Sm c menl M III 

number 

1 Be rnie r e l 1.1 1. [41 .. 33.07 _ 0.2 1 1.005 32.9 1 =,= 0. 2 1 
2 Harl e l a l. 161 .. ·· 33.4 1 ± 0.7 1.004 33.28 =,= 0.7 
3 Re id and John s [51 .. 34. 15 ± 0.3 1 1.005 33.98 =,= 0.3 1 
4 Bewley [3]. . 34. 11 ± 0.2 1 1.004 33.97 =,= 0. 2 1 
5 Present .. .. . .. . . . . . . . . . . 33.72 ± 0. 14 1.004 33.59 =,= 0 . 14 

a Electron volts in carbon per io n I}ai r in a ir. 
b Effec ti ve m ass s topping po we r or carbon rela ti ve to ai r . 
e Elec tron vo lt s in air per ion Ilai r in a ir. Unccn a inl y does nOI include uncert ain ly in s",. 

The authors are indebted to Harold O. Wyckoff for 
hi s continued interes t in and man y valuable di scussions 
concerning thi s measure ment. 
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