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ABSTRACT 

A technique developed to measure electron energy deposition in metals has 
been applied to the determination of bremmstrahlung deposition. In this method 
a square-wave beam modulation is employed and the time-derivative of a calo-
riiieter temperature is used to obtain the energy deposited. This paper 
presents the results of bremsstrahlung deposition measurements in gold and 
aluminum. Data are presented for dose to a material as a function of con­
verter material, converter thickness, and angle of electron incidence for 
electron energies in the range from 0.2 to 1.0 MeV. In addition, measurements 
of dose as a function of calorimeter position as it was moved both laterally 
and axially with respect to the beam axis are reported. Utilizing the facility 
and technique developed to make these measurements, a thorough study of the 
bremsstrahlung measuring calorimeters used with th:= nulseri electron be::-
machine Hydra was accomplished. The goal of this study was to determine 
accurately the correction factor for the loading effect of the thermocouple 
wires. The loading correction factor was measured to be 1.72 with an uncer­
tainty of i 5 percent. This value should be used when determining true dose 
to gold with the standard Hydra calorimeters instead of the value of 1.5 
obtained from data on Hydra, since there is a larger uncertainty in the 
latter value. 
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ABFOUrE DETERMINATION OF BREMSSTRAHLUNG 
DEPOHTTON fHYDF*) 

2n the f i e l d of e l e c t r o n i c e n g i n e e r i n g , one of the requi rements f r e ­

quent ly nl^ced on c i r c u i t des ign i s a t o l e r a n c e (or ha rdness ) t o v a r i o u s t y r e s 

of r a d i a t i o n . T e s t i n g of c i r c u i t s or components i r u r a d i a t i o n environment 

h-!E l i t t l e menning wi thout a n u a n t i f i c ^ t i o n of the environment- One type of 

r a d i a t i o n fo r ^hich ••• t o l e r a n c e i s of ten requ i red i s x - r a y b r emss t r ah lung . 

An impor tant t echnique for t e s t i n g t o p resc r ibed l e v e l s of r a d i a t i o n makes 

use of pulsed e l e c t r o n beam machines> ope ra ted i n che x - r a y mode. In t h i s 

mod*1 the pulse of e l e c t r o n s i s allowed t o impact on * t a r g e t (b remss t rah lung 

^cuverter) t o produce tne requi red r a d i a t i o n environment . In t h i s technology 

the r a d i a t i o n environment i s p a r t i a l l y q u a n t i f i e d by de te rmin ing the dose 

d e l i v e r e d t o some m a t e r i a l * For example* t h e "dose t o g o l d ' i s the number 

of c a l o r i e s depos i ted by the bremss t rah lung in a gram of gold for each k i l o -

j o u l e of energy in t h e e l e c t r o n beam. This Tuant i ty depends on t h e l o c a t i o n 

and dimensions of t h e t e s t s a n n l e as wel l as the bremss t rah lung energy 

spectrum. The l a t t e r depends i r a very complicated manner on t h e e l e c t r o n 

beam energy spectrum and g e o m e t r i c a l c h a r a c t e r i s t i c s . The process i s f u r t h e r 

complicated by t h e dependence of the bremss t rah lung spectrum on the c o n v e r t e r 

m a t e r i a l and geometry as we l l »s t h e m a t e r i a l and geometry of anyth ing between 

t h e c o n v e r t e r nnd t h e sample. However, the term "dose" i s use fu l* because i t 

s p e c i f i e s an environment i n s o f a r as a p a r t i c u l a r m a t e r i a l i s concerned. 

One of t h e machines used t o produce a b remss t rah lung environment i n 

Sandia L a b o r a t o r i e s i s the pulsed e l e c t r o n beam machine "Hydra." This 

machine has the fo l lowing c h a r a c t e r i s t i c s . The pulse d u r a t i o n i s about CO n s , 

t h e vo l t age i s approximately u.c MV, and t h e r e s u l t i n g c u r r e n t i s about 30 kA. 

*.*' - ever* :v» e l e c t r o n s \r* r o t monoenerge ' i c , having n ^vrr-rge energy ne^r 

^ .^ MeV. Pin: : r le £i~vr\ " i c t u r e s : n 3 i r ^ t r . i t tr** e l e c t r c r . be^r. --i the 
^^nvpf^i* I* :>b^i:* " . **•*! in i:-=r*»t^r rv:vir.cr cmv°r(r^^ from tr_e c. - \ ™ 
a i ame te r cathode 1.1 cm in f ron t of i t -

A d e t a i l e d d e s c r i p t i o n of t h e bremss t rah lung product ion on Hydra * s g iven 
in Ref. 1 and w i l l no t be repea ted h e r e . However, a few p e r t i n e n t f a c t s are 

i n o r d e r . Due t o the ha r sh env i romwnt i n the v i c i n i t y of t h e dose-measur ing 
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ca lo r ime te r s when the machine f i r e s , I t i s necessary t ha t they DP mpE**::. 
The ca lo r ime te r moat gene ra l l y used c o n s i s t s of a Rold a i s c -'.ou en in 
d iameter and 3*8 x 1 0 " J cm th i ck which i s sunpor***d by chrome! and ^onsi ^ i T. 
tneraocouple wires which are spot welded to th<> pold d i s c . Durab i l i ty is 
achieved by using large wire diameter (c^ x 1* " cm). The penal ty for t ; ; ir 
l i e s in the s t rong inf luence which the thermocouple-*ires ex**rt on the r^rri-'r 
c j t u i n e d . Two e f f e c t s can be involved- F i r s t , the thermal c a - a c i t y uf th-
wires in not n e g l i g i b l e compared t o t h a t of tne d i s c . In f a c t , i t is about 
twice as g r e a t for a one-cm length of wire as t ha t of tne a i s c . fe^ond, 
the re may be bremsstrahlung energy der>osited - i i r - '^ t ly in the * i r - s , r - ' su . t i n r 
in a d i f f e r e n t i a l dose e f f e c t . Using the Hydra machine, these e f f ec t s h .v -
been t r e a t e d t oge the r in the fol lowing way. Dati were taken s imultaneously 
\ t he same shot ) with ca lo r ime te r s of d i f f e r e n t wir*1 d iameter . In *>acn cas -
the r e s u l t s *ere norvul ized t o t h a t obtained on the same shot fcr the s t a n u a r : 
.. o x i "~c cin wire diameter c a lo r ime t e r . A plot *as f e i : maa-* vf t:v* nor­
malised dose as a function of wire diameter ants t h i s curve, taken to b^ an 
exponent ia l funct ion of d iameter , was ex t rapo la ted t o *ero dinmeter . ^ r " , 
i t was reasoned* the re can be n e i t h e r r a d i a t i o n nor thermal lo.'*ainj7. The 
normalized dose thus obtained i s the f ac to r by whim tn- 1 aat \ ootainea wit:, 
the 2,5 x 10* ~ cm wire diameter ca lo r imete rs should be mul t ip l i ed to obtain 
the t r u e dos* - The fac to r measured t h i s way was round t o b*- i . ^ . 

Because of t he s i ^ e cf the loading e f f ec t ar/i the imoortun^e of t h i s 
d i a g n o s t i c , i t was decided t o undertake a w)r*' thon- lgh i n v e s t i g a t i o n of t h i r 
ca lo r imete r under more ca r e fu l l y contro^ieu condi t ions To accomplish t n i s 
c o a l , a h i g h - s t a b i l i t y e l e c t r o s t a t i c ^ccel r r&tor wnich opera tes in the 
vo l tage region up t o 1,1 MeV was used as the e l ec t ron source . In t h i s case 
the be»m i s very narrow (u.i: CT diameter) so *.:. .; th^ **I**ctron b**am jreomet-
r i c a l d e p e n d e n t d i f f e r s from t h a t of Hydra. Furthermore the e l e c t r o n s fro-
t h i s source are mononergetic, un l ike the e l ec t ron energy spectrum from *t/dra_ 
Because of those d i f f e r e n c e s , i t was decidea t o f i r s t bui ld a labora tory 
ca lo r imete r t o measure the absolu te dose t o pola as a function of converter 
ma te r i a l th ickness and angle of e l ec t ron incident* 1 :"or e l ec t ron e n - r « n s in 
the range frort 0.£ t o 1..; MeV, This ca lo r ime te r was a l so used t o measure 
dose as a funct ion of p o s i t i o n as i t was moved both l a t e r a l l y 3nd a x i a i i y 
vath r^SDect t o the beam a x i s - BY t h i s Deans the environment was a t l eas t 



partially documented. Finally, this laboratory calorimeter was used to 
determine the most accurate experimental technique for measuring the dose 
of gold and other metals. 

With the facility and technique for measuring dose to gold developed 
with the laboratory calorimeter, a thorough study of the Hydra calorimeter 
was accomplished under laboratory conditions. The goal of this study wis to 
determine accurately the correction factor for the loading effects of the 
thermocouple wires. Measurements were made of dose with the Hydra calorimeter 
as a function of converter thickness for 1.0 and 0.5 MeV electrons and as a 
function of energy for the standard (5»2 x 10 era thick tantalum) Hydra 
converter. The dependence of apparent dose on thermocouple wire diameter was 
also studied. From these measurements, a correction factor was determined. 

II. Laboratory Calorimeter Measurements 

Tor dose to gold measurements, the laboratory calorimeter was constructed 
of d.£ x 10""3 cm thick gold and had the shape shown in Fig. 1. It was sup­
ported from a heat sink by eight wires, each of 5 x 10 J cm diameter tantalum, 
to minimise the thermal loading. The temperature was measured by a chromel-
constantan thermocouple. Each wire was c x XO" cm in diameter and the couple 
was spot welded to one edge of the calorimeter. This calorimeter was used 
with the geometry shown in Fig. 2. Since the bremsstrahlung converter thick­
ness was less than an electron mean range, it was necessary to place a low-7 
(carbon) electron absorber between the converter and the calorimeter to shield 
the calorimeter from electrons not stopped in the converter. A sheet of ATJ 
graphite 0.7&2 cm thick was used for this purpose for all measurements made 
with laboratory calorimeters. The use of a low-Z electron absorber minimî e-i 
bremsstrahlung absorption. Because the graphite absorbed the energy of the 
electrons which were not stopped in the ;onverter, its temperature increased. 
To attenuate the thermal radiation coupling between the graphite and the 

2 
calorimeter, two aluminum heat shields were used. Using this experimental 
package, dose was measured using the nodulated beam-time derivative method 
described in detail in Hef. 2. Since this experimental package differed 
slightly from the Hydra converter package, measurements were made with both 
packages. The results vere the same within experimental error. 
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This method of measuring dose proved to be so successful that it was 
decided to try to measure dose to aluminum also. Aluminum is of interest for 
two reasons. First, it is used in packaging and mounting electronic compo­
nents. Second, it is next to Si in the period table, thus measurements in 
aluminum are useful in predicting dose to Si. The aluminum calorimeter shown 
in Fig. 3 was 2.5 cm in diameter and 2.12 x 10~£ cm thick, and was sunported 
by sixteen 1.6 x 10 cm diameter aluminum wires. However, in this case, it 
was necessary to use eight chromel-constantan thermocouples (b x 10 cm 
diameter wire) in series to obtain sufficient signal. This calorimeter was 
used with the same geometry used to measure dose to gold (see Fig. 2). For 
all measurements, the incident electron beam current was measured with a 
Faraday cup which surrounded the experimental package. The Faraday cup wall 
thickness was greater than the range of the most energetic electrons used. 
Electrons could escape only by being backscattered through the small entrance 
hole in the Faraday cup. The small solid angle which this hole subtended with 
the electron impact region of ihe converter made this a very small effect. 

The calorimeters were calibrated using a heavy-ion accelerator. The ion 
beam was modulated in the same manner as the electron beam. In this case the 
calorimeter thickness was much greater than the range, so that, except for a 
negligible amount of backscattered energy, all of the ion energy was deposited 
in the calorimeter. Thus a careful measurement of the accelerator potential 
(which was kept between 20 and 30 kV) along with the Faraday cup measurement 
permitted an excellent determination of the input power. The effect of the 
aluminum heat shield was checked during calibration by placing an aluminum 
shield, with a small hole for the ion beam to pass through, in front of the 
calorimeter. No difference was found in calorimeter temperature for a fixed 
power input with or without the aluminum shield. 

The results of these measurements are shown in Figs, u through 11. 
Fig. U shows the measured dose to gold and aluminum as a function of converter 
thickness for 1.0 MeV electrons normally incident upon a tantalum converter. 
The dose measured at zero thickness is due to bremsstrahlung produced in the 
graphite. The initial increase in dose with converter thickness is due to the 
increased production of bremmstrahlung as the energy deposited in the con­
verter increases. This dose does not increase indefinitely as the converter 
thickness is increased, because of self-absorption in the converter and the 
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r e s u l t i n g s h i f t in. t he bremsstrahlung spectrum t o shor t e r wavelength. Thus* 
a f t e r some optimum th ickness i s reached, the dose dec reases , A s imi in r 
behavior i s seen in F i g , s where dose t o gold and aluminum as a Function or 
conver te r th ickness i s shown for 0.5 MeV e l ec t rons normally inc iden t upon -t 
tanta lum conve r t e r . 

The dependence of t h e dose t o gold on the conver ter ma te r i a l was 
examined. Figure 6 shows the dos° to geld ac '= function :x -nr.v^r*- ** ' i -•*-
ness for 0.5 MeV e l e c t r o n s normally inc iden t upon tantalum and molybdenum 
c o n v e r t e r s . The optimum conver ter th ickness for molybdenum i s g r e a t e r th.-m 
t h a t for tantalum but the two are approximately the same i f the conver ter 
t h i ckness i s measured as a f r a c t i o n of t he mean range (FMR) as obtained fro:* 
the continuous slowing-down approximation. This i s shown more dramat ica l ly 
in F i g . 7 where dose t o gold i s p lo t t ed as a function of FKR for j . md 

, n -'eV e l ec t rons ncrar-l ly inc iden t ~n -: t^nt' , IUT. "T .v^ i -^ r - r-- . *VV 
e V ^ ' r o n s unrn ^ rv'vyhier.u^ ^ nv^rve. - In '.". I * - r r tn r-^r * •- r.7 fr* r 
:-•: "kness f^r rr:>:iT.um dose : s i t ^u t . -lercer t *S *-'io ~c*.r » . -^ ' r r. * r,-- . 

Figure c shows the dose t o gold as a funct ion of angle of e l ec t ron 
inc idence for 1,0 MeV and \ 5 MeV e l ec t rons inc iden t upon a molybdenum con­
v e r t e r . There i s very l i t t l e dependence on angle of incidence fur 1. MeV 
e l ec t rons out to about 22.5 and for ,-.5 MeV e l ec t rons out to nbout 1^ . 
For l a r g e r angles the dose decreases- This dpcre-tse i n dose with nngle cou;d 
be caused by the increased number of backscat tered e l ec t rons with inc r i s i n g 
ingle and t h e e l e c t r o n energy being deoosi ted c lo se r t o the f ron t surface thus 
inc reas ing the s e l f - a b s o r p t i o n for JI f ixec th ickness c a l o r i me t e r . The energy 
dependence of the dose t o gold and aluminum for a fixed conver ter th ickness 
i s shown in Fig- 1* In t h i s case the conver ter *'-s t^nt'iium 0, . s. 1 cm 

t h i c k . This th ickness corresponds t o an FMR of -1 ̂  ana . 5I0 for i . inri 
• t> MeV, r e s p e c t i v e l y . Thus for aose t o gold i t i s c lose to optimum tnickness 

for .^ MeV e l ec t rons and less than optimum for 1. - MeV e l e c t r o n s . The er.^r^y 
dependence i s as expected, r i s i n g s i i g h t l y ^s the energy i s reduced from \. 
MeV t o -^ MeV *nd f a l l i n g r ap id ly below > MeV, This same tantMur-. con­
v e r t e r v-;s a l so used with e l e c t r o n s of 1. 3nd -^ MeV to *or ;:rine dose to rold 
•̂ s i funct ion of c - i lo r ine te r pos i t ion us i t was moved l a t e r a l l y ana axi filly 
with respect t o the bean a x i s . The r e s u l t s of these measurements are shown 
in Fig* 1. for l i t e r a l i:r~* -~**^er.t and in F ig . II :'or ;r<iril disrlac**?rent. 



During the lateral position measurements, the entire package was moved along 
an axis perpendicular to the beam axis as shown in Fig. 12- The shape of the 
curve is consistent with what would he expected for a photon flux with a 
cosine distribution. 

It might be expected that the axial dependence vould fo«.-"•• an r func­
tion, where r is the distance from the converter to the calorimeter. However, 
two factors affect this. First, the source (electror deposition volume) is 
not a point, but has finite extent. Second, the bremsstrahlung angular dis­
tribution is not isotropic, but is forward-peaked. Both of these tend to make 
the source aopear to be further from the calorimeter. Data obtained by mea­
suring dose as n function a? distance from the converter v;ere plotted in tr.e 
fjm of (Dose)"2 versus r. The correction to r wss obtained frorc the inter­
cept, and Fig. 11 shows a conventional plot of dose as a function of r', t.r.e 
Vilue of r modified by the -iddition of this correction. The fit is reiser.-:ble . 

Ill, Hydra Calorimeter 

Having demonstrated the facility for measuring dose to gold with the 
laboratory calorimeter and having determined the beat measurement techniaue 
(time derivative with modulated beam), we undertook a thorough investigation 
of the Hydra calorimeter. The prime objective was to determine a correction 
factor for the loading effects of the thermocouple wires. 

The Hydra calorimeter is shown in detail in Fig. 13a. The thermocouple 
.2 

wires of the standard Hydra calorimeter were 2.5 x 10 cm in diameter. How­
ever, during the coyne of this study, measurements were also made for calo­
rimeters supported by thermocouple wires of smaller diameter. Measurements 
tith the Hydra calorimeter were made using the geometry shown in Fig. 13b. 
This package is the same one used to make measurements with the laboratory 
calorimeter with the exception that the beryllium backplate has been replaced 
by the aluminum support. 

The measurement technique, incident electron beam current determination, 
and calibration were the same ones developed and used with the laboratory 
calorimeter. 

Measurements of dose to gold with the standard Hydra calorimeter were 
made as a function of converter tnickness and as a function of tnergy for the 

23 



THERMOCOUPLE 

ELECTRON BEAM 

DISPLACEMENT 
AXIS 

CONVERTER 
GRAPHITE STOPPER 
& SHIELDS 

Figure 12. Geometry for later.-)! disnlacement measurements 

I t L I - - * 



0- 48 cm 

2.2 cm 

SET SCREW 

CHROMEL 
CON5TANTAN T" 

0.635 cm DIAM. NYLON 

} THERMOCOUPLE 

Figure 13a. Hydra Calorimeter 



ELECTRON 
BEAM 

© BREMSSTRAHLUNG CONVERTER (VARIED) 

0 CARBON aECTRON ABSORBER (0.782 cm) 

© ALUMINUM HEAT SHSELD (5.8 x 10 _ 4 cm) 
0 ALUMINUM HEAT SINK (0.318 cm) 

® ALUMINUM HEAT SHIELD (4.2 x 10" 4 cm) 

0 HYDRA CALORIMETER (2.79x 10" 3 cm Au) 

0 NYLON HOLDER 

0 ALUMINUM SUPPORT 

Figure 13b. Experimental package with Hytfm Calor imeter 



regular Hydra converter (5-2 x 10~J cm thick tantalum). The results of these 
measurements, corrected for loading effect, are shown in Figs. 1** and 15- The 
basis for this correction will be indicated later in this Section and in the 
following Section. Figure lU shows the measured dose to gold as a function 
of converter thickly s for 1 MeV electrons normally incident upon a tantalum 
converter. For comparision, results of both the Hydra and laboratory calorim­
eters are plotted. The curve for the Hydra calorimeter has the same general 
shape as that for the laboratory calorimeter discussed earlier. The dose to 
the Hydra calorimeter was larger because it subtended a smaller solid angle. 
Since the dose decreased as the polar angle increased (see Fig. 10), the 

F 

smaller calorimeter was in a region of higher average dose. The converter 
thickness for optimum dose is the same for both calorimeters. Similar results 
are seen for 0-5 MeV incident electron in Fig- 15- Dose as a function of 
energy for a fixed thickness converter is shown in Fig. 16. Here, as in the 
case of the laboratory calorimeter (also shown), the converter thickness is 
near optimum for both 1.0 and 0.5 MeV and the dose is almost constant from 
1.0 to 0.i*5 MeV. Then, as in the case of the laboratory calorimeter, the 
dose decreases rapidly with decreasing energy. 

In addition to these measurements with a standard Hydra calorimeter, dose 
to gold was measured as a function of thermocouple wire diameter. The results 
are shown in Fig. 17 where relative dese is plotted as a function of thermo­
couple wire diameter. For these measurements a fixed 5.2 x 10" cm thick 
tantalum converter was used. It is apparent tnat the measured dose increases 
with decreasing wire si2e; however, the relationship is not linear and a 
meaningful extrapolation of this curve is not possible. It would be reason­
able to expect that for some small but finite wire size the loading effect 
would be negligible and that the relative dose would be constant for all 
smaller size wires. 

Finally, a crude but direct measurement of the contribution to the signal 
from bre'dsst rah lung deposition in the thermocouple wires (2.5*+ x 10 cm 
diameter) was made. This was done by exposing a bare thermocouple of the same 
wire size and material to the bremsstrahlung with the gold disc removed. In 

-3 these measurements, a 2.8 x 10 cm thick gold foil was placed between the 
final aluminum shield and the thermocouple wires to produce the same shielding 
which the calorimeter disc would normally produce. The results of these mea­
surements showed that approximately 7.0 percent of the signal come from 
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bremsstrahlung deposition in the thermocouple wires at both l.-j and .t> MeV. 
These measurements agree with a SAKDYL calculntion which predicted lw percent 
direct deposition in the thermocouple wires. Thus the loading effect of the 
thermocouple wires is due predominantly to thermal loaning and radiation aor* 
to the wires is minor. 

The effects of thermal loading and dose to the wires for the standard 
Hydra calorimeter can also be separated using the dat* obtained from the com­
bination of measurements with the ion-beam energy source and bremsstrahlung 
measurements. Both effects should be present in the case of bremsstrihiur-g 
deposition, while only thermal lo.-̂ dinf: is ~n*ser.t when ' ̂  "r.rrrs .**• *:r?-- 'r '. 
ion beam. When these data were combined, it was found that the calorimeter 
wires receive very little radiation dose. This result is most important since 
the laboratory measurements which were used to determine the correction 'Victor 
for the loading effect were made with an energy source, converter package, and 
brensstrahlung spectrum different from that of the Hydra machine. However, 
because thermal load, which does not depend UDon any of the differences men­
tioned above, is the predominant effect, the laboratory measurement should 
yield a vnlid correction factor. 

IV. Thermal Loading Correction Factor 

The correction factor was determined from the laboratory measurements in 
two ways. The results of the two different analyses are in excellent agree­
ment. The first method involves calculation of the correction factor from the 
data obtained with the standard Hydra calorimeter. In the second method, the 
correction factor is obtained from an analysis of the data obtained when the 
thermocouple wire diameter was varied. 

For bremsstrahlung deposition in the Hydra calorimeter, the expressions 
for dose to a metal with and without thermocouple wire loading are derived in 
Appendix I. For the case of no loading, dose to a metal calorimeter, D 0, is 
giver, by: 

n . ?Y/y c fit) 
e 



where dv/dt is the change in thermocouple voltage with time, (iV) is the 
power in the electron beam, C is the specific heat of the calorimeter foil, 
S is the thermocouple sensitivity, and f(t) is a function involving the time 
constants of the system. Where loading is present, dose to the calorimeter is 
given by: 

Dc - W% T «*> 

where M and M are the massea of the thermocouple wires and calorimeter foil, 
respectively, C is the specific heat of the thermocouple wire and « is the 
fraction of the dose received by the thermocouple wires. The quantity 

1 + ^ c « 

c c 

is the factor by 'which the measured dose must be multiplied to correct for 
thermal loading and the quantity 

M 

c 

is the correction factor for the dose to the thermocouple wires. These factors 
were evaluated with the aid of an expression for M /M also derived in Appendix 
I from consideration of energy deposition by the ion beam during calibration: 
this ration is given by 

M 
Mc 

S < V i )cal 

11 



where (Vi) , is the energy in the ion beam and (dv/dt) . is the runnge in 
cfli cm 

thermocouple vol tage with time during c a l i b r a t i o n . All aunn t i t i e s on the loft 
s ide of the ecuat^on are e i t h e r Known, measured, or ca lcu la ted . Solving th i s 
equation g ives : 

C 

Using t . i i s value along with the value of i » . 7 r.ttasured with the bare thermo­
couple wi re s , one obtains a cor rec t ion for thermal loading of 1.7^-" ^na H cor­
rec t ion for dose t o the thermocouple wires of \ 33. Combining these gives n 
correct ion fac tor for the loading effect of the thermocounle wire of 1.7 -

To obtain the cor rec t ion fac tor from the data of cose versus Thermocouple 
wire diameter, a r e l a t i o n between dose and thermocouple wire dia:;..---"r i s 
derived in Appendix I I . This l i nea r r e l a t i on i s 

where D i s the apparent dose (measured), D. i s the t r u e dose, K i s a constant a t 
involving physical properties of the calorimeter, and d is the diameter of the 
thermocouple wires. Thus, if the reciprocal of apparent dose is plotted as a 
function of thermocouple wire cross-sectional area, t.î  true dose to the calo­
rimeter foil can be obtained from the intercept. The ratio of the true dose 
to the apparent dose for the standard ^.5^ x 1.. " cm thick wire calorimeter 
is the correction factor. A plot of this type is shown in Pig. It. The cor­
rection factor thus obtained is 1.7^ which agrees well with the value cal­
culated above. This method is considered to be more reliable than the method 
previously described, because of the large uncertainty in the vulue of "- in 
tĥ : other method. Thus the correction factor is taken as 1.7^. An uncertainty 
of i 5 percent should be attached to this value on the basis of statistical 
considerations. 
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V. Conclusions 

The loading fac tor cor rec t ion of 1.7^ determined from laboratory measure­
ments i s not in bad agreement with the value of i o obtained from data on 
Hydra, s ince there i s much uncer ta in ty in the Hydra da ta . The correct ion 
fac tor of 1.72 should be used vhen determining t ru? dose t o gold with the 
standard Kydra ca lo r ime te r s . 

VI • Acknowledgement 

I t i s a pleasure to make note of the ass i s tance provided by Laurence E. 
Ruggles in the construct ion of the calor imeters and acquis i t ion of tne ant^ ; 
Allyn R. P h i l l i p s , who provided the programming for the on- l ine comnuter; ••md 
John A. Halbleib for performing the SANDYL ca lcu la t ion and for his encourage­
ment in t h i s work. 



Appendix I 

Loading Effects of Thermocouple Wires 

The basic equation for the calor imeter output when used in the square-
wnve modulation, t ime-der ivat ive node i s 

*± - i d y l „ S f / t 1 fl) 
dtI " S dt . " y n V > U J 

o a 

where: u • temperature of thermocouple junct ion r e l a t i v e 
t o heat s ink, in degrees C, 

S = thermocouple s e n s i t i v i t y , in microvolts per 
degree C, 

v - thermocouple output , in microvol ts , 
Q = ra te of heat input , i n ca lo r i e s per second, 
y = ef fec t ive thermal capaci ty , in ca lo r i e s per 

degree C, 
t * the time measured from beam switch a t which 

a the der iva t ive i s taken, and 
f ( t ) = the dependence on t , the time constant T , 

a and the modulation period, t . 
The e x p l i c i t form of f ( t ) i s : 

r(t.) = 

t -o 
1 + e 

-1 t a 
e T . (£) 

The effective thermal capacity is made up of contributions from the calorimeter 
and the thermocouple wires. Thus: 

y = (MC) + :>.5 (MC)W , (3) 

where subscripts c and w refer to the calorimeter and the wires, respectively. 
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The mass and s p e c i f i c hea t are M and C. At t h i s po in t , the mass of wire i s 
"jiknovn, s ince the length a t which the temperature i s e f f e c t i v e l y zero i s not 
Known* The f a c t o r of 0 .5 i n the second term r e s u l t s from the assumption t h a t 
t he temperature decreases l i n e a r l y wi th d i s t ance along the wires -

During the c a l i b r a t i o n procedure (using the ion beam t echn ique ) , the heat 
input r a t e i s given by: 

°Cal " ( A j e a l ' ( M 

where V and i a re the a c c e l e r a t o r vo l tage and c u r r e n t , r e s p e c t i v e l y . Thus 
from ( l ) , ( 3 ) , and (U), one o b t a i n s : 

S f ( t _ ) 
( W ) c + 0.5 (MC)w . ( ^ ) c a l ' ^ ^ - W 

o r : 

M CC w c 
M = C c w I ~m 

S f <V 
U . l c b (6) 

Since a l l Quant i t ies on the r i g h t are e i t h e r measured or known, the r a t i o can 
be evaluated* and i n f a c t the e f f e c t i v e wire length can be determined 

In measuring the bremsstrahlung d t se t o the ca lo r ime te r , the re i s an 
a d d i t i o n a l e f f ec t due t o depos i t ion of energy d i r e c t l y in the w i r e s . I t i s 
assume- in what follows t h a t t h i s makes very l i t t l e change in the temperature 
d i s t r i b u t i o n nlong the w i r e s ; i . e , , t h a t the energy deposi ted in the wires i s 
small ^orrpared t o t h a t deposi ted in the calor i raeter- With t h i s assumption, 
Ec. ( l becorses: 

% + % 
1 d v l - c ^ r(* \ 
S d t [ " <MC) * - ; . 5 ( M C ) v

 U V * 



In terms of dose, Q ~ D M (Vi x 10 : ) , where D Is the dose in calories 
- 1 - 1 C C - ~ 4 C 

gm -kJ , so that Vi x 10 is the electron beam power in kilowatts, 
like manner, 6 = D M (Vi x 10 - 3) = T D M (Vi x 10~ 3), where a = D/D . 

vf W W C W W v 
then obtain: 

In 
We 

1 dv 
S dt 

a 

Vi x 10~ 3 D M c c 
M 

1 + « w 
M cj 

* < % > 

(MC) + o.5 I M E ^ (7) 

The only quantity which is neither measured {in the experiment or in the cali­
bration) nor known is t. Since it ; , expected to be small, an approximate 
value is all that is necessary. This can be obtained from a very crude experi 
ment in which the thermocouple junction is thermally isolated (disconnected 
from the calorimeter) and the bremsstrahlung signal is measured. This must be 
done with the calorimeter foil in place, so that the same shielding effect is 
present. This tends to overestimate the dose, due to the reduction in thermal 
capacity. Thus the value of "- obtained by this procedure should be considered 
as an upper limit. Combining (7) and (5), one obtains: 

D = (*)cal 
U.l86Mc(l + a 

dv/dt 
Vi x 10 -3 

(b) 

which is the equation used to obtain the corrected dose. 
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Appendix II 
Effect of Wire Diameter on Thermal Loading 

If one disregards the thermal loading effect of the wires, he obtains an 
apparent dose, D , which is contained in the following equation: s 

. . . Vi x 10~ 3 x D x M 1 dv * c w . v s dt + * vTc f ( V • It C C a 

Inclusion of wire thermal capacity, on the other hand, leads to the true dose 
D by the following equation: 

. . , Vi x 10~ 3 D, x M 
1 dv t c w , . dtl 2 a 

c c ^ ww w w 

Here I is the "effective" length of the wires, that is the length at which 
the temperature rise is negligible. The density of the wire is n and its 
diameter is d. Note that since the two wires are of different materials, the 
product OJC*. is the average of that product for the two wires. The quantity 

wi wf W 

on the left is observed experimentally, so the two expressions on the right 
side of the two eauations may be equated. This gives 

or 

r - - + Kd 
a t 

Note that D is a factor in K. Since it is a constant the linear relationship 
1 % 2 between sr- and d is preserved. While in urineiple D could b*» obtained from 

the slope* the intercept provides a more straight-fovward determination. 
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