
IEEE Tmaotiom on Nuc&ah Science, VoLNS-22, No.3, hne 1975 

CALORIMETRIC DETERMINATION OF BEAM ENERGY* 
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A high-precision calorimetric system has been 
developed for determining beam energy. The beam is 
s >uar e -wave (on-off) modulated and the time derivative 
of the calorimeter temperature is determined at a 
time late in the modulation half-cycle. This avoids 
sensitivity variations associated with beam size and 
location on the calorimeter. The data are collected 
and analyzed in a small on-line computer. The use 
of beryllium, with its very small backscatter 
coefficient for electrons, permits the use of the 
method for electron accelerators. Using such a 
calorimeter with a high-stability electron accelerator, 
standard deviations of the order of 0.03 percent for 
series of 20 measurements were achieved for energies 
from 0.025 to 1 MeV over several hours time period. 
The calorimeter system is usually calibrated with a 
low enerpJ (- 20 keV) positive ion beam whose ener,9 
is well established. Where lower accuracy is 
acceptable, the sensitivity may be determined from 
first principles to within 1 percent. The method 
will be described and the optimization of the various 
parameters discussed. 

Introduction 

A problem which occurs in several disciplines 
is that of determining the ener,? of charged particles 
from an accelerator or, under certain 3ircumstances, 
the accelerator potential. In the present paper, a 
calorimetric method is described which has high 
precision and which has produced a convenient solu- 
tion tc this problem. 

A nwfber of methods have been used for the above 
purposes, These include beam analysis by static 
fields, both electric and magnetic; ionization, both 
in gas and solids; scintillation; particle range in 
vario'&s materials; time-of-flight measurement; and, 
calorimetry. :Iccelerator potential has not only been 
inferred from particle energy m,easurement but also 
measured more directly by potential dividers and 
generating -Joltmeters. These methods will not be 
Zscussed but are pointed out s+ly to indicate the 
great variety of techniques available for making such 
measurements. 

Calorimetric measurements have been used for 
se7ersl purposes in connection with ion beams for 
accelerators. %e fact that the quantity measured 
is 'ieocsite5 eneri=y minimAzes the effect of secondary 
~r',cessss. ,?Zus, a calorimeter may be used to measure 
the intensity of ~a ion besm which has entered a sas- 
fiils3 rcgicn, avoiding the troublesome problems of 
ionization an'i secon~iary electron currents. Eui-trier, 
neutral besm intensity can be measured equally well 
if tie nveraqe particle enter-~ is known. In -ie+er- 
mining cross sections for interactions of energetic 
neutrals with ,;aseous targets, such a device is very 
helpful. me authors' have used calorimeters for 
t:3ese purposes but certainly cannot claim that such 
usa;ie is original TA<th th,?m. 

* 
'This work x%s n:lpForttrd by the United States Energy 

Research and Develonment ~'&&4.stration. 

A somewhat different application has involved 
the determination of electron energy deposition as 
a function of depth far a beam of energetic electrons 
incident on various metals.2 By making a thin-foil 
calorimeter of the same metal under investigation 
and locating it at various depths in the stack of 
metal foils in which the measurement was made, an 
energy deposition Frofile was obtained. Precision 
of the order of 1 percent was achieved. In order 
to achieve this result, however, several innovations 
were required. These form the basis for a system 
which we have used to measure the beam energy with 
precision of the order of 0.1 percent. These will 
now be noted below. 

A major difficulty with a d.c. calorimeter is 
the long-term temperature drift of the system. The 
calorimeter will, of necessity, be sunported from a 
heat sink which can undergo long-term temperature 
change. A means of minimizing this effect is to 
modulate the energy input so that one makes an a.c. 
measurement. In our case we use square-wave (on-off) 
modulation of the particle beam. With appropriate 
choice of time constants, the resulting thermo- 
couple signal is approximately triangular in shape. 
One would expect that the amplitude of the thermo- 
couple signal would be a good measure of deposited 
power but, unfortunately, the amplitude depends on 
the radial profile of the particle beam. We avoid 
the problem by taking the time derivative of the 
thermocouple signal at a time late after switching 
in each half cycle. It will be shown in the next 
section that the output thus obtained is proportional 
to the power input and is largely independent of the 
radial profile of the beam. 

Design Considerations 

The case to be considered has been examined 
elsewheresy4 so only a brief summary is presented 
here in order to facilitate the understanding of 
the design considerations. 

Assume that the calorimeter is in the form of a 
thin disk of radius r and thickness W. Let the 
density, thermal condgctivity, and specific heat be 
P, K, and C, respectively. Let it be supported by 
N radial wires attached at equal arc lengths at the 
periphery, each wire having length i, crass sectional 
area A, and thermal conductivity Q. The temperature 
T(r,t) is compared to the heat sink temperature To, 
so that we use the quantity 

u(r,t) = T(r,t) - T 3 * 

For a modulaticn period to, the ecuuiliorium 
solutions are: P 

c -t’/r 
n 

u(r,t’) = 
> (Pear on) 

n=l 
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m -t"/Tn 

u(r,t") 7 
c 

A, Jo (knr ) Ulle (Beam off) 

n=l 

Here t' and t" are measured from the times at which 
the beam is turned on and off, respectively. The kn's 
are the eigenvalues of the boundary condition. The 
T 's are the characteristic time constants and are 
gfven by: 

T PC z 
n K (a2 + k;) 

where 

8ceT 3 
T* = 0 

WK 

is the thermal radiation term. 2 and E are the 
Stefan-Boltzmann constant and the emissivity, 
respectively. It is to be noted that the m's 
decrease monotonically and that 

T1 >>T >T 2 3, et=- 

Tlie li 1.. O-O +hn enr~ilihratjgn factors which match c1 u/c ViLC Cl--lL- 
the &o solutions at each switch time and are given 
by: 

. 

The An's are obtained from the initial condition 
are : 

iT 
' = $ * [J2(knro) : <(knro)] ' 

2 JL(knr,) 

n knrm 

and 

. 

In this expression it is assumed that the heat is 
deposited uniformly over a racdius.r, an$ $hat the 
total rate of heat input is then Q = -rm q. It 
should be noted that any otter radial distribution 
of heat depositicn can be approximated by a summation 
of terms like this with appropriate Q's and rm's. The 
last factor, 2 Jl(krrm)/knrm, is very ilependent on rm 
for all n's except ri = 1. thus, if one were to use 
the amplitude of the a.$. si,gnal from the t‘nermo- 
couple as a measure of Q, the coefficient would depend 
strongly on the radial Trofile of the beam. For the 
first term, however, the factor is relatively insen- 
sitive to klr,. For klro of 0.3 (a reasonable value) 
the factor only changes by about 1 percent as rm is 
tariel from zero to ro, T+rith most of this change 
ocejrring near rO. 

The foregoing; suggests that, if there is some 
means of isolating the first term of the series for 
u(r,t), the dependence on rm could be minimized. 
Ynis was accomplished by taking the time derivative 
of the thermocouple signal at a time td after 
switching subject to the condition: 

td " T2' 73' etc. 

To a very good approximation, the time derivative 
then becomes: 

-td/T1 
. 

Note that th factors 2 Jl(klrm)/klrm and 
$(klr,) + $(klro) are nearly unity. From the 
agove expression one concludes that the time deriva- 
tive of the thermocouple signal is proportional to 
the product of the particle current and the average 
particle energy. 

We now consider factors involved in the design 
of such a device. First, it is clear that the area1 
density must be at least equal to the maximum particle 
range. Because a price in sensitivity must be paid 
for additional thermal capacity, one should not use 
significantly greater thickness than is required by 
particle range considerations. For the same reason, 
the radius should be no larger than required in order 
to easily accommodate the radial spread and un- 
certainty in position of the beam. 

The choice of calorimeter material depends on 
several factors. In general, it is desirable to 
have fast time response, which translates into short 
time constants. This in turn requires a high 
diffusivity (K/PC). Silver, graphite, gold, copper, 
and aluminum are particularly good in this respect. 
Backscatter of Darticles is particularly important. 
For heavy particles, such as protons, beckscatter 
does not pose a significant problem. For electrons, 
however, it can be very important. Electron energy 
backscatter increases monotonically with Z, the atomic 
number, so it is essential to use a low-Z material. 
In this regard, beryllium is the best of the metals, 
the backscattered energy being less than 1.2 percent 
for incident electrons of energy greater than 25 keV.5 

The support wires influence both the sensitivity 
and the time constants. As the wires become longer, 
approximations which led to tie expressions given for 
An and 7n are no longer valid. A more exact 
analysis indicates that longer wires increaie Tn and 
decrease An, neither of which is desirable. 

The choice of wire ;naterial is iqortant, also. 
Generally the time constants (and particularly the 
first one, n = 1) will be too great if radiation, 
through the c term in the demoninator of the 
expression for Tn, is the major heat loss mecharism. 
Since the wires serve to remove heat by conduction, 
one wishes to find a wire material for which the 
conductance-to-thermal capacity ratio is a m&mum. 
This is equivalent to having the maximum thermal 
diffusivity. In a practical case, silver, gold, 
copper, or aluminum are all suitable. The radius 
of the wire is then selected to provide a suitable 
firs%-time constant. 

The temperature sensor most generally used is 
the thermocouple. A variety of combinations of 
~dissimilar materials provide satisfactory res.Jlts. 
The chronel-constantan combination provides good 
sensitivity and has been -Ised in the present studies. 
The reference junction can be imbedded in t:?e heat- 
sink ring from which the calorimeter disk is suspended. 
ti obvious advantage to tne present method is that 
one need not provide a carefully-controlled reference 
as long as the changes in temperature of the teat 
sink are very slow compared to the modulation 
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period. The active junction itself is usually 
situated at the edge of the calorimeter, i.e., at 
r . However, if fast response is essential, it is 
a8vantageou.s to locate the thermocouple at an inter- 
mediate radius '1. This radius is chosen so that 
Jo(k9rl) = 0 so that the second term of the series 
for Yi(r,t) drops oat. This permits the taking of the 
time derivative at an earlier time after the beam is 
switched so tnat a shorter modulation period can be 
u.514. If one thermoco*uple does not provide adequttte 
sensitivity, a number of junctions ray be placed in 
series with electrical isolation between the junc- 
tions being provided by a very thin layer of a 
vacuum-grade epoxy. 

There are three "times" in the system which must 
be chosen. These are the first time constant of 
tne calorimeter, the modtition time, and the time 
at vhich tie temperature derivative is taken. Of 
these, the calorimeter time constant is the most 
irrportant and the other two will depend strongly on 
it. Used in the modulation scheme described 
previously, the calorimeter system can be shown to 
have sn effective time constant of 2' 

ii' 
Seam fluctua- 

tions having chracteristic times >z 7 will be read 
as a varying beam; those much less will be averaged 
out * Once the material, radius, and thickness have 
been chosen one has only limited control over the 
value of 71. In the expression for 71, kl is varied 
by the choice of heat conduction by the support 
system. In order to change the radiative term, a2, 
one ,might change the emissitity by appropriate treat- 
ment of the surfaces. 

i&m&nation of the time factor in the sensitivity 
expression shows the following. 

i. For a s,-l.ien ratio of II,JL-~, :here is a time 
at, which cne can take The derivative so that 
mall changes in 71 do not affect the sensiti- 
vity . This time is 

-t :ZT -1 
L’;i =~,,+? o 1 1 T e-toi2Ti 

[ 1 . 

2. As the value of '; :T- is increased, the 
cptimum value of t,i igcrfases, rea2hin.g a 
rrax:nm CT' 3bout 7. ,2 Ti at ; ir 
Further increase.; In t- ~ rt:.J,;'2 1 = 1.6. 'ji' _. :. m 3 xnoi;cnl2 
iecrease I.n the opT.inum :-a2Lle of L-(j ~ 

AL R prac",i-,3; .3.t;w I_, 
so tk;>: the ier‘i".+ Ei' > 

) tc ri!lzt be :-rtzat cncu;-h CB 
iidL,. /r ) taken at near-ontim-u; time, 

; c frtc cti' .3ipl'icant :ontritution;; !‘rrjm the terms 
:n 71, T-. >' et,:. 0.;trrvi ?e .I% ! 3 not ~crl"-lca.1 A. ti . 

D+ i-,t.rr.: ~a$ 3n cf’ B2:s~. z:r,pr,--- fnr ri 
:. ?I!eV ELec-iron Accelerator 

;!s a specific *xemple we 'describe a system which 
has been used to determAne the particle encrn for? an 
eleckon beam from a 1 !Zv electrostatic accelerator. 
3is s:rstm is .shnYn __. i- F&:. 1. Zcccaase very la- 
backscatter xas essential, the calorimeter was made 
of %?r:rllium. The ~iirncnsions :Ccre 2.5 cm in diameter 
ant cl.?6 m thick. 
&3-2, t1112 

The area1 'density -9,as 0.704 5m - 
liipi-~lw.t of 1.31 mean ranges. This was 

supported by 8 copper wires, 0.025 cm in ~diameter 
and 2.31 CT long. These were attache11 to a hea%-i 
aTmLnl*rr. riq :qhich acted as a heat sink. 'The 
resulting time constant was L?O sec. Three chromel- 
constmtran thermocouples, connected in series, were 
attached at the neri?hepJ of the calorimeter (disk by 
a thin coatin: -if ‘racuu71 epoxy. The entire assembly 
was housed in a Faraday cup of al.uminum having a wall 

‘“QPrn! Willi\ “S”,llM, 

CALORIMETER ASSEMBLY 

Figure 1 

thickness greater than the mean electron range so 
that electrons entering the cup aperture could be 
lost only by backscattering through the entrance 
aperture. 'Ihe probability of this was very low-- 
of tne order of 10'3. 

The data were collected and analyzed in an on- 
line digital computer. A typical run consisted of 
6 cycles (t = 80 set) during which the Faraday cup 
current and'thermocouple signals were digitized and 
read at 0.54 set intervals. Rather than measure 
the derivative only at the specific time (16.6 set 
after beam-switch), the logarithm of the derivative 
was calculated at a nilmber of times during the cycle. 
A least squares fit of log-derivative as a function 
of time-after-stitch was made by the computer and 
the derivative at the desired time was then auto- 
matically calculated from this fit. This had the 
effect of using a very large fraction of the 
collected data, rather than just that at the 
derivative time. The result presented by the 
computer was the quantity l/i dv/dt, calculated at 
the desired time as indicated above. The use of 6 
cycles of data permitted the averaging out of small 
beam current variations. 

The system was calibrated by means of a heavy 
ion accelerator. The ion beam from this device was 
used in exactly the same manner as the electron 
beam. The accelerator potential, usually a few 10's 
of kilovolts, was measured carefully by means of a 
calibrated precision potential divider. 

The results thus obtained for the electron 
accelerator are shown in Table 1. Here the calori- 
meter readings are compared with readings from a 
:Tenerating voltmeter and smith an independent calibra- 
tion. In the latter method, pulses from electrons 
from thin conversion sources produced in a solid ion 
chamber were cow&red with those from beam electrons. 
In order to reduce the electron beam flux to a 
sufficiently low val'ue, it was necessary to scatter 
the beam from a thin wire into the detector. It can 
be seen that the agreement is generally within the 
estimated errors. 
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Generating 

Voltmeterls2 

1.203 

1.071 

o.Y64c 

0.8576 

0.7512 

0.6445 

0.5385 

0.4319 

0.4055 

0.3256 

0.2192 

0.1130 

0.0598 

0.0332 

Table 1 

Zlectron 3eam Energy (I4eV) 

Conversion 

Electrons3 

0.998 

0.505 

0.367 

0.3l2 

0.095 

Calorimeterlcy5 

1.153 

I.033 

0.9241 

0.8241 

0.7207 

0.6188 

0.5212 

0.4140 

0.31&c 

0.2122 

0*1093 

0.0580 

0.0324 

1 Electron gun bias voltage has been included. 

2.A.11 readings t O.COO5 MeV. 
3 XL1 readiicgs f 5 perE?nt. 
4 'Corrected for backscattered 
5 A11 readings ;t 0.1 percent. 

energy (TIGHT) 

The precision of this method is very good. For 
example, the standard deviation of the mean for 20 
determinations at 0.5 MeV was 130 eV. Comparable 
results are obtained at other energies, except 
that the values near 1 MeV show a relatively greater 
standard deviation. This probably represents real 
fluctuations in the accelerator potential. 

Conclusions 

On the basis of 0'2 experience, we believe that 
the calorimeter system, using the methods described 
herein, provides an excellent measure of beam particle 

energy. The precision is high and is comparable OP 
better than that attained in more commonly used 
methods. The apparatus is simple and does not require 
highly accurate machining. Although the present 
system uses an on-line computer for data collection 
and reduction, this is not a' necessity. 

A weakness of the present system is the 
desirability of frequent calibration. While no 
significant variations in the sensitivity with 
time have been observed, bne would hesitate to 
assume that such variations do not occur. Such 
changes would be directly attributable to changes 
in thermocouple sensitivity. This problem, should 
it exist, could be solved by a servo system. In 
this scheme, the reference junction temperature 
would be varied by i*R heating of an attached strip 
so that the thermocouple output is nulled. In this 
manner a drift in thermocouple sensitivity would 
affect slightly the gain of the servo loop but would 
not change the sensitivity of the system. 
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