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This report describes the design and initial noise floor measurements of a radiometric calorimeter
designed to measure therapeutic medical radioactive sources. The instrument demonstrates a noise
floor of approximately 2 nW. This low noise floor is achieved by using high temperature
superconducting (HTS) transition edge sensor (TES) thermometers in a temperature-control
feedback loop. This feedback loop will be used to provide absolute source calibrations based upon
the electrical substitution method. Other unique features of the calorimeter are (a) its ability to
change sources for calibration without disrupting the vacuum of the instrument, and (b) the ability
to measure the emitted power of a source in addition to the total contained source power. © 2005
* American Institute of Physics. [DOI: 10.1063/1.1867032]

I. INTRODUCTION

It is estimated that each year in the United States over
220 000 men are diagnosed with prostate cancer.! Over the
past decade, the number of permanent source implants in the
treatment of prostatic carcinoma has increased. This tech-
nique is called brachytherapy and has become an important
treatment modality for this disease. With this treatment, ap-
proximately 100 1251 or '9p sources are permanently im-
planted inside the prostate gland under the guidance of ultra-
sound. The entire dose is delivered continuously during
source decay, over the period of approximately 1 year. Al-
though the construction of sources varies, in general each
source is roughly the shape of a right cylinder with a diam-
eter of 0.8 mm and a length of 4 mm. The outside of the
source consists of Ti encapsulation and the internal geometry
varies by manufacturer.

One of the fundamental components of successful treat-
ment using permanent source implantation is accurate deter-
mination of source strength. The current U.S. standard for
source strength for these types of sources has been estab-
lished at the National Institute of Standards and Technology
(NIST) in Gaithersburg, MD. This standard is given in terms
of the kinetic energy released in matter (kerma) in air. The
specific quantity used for source strength is called the air
kerma strength (S,) and is defined as the air kerma rate times
the square of the distance between the source and detector.
The units of S, are cGy cm? h~!, where 1 Gray (Gy) is 1 J/kg
and 100 cGy=1 Gy. NIST air kerma strength calibrations
have a total uncertainty of 3% (coverage factor k=2, which
indicates a 2¢ uncertainty).

This paper describes the design, construction, and initial
characterization of a cryogenic calorimeter designed specifi-
cally to provide an absolute measurement of the power de-
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posited by this class of brachytherapy source. The measure-
ment provided by the calorimeter is absolute in that the
instrument does not require calibration with a known radia-
tion source. The calorimeter provides a measurement of
power in terms of energy per unit time (W) and makes use of
the well-established electrical substitution method. This
method was developed independently by Kurlbaum in 18922
and Angstrom in 18933 The electrical substitution method
has become the method of choice for accurate, high-
precision absolute radlometry

The use of a calorimeter to measure radioactivity is by
no means a novel technique. Indeed, one of the first uses of
radiometric calorimetry was by Pierre Curie and James
Dewar, who constructed a cryogenic calorimeter to probe the
nature of the mnewly discovered phenomenon of
radioactivity.’ Curie and Dewar found that the rate of heat
production from a radium sample was the same at cryogenic
temperatures as it was at room temperature. Since chemical
processes were known to decrease in rate with decreasing
temperature, Curie and Dewar were able to postulate that the
phenomenon of radioactivity was a fundamental transforma-
tion in the atomic structure, not a chemical reaction.

Arguably the greatest achievement in radiometric calo-
rimetry occurred in 1925, when Ellis and Wooster used a
calorimeter to demonstrate that there was a difference be-
tween the maximum and average energies of the electrons
emitted from #'°Bi. In 1930, Meitner and Orthmann con-
firmed this result. This was conclusive evidence that sug-
gested to Pauli the need for the neutrino.®” For an extensive'
history of the field of radiometric calorimetry, the reader is
referred to excellent if dated, review articles by Gunn®™'°
and Ramthun.”

The field of medical radiometric calorimetry has been
limited primarily to the calibration of external radiation
sources. It is in this area that medical radiometric calorimetry
has had its largest impact. The current U.S. absorbed dose to
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water standard for %Co, which is the basis for calibration of
medical linear accelerators, is based upon a water calorim-
eter developed by Domen at the National Bureau of Stan-
dards (now NIST).' Unfortunately, the techniques that lead
to a successful adoption of a calorimetrically based standard
for teletherapy sources cannot be extended to brachytherapy
sources because a typical brachytherapy source has a power
approximately 7 orders of magnitude lower than that of a
typical teletherapy source. Thus new approaches must be
developed. ‘ _

To date the most successful calorimeter for the absolute
calibration of medical radioactive sources of low energy and
low dose rate was developed by Richardson." This calorim-
eter operated near 8 K and was initially designed to detect
the presence of tritium contamination in samples. The instru-
ment made use of a feedback loop similar to the electrical
substitution method used here. The initial tests performed by
Richardson using electrical heaters in place of radioactive
sources indicated that the absolute stability of the calorimeter
was 5 uW. Richardson believed that the ultimate stability of
the instrument should be better than 0.5 xW. However, that
stability has not yet been realized. Richardson’s calorimeter
was constructed on a partial NIST grant and, after initial
testing, it was transferred to NIST in Gaithersburg, MD to
undergo initial testing for calibration of B-emitting medical
sources. At NIST, the Richardson calorimeter underwent ac-
ceptance testing by Coll¢ and Zimmerman.” The initial tests
were done with °Sr—"°Y and 3P B-emitting brachytherapy
sources. The -tests found that the short-term stability of the
calorimeter (<0.5 d) was about +1 uW and the long-term
stability was on the order of +5 uW. In addition, uncertain-
ties on the order of 2%-3% were obtainable only by measur-
ing a 25 uW source with several repeated measurements.
Collé and Zimmerman described several design flaws and
corrections; however, a follow up report has not been issued.

The current calorimeter is designed to provide a more
accurate and precise measurement of low-energy, low-power
125 photon-emitting brachytherapy sources than has previ-
ously been available. The ultimate goal is to provide an ab-
solute calibration of sources of clinical strength (<1.8 uW).
The overall uncertainty of the measurement should be less
than 2% (k=2).

IIl. INSTRUMENT DESIGN

A cross section of the calorimeter described in this report
is shown in Fig. 1. The primary goal of the design is to
provide a stable platform for the measurement of sources
with powers ranging from 0.5 to 10 wW. The criteria for the
measurement are that it must be absolute (no external radia-
tion source required for calibration), and as metrologically
pure as possible; the total k=2 uncertainty should be below
2%, and multiple measurements of a single source should be
possible without disrupting the instrument.

There are numerous thermodynamic advantages to oper-
ating the calorimeter at cryogenic temperatures (e.g., lower
specific heat and higher thermal conductivity for the radia-
tion absorber material compared to those at ambient tem-
peratures). In addition, operation at low temperature facili-
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FIG. 1. Scale cross sectional diagram of the calorimeter described in this
report.

tates the adoption of recent advances in absolute radiometry.
The most important of these is the use of high temperature .
superconducting (HTS) transition edge sensors (TES) as
thermometers. Thus, the interior of the calorimeter is housed
in a custom fabricated liquid nitrogen Dewar. The measure-
ment chamber consists of a stainless steel core with two
holes of nominal 1 in. diameter to house the detector assem-
blies. The end plates of the detector housing are sealed with
gaskets of 0.6 mm diameter aluminum wire. The bottom of
the detector housing has two holes of nominal 0.75 in. diam-
eter that provide connection to the vacuum system and allow
passage of the cables connected to the detector assemblies.
The bottom of the custom Dewar has a 6 in. diameter
vacuum flange with Conflat-type fittings. The detector hous-
ing connects to this fitting with a copper vacuum gasket. The
cavity between the walls of the Dewar is thus continuous
with the vacuum system, allowing the entire instrument to be
evacuated at the same time. The detector assemblies are
screwed into the top of the housing. The interior of the de-
tectors are vacuum tight and, therefore, separated from the
interior of the housing. The top of the housing has two stain-
less steel tubes of 0.25 in. diameter inserted in it—one for
each of the detector assemblies. These inserts are also
vacuum tight. The interiors of these tubes are continuous
with the interiors of the detector assemblies. There are there-
fore two separate vacuum chambers in the instrument. One is
the interior of the detector housing (outside of the detectors)
and the intrawall cavity of the Dewar. The other is the inte-
rior of the detectors and the tubes extending from the top of
the detector housing. Having two separate vacuum chambers
is necessary to allow sources to be changed without having
to vent the entire instrument,

The vacuum system of the instrument consists of a tur-
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FIG. 2. Scale cross-sectional drawings of the two detectors in the calorim-
eter. (a) is the detector designed to measure the total contained power. (b) is
the detector designed to measure the emitted power of the source.

bomolecular high vacuum pump and a rotary vane pump for
the roughing pump. All of the vacuum fittings are stainless
steel and use either copper or Viton gaskets. The point of
connection between the two vacuum chambers of the calo-
rimeter is controlled by a manual valve. During normal op-
eration the instrument is evacuated to less than 1.3
X 10™* Pa (1 X 107 Torr). However, for the tests described
here, the initial weak thermal links between the detector heat
sinks and the liquid nitrogen bath were not sufficient to allow
proper operation. This was overcome by operating the calo-
rimeter vacuum at 8.0 X 10 Pa (6.0 X 10~ Torr). In the fu-
ture, this remedy will be replaced by a thermal link that has
a heat transfer coefficient large enough to allow operation at
high vacuum.

A. Detector design

There are two different detector designs employed by the
calorimeter. The first is designed to measure the total con-
tained power of a radioactive source. The total contained
power of a source is the total power that is released by ra-
dioactive decay. This includes both the power that leaves the
source and that which is absorbed by the source itself. The
second detector type is designed to measure only the fraction
of the power that is emitted by the source, excluding that
absorbed by the source. A schematic diagram of both designs
is shown in Figs. 2(a) and 2(b).

The radiation absorbers are made of pure 99.995% sil-
ver. The wall thickness is sufficient to stop more than
99.999% of the incident radiation for the highest clinically
relevant energy present in the sources to be measured by the
instrument (the 35.5 keV 7y emission of '*°I). Extensive
Monte Carlo studies have been done for both absorber de-
signs using MCNP4C particle transport code,' and the over-
all efficiency of the absorbers is greater than 99.96%. The
0.04% inefficiency is due predominantly to the open top of
the absorbers that allows the source to be transported into
and out of the absorber. This is a systematic correction that
will have to be applied to the final measurements of the
calorimeter.
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FIG. 3. Scale drawings showing the internal components of both detectors.
(a) Shows both detectors with the source in the measurement position. (b)
Shows both detectors with the source out of the measurement position.

In both detector designs the absorbers are connected to
copper heat sinks by a short length of polyimide tubing. The
heat sinks are connected by polyimide tubing to stainless

steel transfer tubes. The stainless steel tubes are in direct
thermal contact with the liquid nitrogen bath. A]l bonds are
made with Stycast epoxy (2850FT catalyst 9).'

The ability to discern emitted versus self-absorbed radia-
tion requires one additional element in the detector design, as
seen in Fig. 2(b). Figure 3(a) shows the design of the internal
components of both detectors. Figure 3(a) shows the detec-
tors with the source in measurements position, while Fig.
3(b) shows the detectors removed from the detectors, as de-
scribed in Sec. II B. In order to separate the power that is
self-absorbed by the source from that emitted by the source,
the radioactive source must be connected to a separate heat
sink via a thermal link. This heat sink is labeled “Source
Heat Sink ” in both Figs. 2(b) and 3. This separate heat sink
consists of a copper cylinder that has been machined to in-
terface with the source thermal link when the source is in the
measurement position. The source heat sink has a NiCr
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FIG. 4. Photographs showing the source attached to a thread or the source
heat sink thermal link.

heater wire and a2 HTS TES sensor to allow it fo be indepen-
dently temperature controlled. During a measurement, the
‘source heat sink and the radiation absorber are controlled to
the same temperature in order to prevent radiative heat trans-
fer. The thermal link between the radioactive source and the
source heat sink consists of a copper cone with a stainless
steel tube attached to it. Inside the stainless steel tube is a
copper wire that conducts the heat from the source to the
heat sink. A feature of the design is that both the emitted
power and the self-absorbed power are determined indepen-
dently. The sum of these two values should be equal to the
value obtained from the measurement of contained power
performed with the contained-power detector shown in Fig.
2(a).

Heaters for each of the heat sinks and absorbers are
made by wrapping each element with NiCr wire that has
polyimide insulation. The resistance of the heater wires var-
ies from =32 Q) for the contained power absorber to
~112 ) for the emitted power heat sink.

B. Measurement process

In order to transport the radioactive source into and out
of the radiation detectors the source is attached to either a
thin kevlar thread (for measurements of contained power) or
the source heat sink thermal link (for measurements of emit-
ted power) with a small amount of cryogenic epoxy. Photo-
graphs showing a source attached to a thread and the source
heat sink thermal link are shown in Fig. 4. The source heat
sink thermal link is also attached to a kevlar thread. These
threads are wound around bobbins that are placed inside the
source vacuum chamber (see Fig. 1) and connected to mo-
tors. The source is then lowered into the transfer tubes but
not into the detectors.

A source measurement is made by first determining the
power required to maintain a constant resistance setpoint for
the HTS TES sensors. The sensor used depends upon the
measurement being made. If the source’s contained power is
to be measured, the contained power absorber is controlled.
If the emitted power is the measured quantity, both the
source heat sink and the emitted power absorber are ‘con-
trolled. Depending whether the self-absorbed power or the
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emitted power is to be measured, either the power from the
source heat sink heater or the power from the emitted power
absorber heater is recorded.

Once the power required to maintain the setpoint resis-
tance is determined, the source is lowered into the measure-
ment position, For the measurement of contained power this
position is with the source 1s resting at the bottom of the
contained power absorber. Fot the measurement of emitted
power the source heat sink thermal link is engaged with the
source heat sink, as shown in Fig. 3. The measured value is
then simply the difference between the power measured
without the source in the measurement position and the
power measured with the source in measurement position.
The measurement can be repeated as many times as neces-
sary without disrupting the instrument.

- C. Thermometry and temperature control

The key to the calorimeter’s operation is low-noise, pre-
cise temperature control. The temperature-control scheme
used by the calorimeter is designed around the use of HTS
TES thermometers. These devices have proved to be very
successful in the field of absolute radiometry, where room-
temperature systems did not offer sufficient sensitivity, and
low-temperature techniques such as mfrared radiometry were
either not applicable or undesirable.!

Typical high-quality HTS TES bolometers exhibit a
maximum transition slope on the order of 1000 Q/K. 1617
This sensitivity can produce an improvement in noise
equivalent power (NEP) by approximately a factor of 100
over that of platinum resistance thermometers operating at
liquid nitrogen te:mperatures.17 By using HTS TES thermom-
eters, Rice et al. determined the noise floor for the NIST
Medium Background Infrared (MBIR) Active Cavity Radi-
ometer (ACR) approached 20 nW with a temperature stabil-
ity of 10 ,LLK.IG Using a similar design Libonate and Foukal
calculated a noise floor of 1.6 nW and a temperature stability
of 0.7 ,u,K.17 Based upon the success these devices have en-
joyed in radiometry, they were selected as the thermometers
of choice for the calorimeter described here.

The HTS TES thermometers used in the calorimeter
were fabricated at NIST-Boulder using the same masks that
were developed by Rice for the MBIR ACR. The fabrication
technique was similar to that used by Rice. 1618 The sensors
were created on a 500 wm thick LaAlO; (LAO) substrate.
Upon this substrate 120 nm of YBa,Cu30,_5 (YBCO) was
deposited by a laser-ablation process. The YBCO was then
covered with 300 nm of gold. Following the deposition, the
sensor patterns were produced by a combination of photoli-
thography and ion milling. A single wafer was created and
then diced into 1 mm X 1 mm X 0.5 mm sensors. Each of the
sensors has a thin strip of YBCO with four gold contact pads.
The wafer contains 3 different patterns that vary by YBCO
strip width. The three widths are nominally 10 um, 40 um,
and 100 wm. The sensors used by Rice et al. had a YBCO
film thickness of 80 nm versus the 120 nm used here. There-
fore, the current sensors have significantly lower resistance.

Electrical contact is made to the sensors using 76.2 um
diameter copper wire. The lead wires are attached to the gold
contact pads with silver-filled epoxy. A photograph of one of
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FIG. 5. Photograph of one of the HTS TES thermometers after the copper
leads have been attached with silver-filled epoxy.

the sensors after lead attachment is shown in Fig. 5. The
copper wires are connected to phosphor-bronze lead wire
using silver-filled epoxy after the sensors have been mounted
to the detector components using silver-filled epoxy to en-
sure good thermal contact. The phosphor-bronze lead wire
passes through a copper thermal anchor before exiting the
detector housing. The phosphor-bronze wires are then con-
nected to a NbTi cryogenic cable which has stainless steel
shielding. This cable then nmns to one of two electrical
vacuum feedthroughs. Outside the Dewar the connections
between the feedthroughs and the instrumentation are made
by shielded cables.

Temperature control for the calorimeter is achieved by
connecting the TES sensors to one of two ac resistance
bridges that have temperature control capabilities. The ab-
sorber temperatures are controlled by a LakeShore Cryotron-
ics Model 370 AC bridge, and each of the heat sinks is con-
trolled by an individual channel of a Cryo-Con Model 62
bridge.ls Both bridges have built-in heater outputs that are
controlled using a PID control algorithm. The LakeShore
bridge can control a single channel while the Cryo-Con
bridge can control two channels simuitaneously. All of the
instruments used in the calorimeter are connected to a PC via
a General Purpose Interface Bus (GPIB).

The initial step in the tuning of the control loops was to
establish resistance versus temperature curves for all of the
TES thermometers. A typical curve for one of the sensors is
shown in Fig. 6. The temperature was determined by mount-
ing calibrated silicon diode thermometers to the heat sinks.
These sensors are monitored with a LakeShore Cryotronics
Model 218 temperature monitor. To generate the curve for
the heat sink TESs the heat sink was slowly heated and the
temperature and resistance recorded. In order to generate the
curves for the absorber and the source heat sink TESs, the
heat sinks were temperature controlled to different tempera-
tures for several minutes until the absorbers and source heat
sink were able to come to thermal equilibrium. At this point,
the resistance of the TES under test was measured and the
current temperature was recorded.

Optimal resistance values were selected from the resis-
tance versus temperature curves for the operation of each of
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FIG. 6. Typical resistance versus temperature curve for the sensors used in
the calorimeter. Note the narrow transition width ~0.3 K.

the detectors. In each case, the absorber and source heat sink
resistances were chosen such that their operating temperature
would be slightly higher than that of the heat sinks. This
assures that heat will flow from the detector to the heat sink.
The control loops for the heat sink TES thermometers were
tuned by use of the Zeigler-Nichols frequency tuning
method. While there is a vast amount of literature regarding
tuning PID controllers, and there are much more sophisti-
cated algorithms, the extreme sensitivity of the detectors to a
small change in heater power made dynamic model genera-
tion difficult.

The goal for tuning the heat sink loops is to achieve as
stable a temperature (process variable) as possible. Stabiliz-
ing the process varjable is the primary objective for most
controllers. As such, a standard tuning procedure was appro-
priate. For the absorbers, the goal is to minimize the power
fluctuations required to maintain a constant temperature. In
tuning for a stable control variable (rather than process vari-
able) there is a decrease in response performance.19 The
trade off between fast response time and low power fluctua-
tions can be alleviated somewhat by use of one set of param-
eters during source insertion and removal to recover quickly
from the incident power change and then another different
set of parameters once the transients are removed, as was
discussed by Reintsema et al.”®

While experimenting with different control coefficients,
it quickly became apparent that lower power fluctuations
were obtained by use of smaller proportional (P) coeffi-
cients. However, use of low values for P has two significant
disadvantages. The first is that the system is slow to respond
to either setpoint changes or changes in power level, such as .
occurs during the insertion or removal of a source. The sec-
ond, and more important disadvantage, is the increase in
drift. With small P values, drift is seen in both the heater
power and the temperature of the TES. Having a drift in the
power is undesirable because drift subtraction must then be
performed. Drift in temperature is to be avoided as much as
possible because the electrical substitution method presup-
poses that the radiation source power is the difference in the
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heater power required to maintain a constant temp’eratufe
with and without the source present. Thus, temperature drifts
undermine the premise of the method. Therefore, the tuning
of the temperature control loops for the radiation absorbers
requires 2 compromise between thermal drift and heater
power fluctuations.

Since both temperature controllers used with the calo-
rimeter allow the control parameters to be set remotely, a
gain scheduling scheme was adopted. This technique uses
parameters that are optimized for a fast response to a distur-
bance (source insertion or removal). Once the setpoint resis-
tance has been reached and the substitution power stabilized,

the control loop parameters are changed to provide a lower

level of power fluctuation. The gain schedule goes through
two intermediate steps between the fast response and low
noise settings. This is done in order to improve the stability
of the control loop in the low noise setting. The data pre-
sented later in this report are taken with the controllers in the
low-fluctuation control mode.

lll. HEATER POWER MEASUREMENT

Since the calorimeter uses the electrical substitution
method to determine the source power, the primary measure-
ment being made is the absorber heater power. Thus, the
measurement is a measure of the amount of power required
to maintain a constant absorber temperature both with and
without the source in the absorber. The source power is sim-
ply the difference between the two power levels. Therefore,

great care must be made when measuring the absorber heater.

power. The power generated by the heater can be determined
by monitoring the current through the heater and/or the po-

tential across the heater. The most accurate and reliable’

method is to measure the current through the heater and the
potential across the heater by use of a four-wire technique.
The heater power is then given as

P=IV, (1)

where P is the heater power, [ is the current through the
heater, and V is the potential across the heater. In order to
measure the current, a Keithley model 6517 electrometer is
placed in series with the heater. The potential is measured
with an Agilent Technologies model 34401A digital
multimeter.> As with the other instruments, these are con-
nected to a PC using a GPIB.

IV. NOISE CHARACTERIZATION

The objective of the initial phase of testing for the calo-
rimeter is to determine the expected noise floor of the instru-
ment. These characteristics will determine measurement
times and the range of source strengths that can be measured.
As stated previously, the overail goal of these tests is to
minimize the power fluctuations of the absorber heaters.
There are several figures of merit that could be used to quan-
tify the noise floor of the instrument. The quantification of
the noise in the system depends upon the type of noise
present. Noise in metrology is characterized by its spectral
composition. The most common characterization is based
upon its frequency-domain slope, c. Since the measurement
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described here is made at near dc, the system will be domi-
nated by 1/f noise (a=~1). As such, the apropos figure of
merit is the Allan variance?® As discussed by Reintsema
et al., in the presence of 1/f noise the classical variance is
divergent. This is not the case with the Allan variance. The
Allan variance for a discrete series of measurements is com-
puted with the following formula:
N-1

2 Vi1 = yx) - (2)

02 (7o) = 2(N 1)
where 7, is the integration time for each measurement, N is
the total number of points ¢ollected, and y, are the time
series data points.19 For a system dominated by low fre-
quency noise, the noise floor is set by the minimum of the
Allan variance. For a system comprised entirely of white

noise, the Allan variance and the classical variance converge,

" and the ratio of the classic variance to the Allan variance is

unity.?® This forms a simple test to determine the noise con-
tained in the system and the relevance of the classical vari-
ance as a statistical tool.

The minimum of the Allan variance is found after col-
lecting an equally spaced time series of data with N data
points. The behavior of o‘2 on the integration time can be
determined by averaging adJacent data points using the fol-

N-2n+1 L+2n—1
n

lowing equation:
) L+n—1 2
—L > (13 ,- 2 Yj )
Z(N— 2n+ 1) k=1 J=kdn ¢ R j=k
(3)

Here 7y=nTyy, Where Ty, is the minimum averaging time.
The values of n are given as n=2% with i=0,1,2,... . There-
fore, the minimum of the Allan variance is the smallest value
calculated with Eq. (3) for a range of n values.

If the noise of a system has a power-law spectrum, then
the Allan variance is proportional to (7p)*. In the context of
the Allan variance, u is the time-domain power-law
dependence.” As a result, log o(7p) ~ (/2)log 7. Thus, in-
sight into the spectral nature of the noise can be gained from
a log-log plot of gy versus 7. The slope of the plot, w/2,
gives information about the spectral type of noise since
a=—(u+1).

In an effort to guide the tuning process of the tempera-
ture control loops, the computer software written to control
the calorimeter allows the user to select a region of the
power plot and then calculate the minimum Allan variance
for that region. Fine tuning the control loops consists of se-
lecting coefficients that minimize the minimum Allan vari-
ance for each data set.

05(’/“0) =

V. NOISE FLOOR MEASUREMENT

Once the control loops were properly tuned, the calorim-
eter could be tested for minimum noise floor, short-term sta-
bility, and long-term stability. As discussed above, the re-
ported values are given in terms of the square root of the
minimum of the Allan variance or Allan standard deviation,
0, Here the subscript p has been substituted to indicate that
the measurement is a power measurement. Plotting the Allan
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FIG. 7. Square root of the Allan variance plot for a test run of the calorim-
eter. The plot is a standard o—7 log-log plot. The data indicate that the
optimum integration time for the calorimeter is approximately 8.s.

standard deviation versus the integration time allows for the
estimation of the primary features of the noise power spec-
trum, provided the spectrum follows a known power law
[eg., S,() ~ 2

Figure 7 shows a log-log plot of o, vs 7 for a time series
measurement made with the calorimeter. For 7<<8 s the data
are limited by white noise, hence averaging reduces the de-
viation in the measurements. For integration times longer
than 8 s the data are limited by lower-order noise processes.
The fact that the minimum of the Allan standard deviation
occurs in a region dominated by 1/f noise (i.e., u~0) is
consistent with the consensus in the literature that electrical
substitution radiometric measurements are dominated by 1/f
noise, especially in the case that the input is not chopped.
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FIG. 8. Plot of the raw power data for the data set used to calculale the
minimum of the Allan deviation. The four delineated regions indicate the
four different gain scheduling parameters for the control loops. Region 1 is
optimized for fast response and region 4 is designed for low noise. Regions
2 and 3 are intermediate optimizations to improve stability. )
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FIG. 9. (Color online) Plot of raw data in the low-noise region of the gain
schedule (region 4 of Fig. 8) for different values of integration time 7. The
heater powers have been varied slightly to allow better visualization of the
data.

'

Several tests were conducted with various substitution pow-
ers from 5 uW to 90 uW. The raw data for the data set
presented .in Fig. 7 are shown in Fig. 8.

A previous section described the gain scheduling scheme
employed to reduce drift and improve both the response and
the noise of the control loops. In Fig. 8, the different regions
of the gain schedule scheme are shown. The first region is
optimized for a fast response from a setpoint change or
source movement. The second and third regions provide a
transition between the fast response and low-noise regions.
The fourth region is the low-noise region and is where the
final power measurement is made. This method was found to
help improve the stability of the measurement in the low-
noise parameter setting and reduce thermal drift.

Figure 9 shows raw data from the low-noise region of
measurements taken with different integration times, 7. The
minimum of the Allan deviation, shown in Fig. 7, predicts
that the minimum noise and drift should occur at an integra-
tion time of approximately 8 s. This can be seen qualitatively
in Fig. 9 as well as the fact that a 7 value of 16 s should have
a similar amount of noise and drift. The data shown in the
figure appear to correspond to the relative noise content pre-
dicted by Fig. 7. The classical standard deviation was calcu-
lated for the regions shown in Fig. 9 and are listed in Table I.
Since the minimum of the Allan varjance is 2.3 nW, the data
in the table indicate that even at the optimal integration time

TABLE L Classical standard deviation for the data sets shown in Fig. 9. The
Allan deviation for the data sets is 2.3 nW.

T o
(s (nW)

1 . 27.7
4 79
8 6.0
16 6.7
32 9.5
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FIG. 10. Raw heater power data taken as the calorimeter slowly warmed.
The plot also gives the classical standard deviation, o, and the Allan devia-
tion, o, for the measurement. The large difference indicates the divergence
of the classical variance.

of 8 s, there is still low-frequency noise. The table shows that
the classical standard deviation is minimized at the same
integration time as the Allan deviation.

A common misconception is that repeating measure-
ments increases the accuracy of the result. Unfortunately, this
is true only for systems that contain only uncorrelated, high-
frequency noise. As stated earlier, the classical variance di-
verges in the presence of low-frequency noise. Therefore, in
a system containing low-frequency noise repeated measure-
ments can introduce noise into the result. In order to demon-
strate the relationship between the Allan deviation and the
classical standard deviation in the presence of low-frequency
noise, measurements were taken as the calorimeter slowly
warmed due to low cryogen levels. The raw power data are
shown in Fig. 10. This data set is similar to that seen in the
radiometer described by Reintsema et al." In both cases, the
data are dominated by low-frequency drift. In the figure the
classical standard deviation, o, is given in addition to the
minimum Allan deviation, o,. This demonstrates the diver-
gence of the classical standard deviation in the presence of
systematic temperature drift. Figure 11 shows the same data
set with the low-frequency drift removed. As was seen by
Reintsema et al.,"” the removal of the drift brings the classi-
cal standard deviation and the Allan deviation into better
agreement.

During the course of the experiments it became clear
that the magnitude of the heater power fluctuations decreases
with decreasing heater power. For example, the measurement
shown in Fig. 8 has an average heater power of 15.295 uW
and a minimum Allan deviation of 2.3 nW. For the measure-
ment of the heater power with a large drift component,
shown in Fig. 10, the average heater power was 5.640 uW
and the minimum Allan deviation was 1.8 nW. Thus the
heater power level should be selected to be slightly higher
than that of the source under measurement. For both heater
power levels the temperature fluctuation over the course of
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FIG. 11. Plot of the data shown in Fig. 10 with the low-frequency drift
subtracted. Again the classical standard deviation for the data set is given in
addition to the Allan deviaiton. The removal of the drift causes the two
values to converge.

the measurement was less than 13 uK. This is slightly higher
than the 10 uX that was reported by Rice et al. for the NIST
Active Cavity Radiometer. '

V1. DISCUSSION

This paper reports the design description and initial test-
ing of a radiometric calorimeter designed fo measure the
power (both contained and emitted) of medical brachy-
therapy '%°I and 103pg sources. Prior to this report, the lowest
noise of a calorimeter designed to measure this type of
source was 5 ,uW.7 It should be noted that the noise floor of
the instrument reported by Collé and Zimmerman would
have been lower had they reported the minimum of the Allan
standard deviation. Moreover, the long-term drift and insta-
bility issues encountered could have been reduced by using
the optimal integration time found by the minimum of the
Allan variance. However, it is not likely that the use of the
Allan variance as a measure of the instrument noise floor
would reduce the figure by 3 orders of magnitude. The cal-
culation of the classical standard deviations presented in
Table I does provide a means of direct comparison between
the instruments. Thus, the calorimeter described in this report
is, to our knowledge, the lowest-noise radiometric calorim-
eter used to measure low-energy photon-emitting radioactive
sources.

It is difficult to compare the results of these tests to those
reported by Rice et al.'® since the Rice ACR noise floor was
characterized by the root mean square (rms) of the substitu-
tion power. However, Rice et al. did report that the instru-
ment did not require drift correction, which indicates that
there was not a great deal of low-frequency noise. This may
have limited the divergence of the classical variance (and
therefore the standard deviation). Again the classical devia-
tions presented in Table I can be used to compare the values
of the Rice ACR and the current report. That the results of
the work of Rice et al. and the results presented here are of
the same order of magnitude indicates that the two instru-
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ments have similar noise characteristics. The 2 nW noise
floor reported here is also comparable to the 1.6 nW (rms)
reported by Libonate and Foukal for an ACR that was similar
in design to that constructed by Rice et al. The measurement
time was not reported by Libonate and Foukal; however, it is
apparent from that report that the data set was collected over
approximately 60 s and thus included only relatively high
frequency noise. Therefore, the rms should be similar to the
square root of the Allan variance. '

The only radiometer study that did report the noise floor A

as the square root of the Allan variance was that of Reint-
sema et al.’® This radiometer operated at low temperature,
=9 K, and used Nb TES thermometers. The noise floor for
this instrument was approximately 1.2 pW. The much lower
noise floor reported by Reintsema et al. is to be expected
because of the lower operating temperature and the sharper
transition edges of the thermometers.

The results of these initial measurements indicate that
the calorimeter should be capable of measuring clinical
strength brachytherapy sources with an uncertainty of less
than about 0.5%. Measurements of radioactive sources are
currently being performed, and additional work is being done
to determine the total measurement uncertainty. To our
knowledge, this is the first report of employing supercon-
ducting transition-edge sensors for such a calorimeter.
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