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ABSTRACT
DAVID STUART JUunkKIN: Development of a Crvogenic Microcalorinetey
{Under the Direction of AL Champagne)

Ihe motivation for this projeet has heen ro measure  d-decav using a low
hackground detecror whiclh encapsulated the o source (da coverage). It was
realized that the ideal detecror for this measurement was a microcalorineter
(a small ervogenic detector consisting of an absorber. thermistor and thermal
link). Presently microcalorimoeters are an active arca ol research and develop-
nent because of possible applications in weak interaction phvsies, x-rayv astron-
omyv and dark matter searches. The development of such a detector regunires an
interdisciphnary effort mvolvine nuclear phvsics. solid state physies. electronics,
and statistical mechanics. \We have designed. constructed and characterized nn-
crocalormeters emploving two tvpes ol thermistors {Ae, Geoo o and P:S1). In
the process we constricted a dilution refrigerator. asseinbled the necessary elee-
tronics. and built a data acquisition aidd analvsis svstem based on networked
desktop computers. This stage of the project has conchided Dy chavacterizing
the pertortiance ol the v, Gog 2, hased microcalorimeters by measnring as and
low energy o5, The measured energy spectra have heen compared to theovetical
predictions, and the linearity ol the devices has been tested. Furure work will

pormit these devices to be used to measure J spectri
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Chapter 1

Theory of Cryogenic

Microcalorimeters

The motivation for this projecr has been to measure z’—d(-‘('el_\' using a low
bhackground detector which encapsulated the 3 source (47 coverage). It was
readized that the ideal detector for this measurement was a microcalorimeter
(o small crvogenie doetector consisting of an absorber. thermistor and thermal
link). Prosenthy microcalorimeters are an active area of research and develop-
ment. because of possible applications in weak interaction physies, x-rav astron-
oy and dark matter scarchies. The development of such a detector reqnires an
interdisciplinary eHort involviug nuclear physics, solid state phvsies. electronics,
and statistical mechaunics. We have designed. constructed and characterized mi-
crocalorimeters emploving two tvpes of thermistors (Ad,Ge o and P:Si). In
(e process we conustructed a dilution refrigerator. assembled the necessary elec-
trouies. and built a data acquisition and analvsis svstemn based on networked
desktop computers. This stage of the project has concluded by characterizing
the performance of the du, Geg oy based microcalorimeters by measuring as and
low cnergy ~=. The measured energy spectra have heen compared to theoretical
predictions. and the lincarity of the devices has bheen tested. Future work will

permit these deviees to be used fo measure 3 speetra.



1.1  Background

Dark matter {non-lnminons materialy was lnpothesized as carly w- 1933 10
explain the observed velociry dispersion in clusters of galaxies Fabsil, In 1974
dark matter began to achicve wide acceptance dne to similar velocity observations
in spiral ancd clliptical galaxies [Ree9d]. Theoretical justification was provided
by models of bie bang nucleosvithesis. These models placed constraints, derived
(rotn the abundances of the licht elentcnrs. that could not be supported without
(he existence of dark bharvonic matter [Pra9d!. Further evidence that dark mateey
exists and has been veported by a number ol authors Khi93, Ger9d. Fuk88,

Bahi87a .

The composition of dark matter has been extensively disenssed. Some of the
predominantly mentioned candidates have heen: massive nentrinos. nuassive com-
pact halo ohjects, weaklyv interacting massive particles, and massive, conventional
astrovomical dark matter [Bah87h. Cal88, C'or93. Man94. Cro96]. Experimental
evidenee for massive neutrinos was furnished by Stimpson in a 1985 article |Sim85|.
[n this study, the shape of the - decay spectrum ol tritium seetied to reveal the

)

presence ol a 3% admixtore of nenrrinos with ney,e 17 ke Further work
followed hoth supporting and arguing against the existence of such a particle
i oa variety of diflerent bheta decavs with a variciv of cifferent admixtures. In
1991, there was a reported L4 % admixture of 17 ke\” nentrinos in the J-decay
spectrim of Y'C Sur9l. These nicasurements were made using a gernianinnm

detector,

To verity this measurement. an eflort was made to measare a 7 decay spec-
trum without the nse of a Ge detector whicli was hvpothesized to distort the
spectral shiape of the carlier measurements. A suitable detector would have
a predictable cfficiency over the measurement energy range: aud should also
have a winimial background. In 1987, a svstem based on detection of partieles

throngel a non-ionizing process was proposed [Sad87] which also seemed to neet



the performance eriteria for the measurement of the neutrino mass. The detector
proposed. a cryoeenic detector. measures eithier the breaking ol Cooper pairs in
superconduciors. or the formation of plonons in crvstals. The phonon detectors
are called bolometers or microcalorimeters.!

The sersors proposed lor the development of microcalorimeters swere rather
diverstfied and cach tvpe presented individual advantages and disadvantages. Su-
perconducting granules are predominantly threshold detectors aud do not reveal
detatled energy information. They ave very seusitive to both changes i the rew-
perature aud to changes in the external maguetic field [Kot87]. Superconducting
(nnnel junctions hold great promise for energy resolution. but require special
development methods [Sad&7 . Thermistors were also proposed which would
measure a temperature change of an absorber. The advantage ol thermistors lies
in rhe diversite of the available materials with which to produce thermistors and
thev can be made using standard mieroclectronies techuiques. This s nuportant
i order 1o allow for further developrient of an array of detectors. The stan-
dard mcroelectronies techntques could also enable a design with the possibility
ol integrated preamplifier civeuitry | Dep92].

Ihe initial coal of the present work was a measurement .ol the beto-decav
spectrim of 'O There wore fwo reasons for this, one being a check of the 17 kel
neutrino hvpothesis, Carbon-14 was choseu becanse of its low endpoint energy.
This wonld allow a measurement of the region of tnterest (17 £ | keV helow the
cudpomnt cnergyy in a reasonable period of time. The second reason for looking
al e J-decay spectrum of M'Cowas to measure the weak magnotism forn factor.
a term arising lrotn the possible renormihization of the weak teraction vector
coupling due to the strong foree. This effect was caleulated and discussed by

varions groups (Gar05. Cal76. Jns8. WuG-l, DeB9T).

'Calorimeters were initially nsed as particle detectors in 1903 by Curie and
Laborde [Low88 . Calorimetry experiments were also pivotal in providing evi-
dence for the missing energy in the heta decav of 2" RuEyy (P'VBi) by Ellis and
Wooster [Wu66 .



By 1993, a variery of nuclear bera decavs had heen stucdied and the evidence
was against the existence of a 17 ke neutrino. Spectrometer-based measnre-
wents of 'S were reported to show no evidence for the existence of a 17 kel
nentrino | Ber93] Stimilar conclhisions were veached from studies of " Pd using
aicrocalorimeter. Low93, DepO . The 17 ke\ neutrino issue is considered to
Do i stramental artifact and not a maunitestation of a non-zero mass neutrino.

However. theve ave still a number of measurements for which a microcalorime-
ter 18 ideallv suited. Oue of these is the previously mentioned moeasurement of
the shape of the ""C beta decay spectrum. These detectors have been shown to
be good candidates for low energy Nerav measmrements [Kel93]. double S-decay
weasurements [Ale93] and dark matter detectors [Mar93).

A mmicrocalorimeter is composed ol three parts: an absorber. a thermistor.
aud a weak thermal link which is schematically represented in Fignre 1.1 When
radiation strikes the absorber whicl is attached 1o a thermistor, the radiation
canses o temperatnre inerease, This temperatire chanee will he measured by

the thermistor which will reach thermal equilibrinnn with the absorber. These

two parts will then thermally decay back to the ambicnt operating temperature

throngh thie weak thermal link between the thermistor and a heat sink.
Microcaloritmerers have o nnmboer of advantages over scmicondunctor detoectors.
which are normally nsed for this kind of neasurenient . Semicondnetor detectors
relyv o on the colleetion of electron-hole pairs that are created by meident particles.
The encrgy to create one pair is determined by the band gap in the senncou-
ductor. and is of the ovder of 3 e\ for Siodetectors. The energy resolution is
cletermmed Dy the number ol paivs. bt it s Lhundted by thermal Josses. ax inct-
dent particles will deposit some energy in the form of phonons which can not be
detected. These devices ave also susceptible to charge loss from recombination
and trapping. These effects place a statistical limit on the euergy resolution. By
cotparison a microcalorimeter detector relies on the colleetion of phonors cre-

ated by incident particles. For a calorimeter operating at 0.1 Kelvin the nomiual
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Figure 1 1: Schematie of microcalorimetor showing the plivsical setup and the
materials typically used for the specific parts.

photou energy is E=ky T 2 100 pe\, an mtrinsic resolution advantage of 10!
over silicon. Il appropriate matenals aye chosen so that all radiation is ¢uickly
thermalized. then all of the deposited radiation will he measured [Low88]. This is
mdependeni of whether the lucident particle deposits its energy through toniza-
tion. photoelectric etfect. or nuclear vecoil. Becanse these devices operate at low
temperatures. low-tenperatnre electronies are used which have Jower inpit-noise

characteristics than traditional room temperature devices [GonS&8).

1.2 Energy Resolution

The energy resolution of a microcalorimeter is limited by thermal and clec-
trical noise. The clectrical nolse is discussed o section 5.1. The thermal neise
15 due to statistical Huctuations in the temperature of the svstem. This places a

lower limit on the energy resolution of

NE = 2.356\[kpT2C (1)



where L is Boltzmann's constant. 7 s the operatine temperature of the ther-
mistor. C7is the heat capacity of the device. and £ 18 a constant that depends on
the sensitivity of the thermistor, The constant & is on the orvder of 3 for typical
resistive thermistors [MosS|.

Fapiation L1 emphasizes the importance of operating at a low temperature
and having a minimal heat capacity. L he low temperature regmirements can he
achioved through the nse of a dilution refrigerator which is discussed in section 3.
The hieat capacity of these devices s reduced by using siall deviees and throngh

choosing matertals with winimal specific heat at the operating temperatie,

1.3 Signal Size

The theoretical energy resolution of o microcalorimeter is only realized 1t a
measurcient of the energy deposited 1u the device s made. The energy deposited

i the deviee s related to the temperature by
AT = ——— (1.2)

where I2is the euergy deposited in the microcalorimeter (thermistor. absorber.
and thermal link) and €, s the heat capacity ol the device. For small chaunges
inenerey relative to the hieat capacity. ¢, can be approximatoed as a constant.
I'herefore. the change in temperature will bhe proportional to the energy de-
postted. However, this is not correet for large amounts of energy amd small heat
capacitios. I there is o signifeant chanpe m the temperature. the heat capacity
can not be assumned to bhe a constant. Therefore if a significantly large amount of
cunergy is deposited i the microcalorimeter, the tetperature response will be less
than caleulated (assuming that the heat capacity mereases with remperature).
For the thernnistors nsed i this work (discussed i section 2) the conduction

decreases as the temperature 1s decreased. The resistance of these devices s



clhiaracterized by

R(T) = Ry cap (j[‘) {1.3)

where [Py is a constant depeuding on the resistivity and geometrv, 77 is depen-
dent upon the dopine concentration and o varies with the condunetion method.
Thermistors are characterized Dy tlie sensitivity o given by
d {7}
= ——— vl
d Il

J

whiclh when using the specifie resistivity versus temperature relation stated in

( T >Il I] ~)
¢ =l = ]

} 1 T t1
1

where nis typieally 2 awd the constant T 1s obtained from the resistanee versus

equation 1.3 is

fetperatnre curves discussed i section 2.4 and 2.2,

While operating a nucrocalorimeter, theve will he an equilibrium established
between the power entering the microcalorimeter via resistive heating and radi-
ation and the part leaving through the thermal link attached to the cold batl

This is stated as

(,‘([.»1“} j,,“[?+E 'l(l
S —
[A
where Gois the thermal conductiviiv of the leads, 7, 15 the bath temperature.
and [, s the blas current Howing througl the thermistor. The power term ()
will also include external continnous sources of heating but these ave negligi-
ble compared to the resistive heating. Due to the mput power, the operating

tetperature of the microcalotimeter will be greater than the bath temperature,

therefore, an effective operating temperature [ can be defined such that
s 1 g —
Clv( [1_7”} =¥ {1.7)

Under operating conditions 12 >> E. and thercfore 7 &~ 14, making this tem-
perature the steady state condition [LowGl]. Ty will also be veferred to as the

soro enerey Jevel or condition.

=1



In ovder to measure the change in resistance across the thermisior, a voltage
is applicd through the thermistor and a sevies bias resistor. The voltage across
the thermistor is piven by

(.
V=R x Iy, Tias —— (1.3)
I?j,,,,._ + It ’
where 17 is the resistance of the thermistor: and £, Vg, and 2y, are the bias
current. voltase. and resistors.

From equation 1.2, it is vealized that the quantity to bhe measuved in ordey
to determine the energy deposited i the microcalorncter s the change in tem-
perature. instead of the absolute temperature. This will correspond to a cliange
m resistance as opposed to the absolute resistance. I the cliange in resistance is
significantly less than the toial resistance (Ry,. + 7). the bias current. is constant,

Thevefore, the cliange m voltace across the thernnstor is

(j §/ .
AT By AT .
A ,[f,,[H(/_ A (1.9}

where AT s given by equation 120 The voltage response can be rewriften as<

. R E
= s, ==Ll = g 0
Ad Lo ; ( c (1,101

1.4 Specific Heat

I'he spectfic heat of a material is a measurement of the amount of energy that
st be absorbed ro reach a given temperature at either a coustant pressure (Cp)
or al a constaut vohune ()70 The specific heat for a material can be caleulated
from

C,=Ceg+Cppy (1.11)

which s the sun of the electron and phonou contributions respectively,

Cp = Cyv + 95V T which can be approximated as Cpo== O for tempera-
tures helow ©/2 (where w. o and © are the compressibility coefficient. therial
expansion cocfficient. and Debye teinperature respectively) [Pob9g]



This work s lmited to the low temperature regime. therefore we will only ex-
amine the low temperature limit for the thermal properties of materials. The low
tetperature region for the two factors will be defned relative to the respective
temperatire constants. For the phonon portion this s the Debve temperatire
whicl is typically on the order of 107 K. The electron coniribution is defined
relative to the Fermi temperature for the electron which s avound 107 I INt86 .

I most metals, the electronie portion of the specific heat dominates helow
I N which s caleulated by assuning a {ree clectvon model. This contribution is

1y ‘
where Ty is the Fermi temperature and is typically parameterizod by the constant
o, called the Sommerfeld parameter Nit86. 1’0bh96,.

The phonon portion of the specific heat for most materials can be accurately
calculated using the Debve model, This model assunies siniple modes of vibration
ol the crvstal lattice, The specific heat can then be stated as

S
C'py = 1944 (T) _;]— (1.13)
o) Iy mol
where O s the Debye temperature for a given material and 705 the tempera-
ture Pabo. Ash76. Zem81] Therelore. i properly chosen materials are used
tiat have hieat capacities dominated by the phonon portion. the energy resolu-
tlon given by equation 1.1 hecomes proportional to TS (urther cwphasizing the

need for low temperatnres.

1.5 Thermal Conductivity

The connt rate of these devices 1s imited by the time reqguired for the enerov
to leave the thermistor and absorber through the thermal link, This thernal

velaxation time (7) 1s given by Low [LowGl] as

C,
s (L.14)
&= I

9



where Crois the thermal conductivity of the thermal link, ITn the low power it
7 can be approxunated as (g /G,
Thermal conductivity is a material property that eoverns the hear How through

the material. This ts written as
) Mo _
= (115)
whoere A is the eross section. Loos the length, and o is the thermal conduetiv-

ity cocflicient of the link.  As 15 the case with heat capacities, there are two

contributing rerms to the thermal conductivity coetficients written as
N = Hhpt Kpy (Ll())

where vy and wvpy ave the clectron and phonon parts respectively. These coceth-

clents can both be caleulared as

rop = Ot (1.17)

where C is the heat capacity per unit volume. ¢, 1= the velocity of carriers and
A, is the wean free pathe o the low temperature limit. the electronic thermal
condhicetivity cocfficient is
Hpoox Clpox (1.18)
due to a constant clectron velocity. the temperature mdependent. nature of the
mean free patlheat low tempevatunres, and the lieat capacity as calcalated in ecua-
tion 1.12. An identical argument is wmade for the phonon thermal conductivity
cocfficient, vielding
Wp X (’/)H X Yﬁ3 . (l l())

Sinee we are using a superconductine wire as o theral ink, the dommant con-
tribution to the thermal conductivicy will come from the phonon term [Pob96].

Both the thermal conductivits and the heat capacity are functions of 77,
therefore, tn the low power Thit. there should be no temperature dependence to

the thermal relaxation tie.



Chapter 2

Thermistors

in order to perform a calorimetry experinen(. it is necessary to be able to
measure acenrately chaneges in temperature. There are a number of transducers
that are capable of operating at low temperatures [Pre93. Boo93. Fio93. lrw0el.
but this work has concentratec on resistive devices,

Two different thermistar desiens wore developed for the present work. The
Arst deviee was a phosphorus doped silicon (P:51) thermistor siniilar i concept
(o those used by other groups [Sta93. Ale88, Lui93]. The second design was a
vold sermanium Awv, Gep, thin-fAlm device. The latter thermistor has also been

used e variety of calorimetry experiments Wan93. Kno93!

2.1 Production of P:Si Wafers

Lt has beeu shown [Ros83. Mou74 that when silicon wafers have heen lightly
doped with phosphorus at the metal-insulator transition and cooled below a few
degrees Ivelvin. the resistivity of the doped region changes significantlv with a
change i temperature. Theoretically, the log of the resistivity should he pro-
portional to teuperature to the nesative | powoer:

1

!
[ =



This resistivity relatiouship s cansed by an effect known as variable range
hopping (VRH) whiclt deseribes the tunneling of the current-carrving electrons
hetween the "holes™ in the silicon lattice Mot90). These holes are produced
when the implanted phosphorus atoms displace some of the silicon atoms in the
[attice. Thevefore the crncial parameter in the production of this resistive effect
15 the spacing ol the phosphorus atoms. The ideal spacing can bhe prodnced by
cdoping the silicon such that there are 3.73 > 10" phosphorus atoms/en. [F the
silicon is doped too heavily it will not have as signmficant change i resistivity
(if anv) with a change in temperatare, Conversely, if it is too lightlv doped. the
silicon will he an msulator below a few degrees IKelvin.

2.1.1 PReDICT

Lou nnplantation was used in order to achieve the desived doping of 3.75 % 10"
atoms/ce. In ion implanm‘ti(m.‘ the adjustable parameters are the nnplanta-
tion cnergy and dosages. not the final doping concentration within the wafer.
[ order to work backwards from the desired doping to energy and dosage, an
experiinentallyv-hased program. PREDICT, was used. This program 1s maintained
and calibrated by rhe North Carolina Microcomputer Center against the wafers
produced by their ton itnplantation processes. PREDICT is used to model what
the final dopant concentration will be in a water, given (he unplantation speci-
fications aned production process. The program uses the initial wafer resistivity
the energy and dosage of all the ion implantations being made. and the annealing
tine ancd temperatnre toanodel the dopant concentrations as a function ol depth.
Stnce this is not an exact process. a variety of doping sequences were calenlated
that produced a range ol concentrations encompassing the deal value.

Ten waters were processed with five different ion nuplantation encrgies and
doses (See Figures 2.1). Walers 1 & 2 have the same profile. as do 3 & 4.5 & 6,
&R and 9 & 100 The predicted dopant levels and junction depths ave shown

i table 2.1 with the related depth profiles shown i Figure 2.1,



(a) Wafers 1 and 2

fey Widors 5 aud 6

N

() Walers 3 and 4

() Walers T oand 8

Woders 9 and 10

Figure 2.1 Predicted phosphorus dopant profiles for silicon wafers.



Piedicted NMaximuim Predicted

Waler Number  Dopant Concentration  Juuction Depth

&2 370 10 A0 jun
3801 3.73 10 40 o
SL6 3.4 10" 30 0
TN 8 374107 0 prin
9 & 10 3.70 10M 30 i

Table 2.1 Silicon waler doping concentration awd junction depth

2.1.2 Mask Production

For an effective microcalorimeter. one desires an operating resistance on the
orcler of a fow NQ. The resistivity is a property of the material and a fhucetion of
the ton nnplantation. Snitable thernistors will have an effective junction depth
of only about 30 90 microns at operating temperatures. With the junction depth
ate resistivity knowt. the resistor geometry can be calculated e terms of ithe

aspect vario (or number of squares) as iu

- 2 __ [¢ nyth (2.2)
depth widih
 Seald o il

numher of squares

The mnmber of squares can then he varied o bracket the desired operating
resistance, Onee the number of squares and hence the resistor patterns were
determined. the patterns were drawn out on a simple computer aicded design
programn. L-EDIT. Contact regions were located at cither end ol the resistor
path. Contact pad patterns were designed so that thev would lie divectly on top
of the contact regions.

Figure 2.2 shows part of the mask lavout which was rotated and repeated
across the wafer surface. The light grav color shows the contact pad {(alumimum
or gold) Taver (thard mask). and the dark grav shows the sccond mask which is

the contact region. The black region shows the actual vesistor partern the regions

B
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Figure 2.2 Overlay of 2l three mask layers,

opened up for ion implantation, lable 2.2 shows the length to wideh ratios for
these patterns, The greater the ratio. the greater the resistance ol the deviee,
These three lavers of drawings were then transferred individually from the
commputer design program Lo a machine designed to produce glass masks. The
mask designs were converted to physical glass masks by oa machine in which
a controlled light =onrce is used to seleetively develop the light sensitive filin
located on the olass plates. The plates were then removed from the controlled
light somree machine and developed. One glass mask for each laver of the design

was produced (three in total),

2.1.3 Wafer Production

Four-ineh p tvpe wafors were used as a substrate on which to develop the
.St thermistors.®  Initiallyv the wifers were labeled, cleaned and coated with
8000 A of S/ by baking themn at 1000 “C" in flowtug oxvgen. The Si0h was

needed as a masking laver so that the resistors could he patterned by opening

These were obtained from the North Carolina Microclectronies Center. The
walers were hightly doped with boron to make them p-type,



Pattern length/wideh

(see Fignre 2.2)  (number of sqgnares)

2.2 (a) 1.2
2.2 () 2.8
2.2 (¢) 10
2.2 (d) 65
2.2 (e) G.5
2.2 1.
2.2 (o) 180
2.2 (h) 230

Table 2.2: Length to width ratios for the mask patterns necessary io iusure the
Proper operating resistance.

up regions in this laver for later won implantation.

The Si0. was patterned by photolithographic technigques: The surface of the
walers were first coated with 1.5 yan of photoresist'. Then. the photographic
mask was aligned above each of the wafers and exposed to UV light. The wafers
were then developed.” which removed the exposed photoresist. and havd baked.
Next. the 500, (in the region opencd o the photoresist) was chemicallv etched
with a buffered oxide ofchant®. Finallv, the photoresist was removed and the
wafers were cleaned. Thev were then sent to the Microelectronic Center of North
Carolina where thev were nnplanted with phosphorus as was calenlated and
shownu 1 Table 2.3 Th(‘ wafers were then re-coated with a thin layver ol _S'/'();;
using diethyvlsilane at 1109C" which provided protection for the active region so
that another laver could be patterned”.

'?\flli—pl(\\j 1100-27 Photoresist

*Shipley ME351

SNH F and HF acid: commonly known as BOE

"This and the later processes also served 1o auneal the wafers.
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Wafer Number Implantation Euergy  Dosage

182 80 KeV G.0 10"
150 KeV 7.4 108

_g_k 4— o 30 Iu&' 5.5 1(_)“—
180 KeV 8.4 10"

C5&6 0 30KV 6210%
150 KeV’ T.0010M
T—_ 8 B N 30 Ke\ o 6.7—_10_’:‘
180 eV 8.0 10"

T& 10— o 25 KeV - 5.3 10”_
110 KeV 6.1 10"

Table 2.3: lou Implantation Energy and Dosage Specifications

At that point in the process, the resistive regions were completed and it was
onlyv necessary [or contact to be made to the patterns. To do this, photolithog-
raphy was used to again patrern the 570y using the second mask. The exposed
arcas were erchied, exposing regions at either end of the resistor patterns. The
wafers were then baked ina gas of pockle®™ at 900°C". The pockle 1s used ro cre-
ate a heavily doped phosphorus region with a density of about 107" phosphoris
atoms . ce [(which is sufficient to conduct at all temperatures) at the ends of the
resistors.

Afrer the wafers were removed from the pockle oven and cleaned, they were
coated with a metal contact laver.  Aluminum was used for the initial batch
ol wafers hut {or the second bateh. a laver of titannun was laid down before
the aluminum laver. The thtaniimn was needed to prevent the aluminum [romn
diffusing through the stlicon waler when aunealed. which produced a eood metal
ro pockle region contact. The metal was then patterned with photolithography

(using the third mask) and the excess was chemicallyv etched, leaving contact

“POCT or phosphiorus oxvchloride



Figure 2.3: Picture of two chip patterns on a P:Si wafer,

pads.

Figure 2.3 shows two of the 5000 resistors on a wafer. The color scheme is

identical to that used for the mask as described on page 15, The white metallic
pads are only in contact with the pockle region (Light grav) as there s a laver of
Si(y between the resistor patterns and the metal pads. A cross sectional view

is shown i Ligure 2.4,

The wafers were diced with a wanual, diamond - blade dicing machine. The
blade makes cuts that were 2= 50 o wide. which produced chips that were
1.1 mum square, The saw did not fully separate the chips. but seribed them deeply
cnongh so that they could easily be snapped off the wafer for wire honding and

assembly into microcalorimeters.
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Figure 2,10 Cross section ol :Sithermistor after all production stages.

2.2 Resistance versus Temperature Measurements

The Sichips were epoxied to a leadless chip carrier with silver epoxy. This
provided physical support and thermal anchoring for the chips. The chips were
then wire bonded with 0,025 muo (1 mil) Auv wire from the chip to the carrier.
The carrier was plugged into a sockets on the refrigerator cold finger and on a
dipping stick for dip tests in liquid nitrogen (LN) at 77 IV and LHe at 42 I\,

The resistance was then measured with an electrometer” at room tenipera-
fire {22 300 ) and a conductance bridee with a maxinmun excitation encrgy of

30 eV olt s,

2.2.1 Resistance versus Temperature Data

[For optimally doped deviees, the resistance versus remperature (RT) curves
should follow equation 2.1 at low temperatures, For dopant values differing from
the optinal and for temperatures above LHe. oue would expect the resistivity
to reprodhice the values shown by Rosembanm [Ros83. Above 107 K. the resis-
vty s not sensitive to small deviations i the phosphorus concentration. For
this reasovn. the ceffective junction depth for these devices will he on the order

of 0.2 mm (as can be seen from the predictions shown in Tigure 2.1)0 I this

"IKeithley 614 Electrometer
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0.1 [ 10
Temperature

Frigure 2.5 Resistance versus temperature curves lor eleven different samples
from 5 differeut wafors,

temperature regime, a 20% variation of the dopant concentration from ideal will
still contribute nominally the same resistance, and eveu regions that ave signil-
icantly under-doped will contribute to the resistance. By contrast. below 1 I
a decrease in doping concentration around the critical concentration ot as lit-
e as 2% will cause the underdoped region to become an insulator and devices
that are overdoped by 2% will Iiave metallic behavior with little ov uo temper-
ature dependence 1o the resistivity, Sinee all slightly underdoped vegious are
iwsulators in the low temperature vegime. they do not contribute to the rofal
vesistance. This will be manifested as a change i the effective junction deptl.
The effective junction depth is significant because the resistance is measured,
not the resistivity, Sinee the resistance s inversely proportional to the junction
depth. a decrease in junction depth will e an inerease in the resistivity, '
For this reason. RT curves measured above | X are nor divect!y indicative of

“J]{ e L‘ — [)'—',— e : o

f fectin grunction n‘._lrqu el

2()



the dopiug concentration. Therefore, in order to accurately measure the tem-
perature dependence of the thermistors. RT curves were measured bhelow 1N
where the effective junction depth is essentinlly constant. The resalts are shown
in Fioure 2.5, As stated above. these curves are not (rue resistivity curves, bul
are instead resistance divided by the number of squares which contributes to the
rosistivity only it the junction depth is a constant (see equation 2.2),

There are three puportant pieces of information to be gleaned fronu this plot,
Wafers 9 and 10, which were hoth doped at the same energy and dosases. differ
oreatly i their resistivity curves. Secondly, samples taken from the same wafler
have different cnrves. Finally, there is no correlation between the predicted
dopant level and the measured dopant level as deduced from the mcasured RT
curves, This implies that the jon implantation process ewuploved is neither ac-
curate nor precise. Stilar problems with P:St thermistors have been realized
by a variety of other groups [Mar96. Me('93, Lui93. Bood6]. Proposed solutions
to these problems have included boron doping and additional anucaling. Owing
to the lack ol predictability of these chips. it was found necessary to resort to a

ntore reliable and predictable thernnstor.

2.3 Au,Gey

A nmumber of investicators have shown that the resistance of & Au -Ge mixrure
in the mIX temperatiure vegime has a sirong depeudence on temperature Dod81.
CHRG] T priaciple. these devices ave more reliable and arve also casier to prodiee
than implanted P:Si thermistors. Further documentation on the development of
A, Gy deviees used in this work is avallable from Wang [Wan95].

At low remperatures the thermal conductivity of du,Ge o,y thermistors is
dominated by VVRH (as discussed insection 2.1). The impurities ave produced by

rhe Aw atows that ocenpy sites within the Ge lattice. This produces a resistance

2]



versus temperatire relationship ol the form

i length Py 3
t=p, — - — .rp < : )
width thickness fi

(2.3)
where 77 is a function ol the Au concentration: T is the device operating tem-
perature: the length and arca are both determined by the deviee geometey: and p

s very loosely dependent on the An concentration. and s tvpicallv on the order

of one £ ¢ in the concentration regiine where VVRH is the dominant effect.

2.3.1 Mask Production

Sinee the resistivity of the Ao, Geo o,y film is different from that for P:Si

walers. it was necessary to form patterns that had a different nnmbers of squares

than those developed for the IS0 Patterns previous!y developed were used to
produce devices that were six by sixomilluneters, a size that would introduce an
nuacceptably large heat capacity. New masks were developed tor the production
of 1 unn? devices,

To produce a thermistor, a A, Geoy s Hrst uniformly evaporated on
a substrate. On this surlace. a floe of Aw is deposited. The An s the only
laver regniving a pattern. Any area that does not have a Aw contact will only
conduct through the A, Gey o Bl and thevetore the avea/length ratio will be
determined by the area not covered by the contact pads. The Aw, Gegy oy Rl
made by this process is 2000 .\ thick. A range of masks were fabricated in order
to prodnce the desired resistivity, The mask patterns are shown in Figure 2.6,

These patterns range from 5.4 to 0023 squarves (as defined in equation 2.2).

2.3.2 Fabrication

Au,Geg o thermistors are also made nsing normal wicroprocessing tech-
nicues. but thev require only one photolithography evele. Overall, they require

significantlye fewer steps than the DSt devices.

3]
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Figure 2.6: Mask used for the patterning the contact pads of the du,Gepy o
Wafers. T'lhie dark arcas represent the gold pads and the rest of the area will he
the veststive region.

The resistive vegion is a thin film which 1= grown on the surface of a substrate.
High-purity 5 cin (two inch) Siowalers were cleaned, polished and placed into
an evaporator. At atimospheric pressuve, Au and Ge evaporate at 1100°CT andd
10307C" respectively. In our case. the Au and Ge were evaporated onto the
surface of rhe wafer at a pressure below 10 7 torr so that the two elements
would evaporate simultancous!y (withiu the normal fuctuations 1 heating). The
evaporation rate was maintained bhetween 50 to 60 A /see to produce a filim of
2000 £ 200 A [Wan95].

Afrerwards, without breaking vacunni, a 600 £ 400 A laver of Au was de-
posited on the .;\,11'[&('(‘ of the waley, covering the du, Geog_y filmn The devices
were slowly cooled and stored ar 50°C to G0°C Tor 10 to 12 hours. The devices
were then patterned with photolithography!' through a process similar to that

described inosection 2.1.3. As there was only one mask and one pattern. 1t was
"Shiplev Microdeposit S1813 Photoresist. Shiplev Microdeposit 351 Developer
and Shiplev Microdeposit Remover 1165 were nsed in this process.



Cohtoct Pogs
Aule Film

Si Wafer

Fignre 2.7 Cross section of Aw G, thin filin thermistor,

not necessary to align the mask. The exposed and developed wafers were then
ctched using an anunoninn iodide-based etchaut which removed AL Teaving twvo
contact pads. but did not attack the underlyving Au, Geyy ) [Wan9s).

[ order to use these deviees it was necessary to dice them. The dicing process
uses lonized-tap water as a cooling medinm which flows aver the surface of the
wafer during the dicing process.  Sowe of the thermistors™ room temperature
resistances were found o be significantly Iligll(‘i' after the diciug process compared
with theiv initial value, From this, it was realized that the water was destroving
the Bl and it was therefore necessary to protect the film by coating the surface.
A 100U A thick laver of photoresist' was spun onto the surface prior to dicing.
The walers were diced as quicklv as permitted i order to limit the amount of
exposure time to the water, After dicing, the photoresist was stripped off and the

waters were then separated into iudividual chips for wire bonding and mounting.

2.4 Resistance versus Temperature Measurements

This measirement was made with the devices epoxied ro a metallic surface
i good thermal contact with the nuxing chamber. This enabled the du, Geyy
thermistors to be calibrated using the commercial standard thermistor. The

“Shipley ,\Ii('l'()(l(—\prmit_H 1813
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Figure 2.8: Resistance versus temperatiure for a thermally anchiored Aw, Geg
thermistor. The natural log ol the resistance is plotted versus temperature to
the — 2 power such that the square of the slope ol the line equals /17,

resistance versus temperature curve for a Aw,Gerpo o thin film thermistors is
shown in Figure 2.8, In this case. 7% has a value ol 35 IN which is uscable.
but not ideal as this produces a device with a sensitivity ol = § at operating
temperatures,  The desived sensitivity s between 3 and 4. Stiilar RT curves
were also heen measured throngh a cvele of five suceessive cool downs. These are
shown in Figure 2.9 and display good reproducibility with no significant shifts.
Becanse of the reprodueibility and the predictabilicy of these RT curves. the

Au Geg o, devices are reliable thermistors for calorimetry work.
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Figure 2.9: Resistance versus tewperatuve for do,Gegpo,y thermistors. These
devices were onlv weakly thermally linkee o the mixing chamber as is needed
for a functional microcalorimerer.
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Chapter 3

Dilution Refrigerator System

For owr experiment. a small dilution refrigerator was constructed. [he spee-
thications for this refrigerator were two-fold: one, an operating temperature near
100 I and two. the capability to cool down quicklv and casilv from room
temperature (o its base (cmperatnre. and then return to vootn temperature
avain [Mur93 . The operation of our dilution rvefrigeraror will be described i
three paris: the dilution relvigerator itsell. voom temperature gas handling sys-
temt that powers this refrigerator. followed hy a discussion ol the thermal isolation

aud shiclding issucs inside the vacunm can and other specifics of this svstens.

3.1 Dilution Refrigerator

Dilution refrigerators have been used since 1965 lor applications requiring
continunous cooling in the temperature range from 5 to 300 millikelvin. The
operating prineiple was fHrst proposed by London in 1951, who realized that
heat could e removed fromr a systemnr by using the properties of a *He/'Hoe
mixeuare Lontd

The general diseussion of a dilution relvigerator svstem will be presented
from rovn temperature to the coldest portion of the refrigerator where the ex-
perimental avea is attached. This method presents the individual eleuents as

cooling stages. Each stage provides additional cooling which is requived to reach



(he base operating temperature. The cooling process used by dilurion refrigera-
fors is cisplaved i Figure 3.1 ALl of the elements showed ave used (o cool the
He/'He gas mixture (the "mash™) from a roonn temperative gas to a liquid in
the bottom ol the vefrigerator. A copper cold finger is artached to the bottom.
coldest, element of the refrigerator {the mixing chamber) to provide an arvea for

the experimental sefinp.

3.1.1 Cold Plate

The first cooling element in the refrigerator is the cold plate which uses the
latent heat of evaporation of liquid helivm (LHe)™ to provide cooling. The
boiling point of LITe can bhe redueed by lowering the pressine above the surlace
of the Tiquid [WIlGT]. As is showu in Figure 3.2 when the pressure is lowered. it
15 casier for the LHe molecules to leave the liguid and enter the gas phase. As
additional pumping removes the gascous e, the vapor pressure of the liguid will

oventuallv veach equilibrium with the gas.'

Onr microcalorimeter dilution refrigerator uses a continuously - filled. small
evaporator tvpe cold plate which is located inside the vacuumn can. The cold plate
is flled throngh a capillary from the exvernal LHe batly tn the cvvostar [DeL 71
With a small mechanical pump removing the He gas, the cold plate operates at

approximately 1.2 K.

HMunless specifically stated otherwise, liquid helium will reler to commereially
available liquid *He.

HThe vapor pressure ol all ervoeenic liquids deercases with remperatnre. Die
to this relarionship, an additional heat load is applied to the svsten the temper-
ature ol the cold plate inereases, This i turn, increases the amount of helium
entering the gas phase sehich provides additional cooling,.

))H
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Figure 3.1 Schematic of the bolometer dilution refrigerator.
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Fionre 3.2 Vapor pressure of *He and “[le versus temperatire.

3.1.2 Condenser

The next cooline element is the condenser. which is thermally anchoreed to the
cold plate. Directly following the condenser 15 o flow impedance which regulates
the recirenlation rate ol the dilution refrecrator. The niash condenses rom a
ois to a liquid on the high pressure inlet side of the inpedance and is forced to
the low pressure side providing tor additional coodng. via the Joule-'T hompson
effect. The *Tle leaving the condenser will be at its vapor pressure as determined

by the cold plate operating temperature  And70].

3.1.3 Still

The still s a copper can located below the cold plate. Tt is cooled to about 500
ks by virtue of the latent heat required to vaporize *He. At this temperature,
the vapor pressure of the *He is approximatelv 107 tines greater than that of the

'He [LouTd|. Therefore. the *He is preferentially pumped off by the recirenlating
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pump (which s often referred to as the “He puup).

With a uniform puniping rate suppliod by the recivculating punp, the actual
hase temperature of thie seill was 350 miI. This remperature it is reached
hecanse the vapor pressire of the "He deereases exponentially with temperature
while the latent heat of vaporization is approximately constant [Bet&89]. This
atlows the soll ro reach casily a stable equilibrium helow the desired operating
temperatuve, To vaise the temperature of the stilll whicl in furn incereases the
recivculation rate. additional hieat is applicd Dy using a vesistive heater,

At the still operating temperature. the 'He is inoits superinid statefHe 1),
Sinee ouly “He provides the cooling. any He that s recirenlated is an additional
heat load to the entire systenn, To reduce the Gow of the superflnid film out of
the still. the still s punped through a small hole. This orifice is polished to

preseut a wininal surface area. thereby lmiting the superfiuid How [Pob96].

3.1.4 Heat Exchanger

The still heat exchanger is in divect contact with the still. The incouring
mash is cooled to the still tenperature hefore heing introduced to the main heat
exchiauger. This main heat exchanger then cools thie mash lrom the still tenper-
ature to that of the mixing chamber by thermal conduction between the *He vich,
cutering mash and the dilute mash leaving the mixing chamiber (see section 3.1.5).
s is usually either a continuous device or a few discrere heat exeliangers cou-
nected with a stuele contiimuons heat exchanger. The microcaloriineter dilntion
refricerator has a one meter long contintous heat exchanger. 1t is composed ol

two cotled concentrie counterflowing tubes in a Linde pattern \Whi79|

3.1.5 Mixing Chamber

The mixing chawiber operates at temperatures below 500 mI where the mash

separates mto two distiuet phases. These two pliases are called the dilure and
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Figure 3.3: Phase diagram of He/'He as a function ol temperature,

rich phases of "He. The dilute mixture consists ol approximately 7 % He and
the balance "He. The vieh mixtre 15 99.9 % *He with the rest being *He. The
ratio of *He to 'He is temperature dependent, and approaches a zero temperature
valne of 6.4 % as can be seen in Figure 3.3 [Bet76. Lou7d!. Since this ratio is
no-zero at all temperatures, this phase separation can be used as a tool to gain
further cooline,.

The *He moves across the phase boundary because of the osmmotic pressure

difference between the two phases. As the “IHe moves from the rich to the dilute
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phase. it absorbs an amonnt of encrgy equal to the difference between the latent
heat of "He in the two phases. This will cool the mixing chiamber until the ehen-
ical potentials of the two phases have veached equilibrium [Pob96). The dilute
phase of the mixing chamber is divectly connected through the heat exchanger
to the still i which e is removed (disenssed in section 3.1.3). Since *He s
preferentiallyv recireulated through the svstem 10 has to bhe re-introduced into the

miving chamber to prevent the depletion of the concentrated mixture.

3.2 Gas Handling System

The gas handling svstem is composed of two separate svstems. both shown in
Figure 3.4, The first svstenn is the "He systemn. The second svsten recivenlares
the mash. The two systems are independent in normal operation. The only time
the two svstems are connected is during testing and leak chasing,

Flie majority of the svsten is composed of 0.6 4 e (1/40 inch) stainless steel
tubing. There are exceptions to this for the pump inlet lines where pnmiping,
speed 18 @ consideration and for various refrigeraror coniponents that need to he
electricallv isolated. The design and construction of this svstemn was documented

by Murpliy [Mur03).

3.2.1 “‘He System

1The "He oas handling svstem has a single ronghing pump connected divectly
torthe cold plate. The back of the pump is vented directly to atmosphere. This
punip does not have to be hermetically sealed as the "He is not recveled. 1t has
a valve to allow for the cold plate to be purged externallv with "He gas during

cool dowi,
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Figure 3.4 The *He and '"He gas handling svstem. The gray valves are typically
open while the mash is reciveulating through the dilution refrigerator.

3.2.2 “*He System

The dominant portion of the gas handline system is for manipularing and
circulating the mash. The pump associated with this svstem s a hermetically
scealed ronghing pump that is connected to the stith, During nornmal opevation.
this pump recivenlates *He primarily, The back of this pump is attached to two
tanks for storing the mash while the refrigerator is not operating,

The other significant piece of the gas handling svstemn is the cold trap throngh
which the mash is circulated before it s introduced nto the refricerator. This
is a charcoal filled trap that is capable of condensing out most non-helium un-

purifies to prevent them from elogeine the refrigeracor. Tv hias been found that
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Figure 3.5: Wooden tube to provicde phyvsical support between the mixing cham-
ber and still.

it s necessary to filrer the output from the trap to prevent charcoal dust from

destroving the valve seals.,

3.3 Thermal Isolation

Sice the parts of the dilution refrigerator are operating at different temper-
atures. it is necessary to thermally separare the mdividual componenis, Hard
wood has been shown to have a verv low thermal conductivity at our operating
temperatures [Wagd4]l, Therefore. the plivsical support for the mixine chamber
is provided by small wooden rods as shown in Figure 3.5, A 1.27 em Chall ineh)
wooden tube provides the support from thie still to the nixing chamber.

A centering device shown i Figuee 3.6 was added to physically srabilize the

mixing chamber and to reduce microphonics without mereasing the thermal Joad
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Fionre 3.6: Centering ring used to stabilize the mixing chaanber,

ro the refvigerator. This allows the refrigerator to reach a lower. more stable
hase temperature. and rodnces the measured noise of the microcalorimeter, This
desion was proposed and discnssed by enderson [Hen71]. The centering ring
was secured to the mixing chamber by a brass clamp. The elamp was connected
to au intermediate brass ving anchored at the still’s operating temperature using
three 0018 e (3/16 inch) diameter hard wood rods. The support between the
vactm can aud the intermediate ring was made using three sets of Delrin tubes

and nvlon serews,

The JIET preamplificr electronics are operated at 100 IKelvin and are re-
quired to be located physically close to the microcalorimeter (located on the

cold finger of the mixing chamber). The JEET preamplifier 1s placed ma cop-
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Ficure 3.7: JFET preamplificr thermal isolation.
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Material &= Temperature Range (IN)

NDTi wire 5310 1T AT .3 0.13
Brass wire 191077 T AT 0.13
Stveast 125107V T AT 0.13

Table 3.1: Thermal conduction through the signal leads bhetween the JEET and
Mixmg chamber,

per box that s thermallv anchored to the hase of the vacuum can ar 20 I8
All holes out of the JFET box were covered fo prevent radiative heating of the
microcalorimeter. Micro-coax leads from the pre-amp to voour temperature are
stiielded with foil and thermally anchoved on the vacnnm can base.

The cutive JEET preamplificr board is thermally asolated from the prean-
plifier hox by nvlon scvews as shown in Fignve 3.7 The box is serewed down
fo the vacunm can to wsnre that it sits at ambient temperatnre, All leads to
and rom the board are thermallv anchored and chosen for their nminimal ther-
mal condnetivity. T‘hv leacs from the JFET eates to the microcalorimeter are
coolod throueh a series of thermal anchors [Hus70]. The fivst anchor is ereated
by epoxving stiall vesistive wires to a brass plate with Stveast [O1s937. The brass
plate 1s secured to the mterior walls of the JFET box. The resistive wire con-
nects to NOTh superconducting wire using a crimp connection. The NDTT wives
ave varuished to a rod whiclh is maintained at the still temperarure. From the
rod. the wires are connected to the cold finger. On the cold hnger. the wires are
connected to a second set of resistive leads that are epoxied 10 a hrass plate at
the mixing chamber tempervature before heing connected to the microcalorimeter
chip carvier.

To calenlate the heat tntrodueed to the mixing chamber and microcalorimeter
svstenn, the heat How along the NBTi superconducting wire and hrass wires in

the thermal shunis is shown in Table 3.1, The energy is removed fromn the wires

PThermal conductivity values are compiled by Pobell [Pob9G]
; | . L i



through the Stveast epoxy attaching the hrass wires to the brass plates anchoved
ro thie mixing chamber.

The entive crvostat s placed in a wooden hox and secured with sandbags.
The box s placed on small inner tubes inflated to a Jow pressure to isolate it
from roam vibrations,  The putuping lines are anchored o a smaller sandhox
secured by concrete blocks and lead bhricks. Flexible bellows tubing is on either
side of the smaller sandbox to decouple the room and pump vibration from the
crvostat RieR8] This was tested by temporarilye cuteing off the pumps for short
pertods of time while measuring the nowse of the svstems. For room isolation the
opposite effect was tried: noise levels were monitored while noise anc vibration

was made near the crvostat.

3.4 Specifics of Bolometer Dilution Refrigera-

tor

The crvostat has a 33 cm (I3 ineh) long, 12,7 em (five inch) diameter vacinm
can that is positioned in a double dewar with a 15,2 ¢ (six inch) bore. The
cold plate I tube is positioned 2 enr above the bottom of the dewar to enable
operation with minimal amounts of LHe. It is important to keep the cold plate
Al tube off the very bottom of the dewar inovder to prevent it from being clogeced
with e and other sediment in the LHe.

The base femperature of the refrigerator is 100 mIX. The mixing chiamber can
nortnally be regulated at 130 mIK with the preamplifier 10 cm awayv operating at
100 IX. The mixing chamber temperature is monitored by using a commercially
calibrated. four lead germaniun thermometer from Lakeshore™ . Temperatures

of oLlier coniponeuts of the refilgeraror are nonitored with 7 KNQ Speer resis-

""Nodel GR-200A-50 with a calibration documented from 6 to 0.1 Kelvin:
serial number 256590 and calibration report mnber 198916,
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tors [Rot 78] All of these resistors are connecred to a conductance bridge'*. The
JEET preamplifier boarvd temperatuve (iuside the preamplifier hox) was mea-
sured with a Pt oresistort®.

The still s matntaived at 0.43 X by a resistive heater whiclh provides 500 AV
ol power. An additional 250 W of heating coming from the preamplifier. The
JFET temperature is maintained at 100X by a resistive heater on the pre-amp
hoarch which provides 5.0 mW of power with an additional 3 m\W bheing supplicd
by thie setl heating of the preamplifier. The still and pre-amp heater arve bhoth
powered via hattery supplies i order to niinimize 60 Hz noise i the svstem.

The refrigerator can be cooled from 77 K to the operating base temperature
in approxunately eteht hotrs by using 'He as an exchange gas. The base temper-
ature is found to be independent of the use of an exchange gas. The refrigerator
niay be safely warmed up to room temperatures in a few hours. permitring the
refrigerator to be cveled from room temperature 1o base temperature and back
to roont temperatiure within a 24 hour period.

One of the major reasons for the relatively quick cool down time is the small
aonnt ol mash that is used. The relrigerator has a total charge ol 7.8 liters
of gas. of which 54 liters are condenscd i the refrigerator. This leaves the
balance in the back of *He Pumyp anc condenser sice ol the gas handling systent.
Under normal operating conditions. the refrigerator had a cureulation rate of
70 pmoles /see which provides [or a base temperature of 100 mi and an additional
cooling power of 1 W at 130 mi. Tlhis temperature is regulated by a Lineay
Research stvle temperature controller [Bang1l.

In order to nmprove the resolution of the cinrrent devices. the stable hase
operating tempevature for the dilution refrigerator should be decreased to per-

mit operation at below 0.1 IX with the JEET-preawplificr operating. This will

"Potentiometric Conductance Bridge. Model PCB: SHE Corporation

“Nodel number Omega F3147 which arve valid [rom well above room temper-
ature to 73 1x
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require better thermal isolation of the preamphfier and additional heat sinking
ol the leads attached to the mixing chamber. The How fwpedance will need to
be reconstructed to allow a recirculation rate of 100 janol /s Ir would also be
necessary to introduce a discrete heat. exchanger to further pre-cool the mash
enteriug the nuxing chamber. This would have an additional henefit as 10 would
itroduee an additional stage for hear sinking all incoining leads to the mixing
chamber. Not as a design concern: but as an operational concern. it would be
desirable to replace the cold trap in ovder to increase the functional thine hetween
baking out. The current cobd trap is able to operate {or a maximum ol a few

davs before being warmed up and cleaned out.
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Chapter 4

Calorimeter Assembly

\ microcalorimeter consists of three hasic parts: the thermistor {discussed
sections 2.1 andd 2.3). the absorber. and a weak thermal link, This chapter will

discuss the later two parts and also how the svstenn i put together.

4.1 Absorber

o ovder ro minimize the physical amount of material that 1s needed to stop
a particle (and therefore its heat capacitv). a high-Z material {(where 7 is the
atowic nnmber) is needed. This naterial should also have a small specific hicat
to produce a good energy resolution (as discussed in section 1.2). Radiation
ol different tvpes will generally require different absorbers so that the overall
licat capacity is kept as small as possible. For low energy photons. the dominant
absorption method is the photoelectric effect which has an absorption probability
that s ronghly proportional to 27, For higher energy photons. the dowinant
absorption methods ave Cownpton scattering and pair production. The total cross
sections {or these mechanisims increase proportionally fo Z. For heavy particles
the vange has also heen shown to be dependent on Z [IKra88).

An absorberis needed to rapidly thermalize all the incident radiation that has
mpinged upon its surface. To accomplish this one must avoid using materials

that cau trap charge, thereby ercaring long lived states. A vaviety ol metals and



sentl metals iave heen analyzed for use as microcalorimetey absorbers. Of those
considered, Au. Ap. Bio Ge, HeTe, [nSh, Nb. sapphive. and So have heen shown

to make reasonably good absorbers [Mos8 1, AMeCO0. Kel93),

One of the Iirations in the choice of an absorber is the heat capacity. which
is fvpically linear in T for normal nictals as was discussed in section 1.4 For this
reasotl. Suowas used which in its superconducting state (helow 3.72 X Pohdg)).
has a [ heat capacity dependence which is discussed in section 1.4 [t lias
a Z of 51 and s verv malleable allowing a small amount to provide for -x
coverage of a source. Tin was shown by a variety ol groups o he a reliable
absorher [Dep94. Sta93, Sta97] with only a small percentage of the deposited
energy being trapped i loug lived states. It also has a relatively high Debyve
temperature (200 K) [Pob96] allowing it to have a relatively low specific heat af

the operating temperature.

A 50 g thick Snfoil (999997 pure)'” was used Tor this project. Tt was
anncaled ina flowineg He atmosphere ar 215 € for 8 hours. Thinned GE 7031
varuish was used ro attach the Su foil to the bhack of the silicon chip. A small
drop ol thinned varnish was applied to the Suoand foil was then attached to the
hack ol the Sichip. The device was allowed to dry for 6 hours before heing cooled

clown.

The heat capacities of the elements composing the microcalorimeter ave pre-
sented m Table L1 The Siowater values are presented only as @ comparison for
the A, Geogo e valnes reported. Alaminum iy included for completeness as it
will be used [or the thermal link discussed in section 1.2, The total does not
include the Siheat capacify and includes ouly 5 of the heat capacity ol the Al

WLIes.

“Goodfellow SNO00240/10: tempered as rolled when purchased.



Specific Heat Heat Capacity

Material 3

(_(;T) (1/K) ar 150 mik
Aw,Geochip 5311070 + 136 10T 5.8.10"1
Siochip G.6 10T 12104
GE 7031 65107 T + 191077 T 19104
Au pads 35107 T+ 211070718 9810 M
Tin 2.1 1070 T8 1.3 10"
Al 0.2 10« T¢ 3110 M
Total 1.9 1074

Lable 4.1:  Heat capacities of materials used in microcalorimeters.  The
Auw,Ge oy values are veported by Wang [Wan93. The St values assumne the
cliip heat capacity was dominated by the wafer (ignoring the thin filn) [Pob96].
The GE 7031 data s frotn Stevens [Ste73]. The hieat capacity for the Au contact
pads s calenlated and confivimed by empirical data for pure Au [Louv 1. The Sn
ormula is taken from a At to existing dara [ONeG5. The Al wire numbers are
caleulated using the Debye model [Ash76].

4.2 Weak Thermal Link

The weak thermal link connects the rest of the microcalorimeter (namely,
the thermistor. absorber. and stronge thermal link between them) to the mixing
chamber. This thermal liuk will determiine the base operating temperature of
the device relative to the mixing chamber and its thermal relaxation time. The
cholce of thermal-link parancters will depend on the operating temperature, the
heat capacity of the device and the electronic response time.

Ideallv. the weak thermal link would not significantly inerease the heat ca-
pacity of the device. Calenlations show that as the heat capacity of the thernual
lluk ncereases relative to the rest of the microcalorimeter the thermal decay is
no longer a single exponential, Instead. there is a thermal decav with two time
constants: the device (thermistor and absorber) mitinllv thermahzes with the

thermal link and then the thermal hnk and device together decav back to the
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niixing chamber temperature, Since the second decav time characterizes the ther-
mal relaxafion of the device. it is desivable ro minimize the initial thermalization
titne.

Approxitatelv one thud of the heat capacity of the thermal Lok will con-
tribize to the total device heat capacity [GalsG . For this reason, it is important
fo use materials with minhnal vatios of specific heat to thermal conductivire, This
allows one to vednee the amount of material used for the link until the desired
thermal conduetivity is achioved. o practice. phvsical ditnensions and material
selection will be linited by physical constraings and commercial availability,

The weak link has two other duties besides providine the thermal condnetivity
between the mixing chamber and the rest of the microcalorimeter: it also provides
the physical support for the device and electrical connections to the therniistor.
Additional physical support can also be provided. hut tlis veqguives that cither
the additional support have a significantly weaker thermal link to the deviee
or that it have a negligible heat capacity. The requivetnent of making, proper
electrical connection requires the use of ar least two wires.

Throunghont this work. three materials sere used for weak therinal links:
brass. Au. and Algyge Sepo0 (which will be referred to as Al wire).  Brass has
heen used only in initial tests using Speer resistors (Lov87 and small resistive
heaters [NMovB3[ The Au wire was used to make the initial thermistor resistance
versis remperature curves (see section 2.4 and 2.2} as it supplied strong thermal
coupling between the fhermistor and the cold fnger. Al was nused in a majority
of our experiments hecanse it is a superconductor helow 0,922 K in the absence
ol a magunetic field. The clectrons in superconductors forin Cooper pairs and
these pairs are unable to carry thermal energy. Therefore. the thermal energy
is carried primarilv by the lattice phonons. This usnally produces a thermal
conductivity that is proportional to 7% [Sha67. Glo90]. For non-superconducting
metals like Au. the dominant thermal carrviers arve the electrons. Their thermal

condnction is limited by lattice vibrations and the concentration of impurities
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Figure L1 Power versus 770 for Al wires-at operating temperatures [rom 112-
191 v, )

within the Tattice. The presence of impurities will rednce the electron conduction

1o a level comparable to that of the phonons.

The thermal conductivity of the Al wires was measured using a “steady state”
method [ShaG7] where one cud of the Al wire was thermallv attached to the mix-
mg chamber while the other end was hieated hy a bias voltage. The temperature
difference hetween the two ends was then measured by two different resistors.
A calibrated germanimn vesistor measnred the mixing -chamber temperature.
and the other resistor was the microcalorimerer thermistor which was calibrated
acainst the germanium thermistor by applving a negligible amonut of heating.

The power enrves are shown in Figure 4.1 and 1.2, The devices were allowed to
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Sioure 4.2 Power versus 7 for Al wires at operatine temperatures from 212
305 mlx.

reach equilibrimn, so therefore, the power in mnst equal the power out.
Qv = Qorr (4.1)

The powrs i is shinply the resistive heating ( Q= R ). The power 1s carried

ouf ol the device by the Al wires and the energy loss is given by
. R Tare ;
Qo 7)\ / It (4.2)
JT

where 4 and [ oare the dimensions of the wires, A s the thermal conductiviey
constant. T represents the temperature dependence of the heat capacity for a
sitperconchietor which 15 wmtegrated from the device temperature to the mixing
chatber temperature. Combining equations 1.2 and 4.1 one arrives at L3

{

Oy = -‘]Af/\ (70 1) (1.3)



Operation temperature  Value of A (,\,”J)
112k 00367
165 mIx 0116
170 mk 0116
191 inlx 0147
212 mlx 0151
217 mhk 0152
271 mk 0158
305 mk 0133

Table 4.2: The measured thermal conductivity constants for Al at various tew-
peratures,

The slope of the lear fit to Q) versus U7 gives the conductiviry constant
(A). Fits to the data using this relatiouship are shown n Figure 401 and 4.2
aned the resalting values for A shown in table -1.2. These vatues vield a thernnal

conductivity of

58

Ko

(Y = 0.013 = 0047 (1.4)

which are lower than veported values for Al 5036%" taken helow | K which show

a value of .023 W/(IN" em) for A 1Coc83).

Caleulating the thermal conductivity ol the weak thermal link from cqua-
tion 4.1 at 0,15 N gives a conductivity (G) of 6.0 107" W/K. Therefore, using
the heat capacity as displaved in Table 4.1 the thermal relaxation time is caleu-
lated as

o7

T =

o= 0.032 seconds. (4.5)



Freure 1.3 Chip carrier used for wirchbondine the microcalorimeter,
4.3 Chip Carrier

A chip carrier 15 necded o holdd the wicrocalorineter during assembly and
operation. \We initiallv wsed a 28 pin. commerciallv available leadless chip car-
rier”" which had Au contact pads and An coated leads. The carrier was helel in
place by a 28 pin socket which was showu to be ahle to maintain continuity at all
operating temperatures. The carrier was used primarily for the initial RT -curve
measuwrements as it provided an casy means of changing rhe test sample. The
inal chip carvier was made of standard circuit bhoard material with a patterned
copper lavout. This holder is shown n Figure (1.3, The mmner four copper pads
allowed tor electrical connection to the chip. The outer copper hand was used 1o
provide good thermal contact hetween the chip holder and rhe mixing chamber,
The center of the chiip holder was drilled out to a 1.3 cu (one halt inch) diaeter

A5.6% Mg, 0.1% Mn. 0.1% Cr. balance Al [Coc83]

2P Amp Part Number 8215554
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whicl allowed the thermistor absorber assembly to he suspended Dy the Al wires,

The ehip holder was sanded. polished and ultrasouically cleaned to create a
proper surlace tor wirehonding., The ¢hip holder was then looscly taped onto a
homentace brass vacum chiek shown i Figure L4 In the center of the vacnu
chuck. a 0.9 m (0,035 inch) diameter hole was drilled to hold the chip durine
wire bonding. The entire surface of the holder was then cleaned and polished.
The side of the chuck had a tube attached o allow a vacuum to bhe applied
mdirectlv to the surlace throngh the snall capillary which secuved the chip to
the holder.

A manual wedge wirehonder= was used with Al wire to make the wirchond
connection. The wire was Hrst connected to the copper pads of the holder and
then connected to the Avn pads of the chip. This placed the excess wire created
by the first bond on the copper pad so that it did not contribute to the heat
capacity. The final setup is shown n Figure 4.5 with the wire bond connections
fromy the chip connected to ends of two of the copper pads. After the wire bond
councetions were made. electrical leads were soldered to the other ends of the
copper pads. While soldering, a heat stuk was temporarily held in the middle of
the copper pad to protect the Al wive-Chi pad bhonds. The ¢hip holder was fhen
scerowed down to a copper frane which wias attached to the cold finger. providing

cood thermal contact with the wixing chamber,

“Kulick and Soff:a: model 4123 wire honder
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{ay Botrom view of micvocaloriineter setup showing the hack of the chip corrier and the

absorber attached to the wicrocalorinieter,

() Top view of microcalorimeter setup showing the copper theemal conduction =frip aronued
the edpe of the chip carrier with the copper contact pads inside that square. The Al wires
connect the thermistor to two of the four copper pads, The electrical wires conmecting the

devier to the rest of the electronies are soldered to the ends of both of these copper pads.

—

Figure 4.5: Chip carrier and microcalorimeter setup.






Chapter 5

Data Acquisition and Analysis

5.1 Electronics

The clectronics are composed of two parts: the biasing civeuit and the am-
plifier cirenit. The biasing portion provides a bias current through the mi-
crocalorimeter therndstor. The amplifier svstem s designed to measure the
voltage across this device.

To measure the change in resistance. the thermistor is placed inva svonnnetrically
biased voltage divider as shown in Figure 5.1, T he hias resistors used were small
1% tolerance metal film resistors™ . The bias resistors were directly attached to
both the incoming signal lines and to the electrical leads of the microcalorime-
fer. and were located on the mixing chamber in order to rednee the Johnson. or

thermal. noise ol the svstenn. The root mean square thermal voltage noise is

gy = \/ lfw‘[;ﬁj‘]?]_}“' Id)l)
where byyois Boltzinann's constant, T is the absolute temperature. 19 s the resis-
tance and By s the band width of (he measuring instrunent {Dit\TQ].

Shot nowse. which arises from the statistical distribution of the finite charee

carriers. Lias the beliavior

<
I
~—

Uy = \,-fé] (‘RT[_BH- (o

“Dale CME-35 Resistors
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Fienre 5.1 Bias resistor arraneemnent for the thermistor.

whoere the voltage is again rius voltage. £, 1s the average DC envrent throngh the

resistors and ¢ is the charge of the electron. [Sim87].

Another noise source is Hicker noise, or - noise which can e troublesome at

|
I
low freguencies. The magnitude of this component was reported for the amplifiers
used. and was exporimentally measnred for the siven experimental setup.

For the setup in consideration, one is concerned with measuring the voltage
across the thermistor.  In order to calculate the nowse produced by the bias
svsten, the setup can he reduced to a lidvenin's equivalent circuit as shown
in Figure 5.2 "Die79 . The eflective resistance is approximately 1 N the DCY
current is 3 nA. the temperature is 150 mI and the band width is 100 kHz.*!
The lower limit on the total noise from these two sources is shown in table 5.1

The bandwidth is tvpicallyv caleulated to be the inverse of the sampling time.
For the data acquisition card being used. the tinme for one analog to digital
conversion is at most one half the sampling evele as determined by the sampling
frequency. So. using a sampling frequency of 50 kHz. AT = 10 prsee and therefore

50



esistors. (j) [hermistor

Figure 5.2: Thévenmn's equivalent (or the Dias circuit,

Nolse Source IS Loise s oise density

Johnson noise Y 9810 Y \\F
Shot nolse 10 p\V 3.0 10-8 L

Vv
Total noise 10 1\ 310" _\/\/'/_

Table 5.1 Nauise sonrees for bias circuitry.

[he total is nst the square root of the sums of the squares because hotl sonrces
have a Gaussian distribution. The values shown are the values measured at the
imput of the first amplifier stage, the JFET preamplifier. so these values will he

aiplificd by all the pre-amplifier and amplifier stages.

5.1.1 JFET Preamplifier

The preamplifier was composed of a par of matched junction field effect
trausistors (JFET). configured as a source follower. The primary purpose of this
preamplifier was to reduce the impedance seen by the signal to prevent attenu-
ation as it exited the crvostat. This also prevented the thermistor hias civeuit

1_3\\' ““—J[_) TH—L_
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from bheing, capacitively loaded by the sigonal lines coming out of the crvostat.
The two input signals coming frow either side of the thermistor were connected
to the gates of the transistors. The output signal was connected fo the sonree
line. The source resistance and henee the current througl the JEET was de-
signed such that the gate to-sowrce junction would bhe reverse biased. In this
wode. the preamplifier has tts maximunn input impedance [Sim87. The IFETs
used for this project were n-tvpe” binsed with the source at 1.5 volts relative to
oround. This was done by using a dual sonvee supply of = 9 volts with the proper
choice Tor the source resistance (80 k€2). As long as the voltage through the hias
civenit was kept below a few volts, the junction was reverse biased having an

iput hpedance ol 150 MQ [Call.

Stice the JEET 18 not able to operate near LHe tomperatures. additional
hear was applied using resistive reating,  Che souree voltage ol the JRE T was
very femperature dependent until it reached its operating conditions at aboil
100 I (which was mcasured using a platinum thermistor on the pre-amp bhoard).
Lhis temperature dependence allowed an additional method of montoring the
reinperature to establish the ideal operating conditions. The wput power supplies
were both fltered by capacitors on the board. Figure 5.3 shows electrical and
thermal considerations of the biasing and JFET circuitry. The signals to the
acates of the JEE TS were connected to the microcalorimeter through a series of
thevmal anchors as deseribed i section 3.3

The siegnals from the JFITs were canted out of the crvostat by micerocoax

O

cable”" The leads were divectly soldered to the preamplifier board and connected
at the top ol the crvostat to electrically isolated BNC connectors to allow for

comnection to the room temperature differential preamplifier,

“NModel 2N6483 from Calogic Corporation

LakeShore type 7S17 staiuless steel low temperature micro coaxial cable,
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Figure 5.3 Biasing and JFET preamplificr,

5.1.2 Differential Preamplifier

The differential preamplifier was de coupled to the JEFET preamplifier output.

BNC couneetions were made from an clectiical isolation plate on the top of the
crvostat to the differential preamplifier box. The preampliier hox was directly
grounded o the crvostat. The power for this preamplifier was sapplied by two
9 \" hatteries located inside this box. These hatteries were able to ceffectively

operate the preamplifier tor 100 hours bhefore requiring replacencnt,
l 1

The schematice of the differential preamplifier is shown in Figure 5.4, This
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Figure 5.4: Differential Preamphtier,

design provices [or a differential gain of 51, The ODP-27 operational amplifiers
were chosen for their excellent low input voltage noise characteristics [PNI] The
51T Q resistors on the fwo output lines were used to it the effective capacitance
of the output as the OP-27 was unable to drive a significant load. The TAVE”
ontput was nsed to wonitor the average voltage of the two tnput signals. This
allowed for another method of measuring of the JEET S operating temperature.
Further docwmentarion and chisenssion of tiis amplificr design is provided Dy

Deptuck [Dep9il.

5.1.3 Differential Amplifier

The second amplification stage is shown i Fignre 5.5. This stage utilized
two capacitively coupled operational amplificrs with a gain of 201, This stage

was powered by an external fwelve volt de power supply. Resistors R10. R11.
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Figure 5.5: Differential Amplifier.

R16G. and R17 were all matched to hetter than 0.1 to reduce the common mode
rejection ratio for the svstem. which was Hmited by the input unpedance of the
OP-27 to he 120 dB3. The capacitor C1 and resistor R13 determined the low
frequency cut-off lnnic of this device.

Anorher version of the second stage was constructed and is shown schemat-
weally 1 Frigive 5.60 This amplifier provided a variable gain ol 201, 21 or 2.
and allowed for the amplifier to be either de or ac coupled. DC coupling was
used to remove the amplifier time constant from the svstem to look at pulses
with long decav tiines. The sialler sain options were used to perfor resistance
versiis temperature curves nsing an low frequency AC bias voltage. A version of
thie differential amplifier was also constructed with a variable resistor bhetween
the positive and negative power supphes with the tap connected to R11. This
allowed the de offset to be removed sinee they posed a problem when operating
at targe eains. Locating the variable resistor at the final stage of the svstem

cnsured that there was not a substantial lcrease (o noise.
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Figure 5.6: Variable gain differential amiplifier,

The OP-27 was used for this expernent. but the AD7T97 was an equally
suitable veplacement tor all except for the initial stage [PMIL Ana9lal. The
ADTOT was measured to have shightly more noise at low frequencies than the

(P27 2

The total gain versus frequency for the amplifier svstem s shown in Fie-

ure 5.7, The low frequency roll off is due to the capacitive coupling of the final
amplifier stage. The hieh frequency roll o is due to the linit of the gain versus
freqnency of the operational amplifiers.

I'lie noise of the svstemn 1s shown in Fienre 5.8.  The horizontal line at
3010 % VAV H 2 shows the theoretical contvibition from the thermal and shot

notse (frome Table 3.1). The other two curves show the actual measurements

By ; : . o -

“"The pin out of the two chips allow for interchangeability as long as one does
not connect a null offset ¢ivcuit. The defanlt offset of the chip was satistactory for
the needs of these circuits and additional adjusting would introduce additional
OIS
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Fionre 5.7 Gain versus frequenes for the amplitior svstem.

ol the noise of the svstem. The lower curve is the noise contribution from the
preamplifier and differential amplifier. ™ The top eurve is the measured noise of
the entire svstom with the microcalorinieter hiased and at its proper operating
tomperature. This data were extracted from the baseline sweeps made during

data accuisition. The fact that the svstem noise curve is below the theoreti-
cal limit due to the Johuson and Shot noise contributions at high frequencies
utdicates that there s a band-width limit from the JEET preamplifier. The

deviation above the theoretical limit at low frequencies i due to 1/ noise.

“The measured signals were normalized by replacing the OP-27 preamplifier
with a contparable amplifier ol significantly niore input noise voltage. The iuput
noise of the standard operational amplifier dominated the svstenn. This value was
then used to normalize the reported values for the deseribed amplifiers |Ana94b.
Anaddel.
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Figure 55 Voltage noise spectral density
5.2 Data Acquisition

The volrage signals that are produced Trom the amplificrs are indicative of
the amount of enervey that has heen deposited into the nucrocalovimeter. These
voltage signals have to be digitized. stored and processed i ovder to produce
an energy spectrunt, For this project. two separate computers were used. One
was responsible for digitizing the signal and temporary storage and the other
niachine was responsible for analyvsis and permanent. data storage,

Data acquisition is performed by an IBAM PC clone with an internal National

18



Instruments card operating in a Windows environment.”” The card has a 12-bit
analog -to digital converter capable of performing 200 ksamiples/sec/channel [Nat94).
This device was operated in a differential mode to provide isolation between the
computer and electronie grounds. The software controlling the cavd was writte
in G. the graplical programming language used by LabVIEW [Nat96a). Lab-
VIEW 15 a multiplat{orm programming language developed as a platforny inde-
pendent data acquisition and analysis package [Nat96h. The acquisition wachine
was conpected with a 10-base-2 ethernet Jine to the data analvsis machine. The
svstem s shown o Figure 5.9,

The data acquisition card was set up to mimice the function of a storage os-
cilloscope. An untrigeered voltage sweep i1s made of the amplified signal. This
sienal s used to set the backgromd level and the trigeer Tevel for pulses. The
triceer level is then cliosen to bhe above the noise level and deterimines the min-
i pudse height that can be detected. The master data acquisition program
records the voltage sweep of pulses that are above the trigeer Jevel, The volt-
nee sweeps ave contposed of 100 prewrigger samples fotlloweed by 924 post-trigger
samples lora total of 1021 The sampling frequency. pretrigger scans. aid sweep
length ave all variable within the limits of the data acquisition card. The tvpieal
data acquisition vate was set at of) kzamples/s which allows 20 jisec per sample
for a toral of a = 200~ per sweep. The binary data from the 12 Bit DAC for
these 200 ms voltage sweeps were saved divectly to a sienal file. The hinary data.
instead ol the actual voltage data were saved in order to reduce the amount of
calenlation requived of the acquisition compurer. This also reduced the amount
of disk space required Tor storage of the datia fles. These files were named using
the day and time with a conunon extension ol ".spn™. The master data acqui-
sition progran was also set up to record the hascline every eighth sweep to he

used for background determination. Five hundred pulses were tyvpically stored in
“The card was an AT-MIO-16F-5 operating in an 486DX-33 with Windows
3.11
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Eivure 5.9 Data acquisition and analvsis computer svsten.

a sinele signal file.™ The program was then antomated to continue to reacepiive
datacuntil stopped by the nser.

A schematic of a signal file is shown i Figure 510, The information stored in
cach of the individual files was required to contain the information to reproduce
tho voltage data of all of the recorded sweeps. For this reason. the heginning of

cach file contained four single preeision Hoating point wirmbers (1 bytes cach) to

BThese files were additionally written as single precision foats. Therelore.
these files were oviginally single sagnal single files.

Ho
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Fioure 5.1 Schematie of o signal data file.

deseribe the datar the sweep length o saples. the data sampling vate. the time
offset of the start of the sweep (a product of the number of pretrigger samples
and the sampling rate). and the multiplicative factor fo convert from the hinary
data to the voltage data. The rest of the file was the bhinary data from the
sweeps listed conseentively (allowing 2 bytes for the storage of each of the 12 bir
numbers). This allowed the 500 voltage sweeps to be stored in 1-MB files

At the completion of each signal file. the master data acqusition program
copied the files to the data acquisition machine for analvsis. The data acquisition
computer had a 500 megabvte hard drive which was cleaned off dailv after the

files were analvzed and backed up.

5.3 Data Analysis

The dara analvsis machine was o 586 generation personal computer operafting
in a Windows environment. This machine was equipped with an additional 2-GB

hard drive dechicated for data storage that was able to be accessed directly by

67



the data acquisifion machine, A compact dise vecorder was also added 1o atlow
for backing np and stoving data (G40 Mbyte per disk) ™!

The data analyvsis softwinre was also written using software written in (.
ntilizinge the LabVIEW programuming language. The analvsis involves a nnmber
of independent steps that ultimately produce an cnergy spectrum. The programs
were designed to analvze au entive run directory of signal files. The final output
was a histogram of the voltages from the individual pilses.

The nitial portion of the analvsis consists of routines to reread the binary
data Rles (see Fignve 5.10)1 created by the data acquisition program. These files
woere recoustructed into the acquired voltage sweeps. The pretrigeer scans were
then averaged to provide for a baseline voltage level [or each of the individial
pulses. The pulses were then reread mdividually and nonmalized, by subtracting,
the haseline from ecach of the voltage sweeps. The baseline was determined
hudependently for cach pulse,

These normalized signal fles are analvzed using three different methods: ex-
pouential fit. average. amd maximunt. These routines all processed the data in
the same bhasic way: A tine window is set for all of the pulses to delimit rthe
region where the appropriate ft rontine will be apphied. This window 15 nsually
located in the decay portion of the pulse. (vpically chosen to he from 0.2 to 2 ms
following the trigeer (as can be scewin Figure 5001,

The windowed area can then be analvzed using three different methods. The
first method is to fit an exponential to the region. I the entive region is nof
eutively above (or below for negative pulses) the baseline, now renormalized to
zero volts, then this method will genevste a vesponse of “not a number.” The
signals can also be filtered using the decay tine constant. The pulse amplitude
from this method was extracted by using the voltage wmuplitude at 7 = 0. In

order (o accurately acconnt for all the pulses, the value of -99 was used [or any

YDell Dimension Pentium-133 operating under Windows 95, The CR-
Recorder was a Philips Easywriter model 2600,
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Fieure 5,710 Windowing a voltage sweep of a pulse in the signal fite. Time is
chosen to be equal to zero at the trigger.

Tnot 4 number’ response.

The second method was to average the sweep region between the cursors.
This method was capable of analvzing all of the sweeps. including the haseline.
The value stored for this method was dependent on the window settings. As the
windows were adjusted the average varied. as one would expect from a\"(\mging
different regions of an exponential. Because of this. the voltage amplitude devived
was only indirectly related 1o the maximum voltage of the pulse. Tn order for
this method to produce the saane amplitude for two identical pulses. thev would
hhave to have the same decay rate and the same windowed region. Using this
method. it was possible to make an estimate of the baseline noise by later fitting
the baseline instead of the trigeered peaks.

The third form of analysis was to siiiply find the maxinnn voltage (or min-
mnun for negative pulses). The window was positioned around 7 = 0 and the
waximum (or minimuin) volrage vecorded was used as the voltage amplitude.

The voltage amplitudes produced by each of these methods were stored as

single: precision numbers ma data file. These data files, referved to as histogram
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Fionre 5.12: Craussian least squares fit o histogram data file. The histogranm it is
shown by the smooth curve and the data file is the step lunction. The histogram
is artificially displaved as a smooth function. despite the fact that it was only
evalnated ar the discrete histogram bin values.

files (7 has™)™. In this file, all —59 values were known o be canused hy Tnoi a
number” fits and were therefore ignoved by all hustogram fitting rontines. ™

The histooram files were read into mewory and assembled into a histogram
with a specified nnmmber of bins. At this point. the histograms were anromatically
fit with a Ganssian (A sample is shown in Fignre 5.12).

The hisrogram fit parameters (Le. the peak location, the peak wideh. and

e . - S e . . . . .
HThe files were called "% has™ tor Averaged HiStogram files using the identical
naming convention as the signal files {(except for the fle extension).

I was impossible for there to be any true <99 volt pulses, as the maximiin
voltage difference that the data acquisition card could measure was 20 volts. [t
was possible, however, for a sweep to have a pulse amplitude when Hr by an
exponential of exactly -99 volrs: but it was highly nnlikels.



the overall noralization (or peak height)) were then extracted fron:

! 1O = peak .
Guaussian = - cap | — | — : (5.3)

av/2n da

I'he normalization is necded because a portion (a least one eighth) of all the
data will not be located in the peak region. This relationship gives a {ull-width
hall maxumum of \/"';,;(2) . This is the value that will be considered to be
the voltage resolution. In order to encourage the ft to armive at the global
wmininnn. the peak value was mitially secded to he the maximum bin nmnber.
The parameters ave then all vepetitively varied in order (o find the least squares
fit for the histogram Bev92). The program that caleulares the Gaussian fit was
written primarily in LabVIEW. However, to increase speed cousiderations. the
repeated routines were written i CFoand were linked and compiled as stand
aloue subroutines. These ' routines were then called by the LabVIEW progran
to perform the iferative fitting funciion.

Additional filterine of the data files before processing was performed for data
sets with large count rates relative to the decav times in order to remove pulses
that were positioned on the tails ol previous pulses. The pretrigger scans were
lincarly fit and the associated sweeps were rejected if the fit had an appreciable
slope. Further filtering wethods have heen proposed by a mumnber of groups.
butr were not found 1o vield a significant unprovement on the energy resoln-

tion [Depf3. Max04, Szyv03 .

5.4 Software

Because 1t was written using a graphical programming language. the soltware

for this project can not he displaved in text format. However, as an example of

SLabVIEW allows for the inclusion of optimized compiled external routines.
code interface nodes. to be called from within a LabVIEW VL This has bheen
shown to greatly inerease the speed of non-graphical numerical routines,



Figure 5.13: This shows the front panel of the master data analesis routine.

this code. the main data aualvsis routine front panel and G code are shown in
fignres 5.13 and 5.4, The code s currently available via the web. ™ The Gaussian
fit rontine is an exceplion as it was written in C and is listed tn Appendix A,
This code muast be compiled and linked to the LabVTEW routines for the data
analvsis routines ro run properly on any platforin not operatiug i a 32 bit
Windows operating environment. Except for this one routine. the code should

be platform independent.

“'http://www.physics. unc ._edu/mj unkin/labview/ or
http://www.tunl.duke.edu/~junkin/labview/
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Chapter 6

Data

Through the course of this work more than fortv successful cool-downs of the
dilution refrigerator have been performed. during which a variety ol measnre-
ments of dvnamic and static device properties have heen measiured. The results
that are presented here are merely the most vecent of a series of nnprovements
and fests undertaken in order to gain an understanding of the electronic and
thermal responses of wicrocalorimeters. With this work. there Tiave heen far
wore expernnents conducted than can be presented iu detail hereo We have per-
formed tests using three different tvpes of thermistors heated by both radicactive
sources and by resistive heating. A collection of more than Gtteen amplifiers and
preamplifiers have been constructed and characterized using both single -sicded
and dual svmmetric biasiug civcuits. The data will he presented as a single
contignous path from tests that determined the initial bhias current. to the fAnal
lwear voltage response of the devices. This section will not documeut the many

paths that have lead to this point in the research.

This chapter will present only the measurcients obrained with the o, Gep oy
deviees. as the fatlhures and short comings of the .51 chips have already been
documented m section 2.1, There were two different sizes of Aw, Geg, ) chips
used i this work: 6 mm x 6 mun and 1 i x 1 man. Toitial tests were per-

formed with the larger chips using the resistive patterns designed by Wang and



Martoft [Wan951, The data preseuted here were collected using the small chips

developed specifically Tor this project.

6.1 Determining Bias Conditions

The tnitial step in acquiring date was to determine the optianum bias current
[or the microcalorimeters. In order to deterinine the bins current, runs were
performed at the mininumn stable operating temperature (130 mN) while varving
the hias voltage and hence bias civent. The detector was rvadiated hy alphas
from “" Am. A few pulse sweeps were acquired in order to determine the average
voltage peak licight and energy resolution of the o peak. which are shown in
Fignre 6.1, The minunum energy resolution was realized with o bias voltage of

approximatels 30 m\, vielding a bias envrent of 72 3 nA.

One important fearuve to glean from these plots is that the energy resolution
is mversely dependent upon the voltage respounse ol the deviee. To frst order.
this 15 a function of a relatively constant noise level and so the inereased voltage
respouse will inerease the signal to noise ratio. A second piece of information to
notice from Fieure §.1(a) is that as the bias increases. the sensirivity reaches a
maxnnum ol around 30 m\. The volloff at higher bias is the result of an inerease
ol the bhase operating temiperature ol the microcalorimeter as a result of resistive
heating. From equation 1.4 it can be realized that as the remperature increases.
the sensitivity decreases. Since the voltage response is dependent upon both the
sensitivity and the bias current. an ideal operating bias voltage is realized at the
maxinun voltage response. Having determined the ideal bias conditions. this

bias value was utilized it fature measurements,
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Figure 6.1: The microcalorimeter voltage response and energy resolution duc to
d 2.0 MoV o -particle versus bias voltage.
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Figure 6.2: Amplified voltage response due to an incident o particle.
6.2 Comparison of Analysis Methods

The small A, Ge oy chip was exposed to a3 kBq 101 2O 4 A souree™
at o distance of 1.27 e (0.5 inches). This geometry corresponded to a solid
angle of 1.9 - 107" 7. which implies an o particle count rate of 2.3 5% For
these measnrements, a count rate of 2.4 £ 0.2 o particles/s was measured. The
voltace response froul absorption ol a single a-particle s shown in Figure 6.2,

This pulse has a primary thermal relaxation time of 8.6 ms compared to (he

P'This is an open source with a total contained racdioactivity 3.91 kBq [Tso94).

P Using a compuier model (BABEL) o patticles of energies less than 30 NMeV
were caleulated to stop in the St chip. This does not rake into account particles
that hut the Al wires or neav the edac,

T8
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Figure 6.3 Voltage histogram of data analvzed using the crponentiol Gt merhod.

predicted value of 32 s calculated i section 1.2 The measurement of the rise
time of this pulse is limited by the sampling vate of our data acquisition card (see
section 5.2) and the high freguency lhmitation of the electronics (see Figure 5.7).
The voltage sweeps from an entive run are then converted to a histograin as

discussed in section 5.3,

A single data ser has been analvzed using the three ditferent methods: expo-
nential, average, and peak ht, as discussed in section 5.3 The voltage histogram
i= normalized to the 5.5 Me\ a-peak from the source. The voltage spectrum
for the exponcutial fit is shown in Figure 6.3, This is calibrated to an energy

spectrine in Figure 6.2 which is compared to the average and peak method in
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pa) Hisrogram ol datacanalyzed using the crponeadiol Bt methiod,

(h) Histawran of data analvzed nsing the average it method,

(c) Histogram of data analvzed using the peak it method,

)



Fitting method  Voltage Peak  Peak Encrev Resolution  Baseline Resohition

(Volt=) (keV) (ke
Exponenuial 2,04 (6.1
Averave 2.10 G0L.S S99
Peak fit™ 208 (8.4 205

Table 6.1: Comparison of the three analvsis methods,

Figure 6.2, Data have bheen analvzed using all three analvsis niethods and the
caparison is shown in Table 6.1 Since the three wethods ave all shown o
produce relatively similay energy resolution. the exponential fit will he used to
analvze the remaining data. Recall that the voltage retnrned by the fit 1s not
dependent upon the window settings. The exception to this will he the baseline
analvsis used to determine the zevo point encregy which will he analvzed using

the averacee mothod.

6.3 Voltage and Energy Correlation

In order (o deterne the voltage response of our nuicrocalorineters. pulses
from a vartety of sources have bheen analvzed.  The measured voltaoe is then
correlated to an energy using the known or predicted encrgy of the given souvce.
tegardless of the sowrce used. the zero encerey value can be determined by ana-
Ivzing the steady state condition which is acquired in every eishth voltage sweep
while acquiring data. These baseline sweeps arve analvzed using hoth the peak
method and the average method. These peaks are visible 1u these two respective
histograms and are located aronnd zero voltage. The fit to the haseline usine the
two methods is shown i Table 6.1, These numbers also establish a maxinnm
achievable limit for the energy resolution due to backeround electrical noise. As
would be expected from random fluctuations i the noise, the averaged haseline

P This method requires the window to bhe reset (see section 5.3 for detatls
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Fieure 6.1 Histoeram showiny the lower region ol the energy spectnum from an
open sourcee 21 A, The Tower encrgy cutofl in the mcasured spectrum is cansed
by the threshold of the trigger during data acquusition.

data has a significantlv hetter resohition than the peak method.

6.3.1 Energy Calibrations from **! Am Photons

Lowering the triceer volrage threshold allowed measurenients of the jow
energy recion ol the “M Am speetrum as shown in Figure 6.4 The energy {or the
lower region is calibrated using the 5.5 MeV o peak. There are also low energy
events produced by the o rayvs and x-ravs from the daughter nuclens (27" Np).
The photon and o particle energies are shown in Table 6.2 with their decay

. . ) = g .
pereentages relative to the rotal decay rate of = Am. Since the =" Am souree is
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Eterey (ke\)  Source  Pereentage

3856 ( 85.2%
54129 0 12,8
D3N a LA
595 . 35.8Y
26.-1 ~ 2 A%
20).8 N Rav 4.9%
R N Rav 19.4%
13.9 N-Ray 13.3%

‘ ; ‘ Niron i 21 - 241 EOG
Lable 6.2 a and photon intensities from “" Am velative to an = A decay [Fird6.
I\'llt)(\’g);.

not covercd. it is possible for the recoiling =% Np mucleus to escape. carrving up to
90 ke\” of kineric encrgy which makes up the balance ol the measuved specirun.
A spectrum was then collected in which the sowree was covered with a 0.025 nnn
(1 mil) stainless-steel foil snflicent to stop all of the a particles and vecoils while
only shightly attenuatine the photons [Stor0]. This speerrnm is shown in Fig-
nre 6.5, 1t 15 worth noting that the upper voltage region shown in Figure 6.5(a)
is relatively elean. showing that there is very little background above the 0.4V

peak (corresponding to 60 kel').

6.3.2 Energy Calibration from *"Cs vs

AP souree with a dominant high encrgy gamma of 661.6 ke was placord
against the side of the crvostat. Aud a combined "Cs /2" A speetrun is shown
in Figure 6.6. The Jow energy photons from the “"" Am are renoved by normal-
ing the data shown in Figure 6.3 by the acquisition time and subtracting those

from the combined “H A and " Cs data. The net data cau be compared to the
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B
() 2 Am voltage spectrun,

() Low energy portiou of the ** Am voltage spectrum.

Fignre 6 5: 1 Am voltage spectra which are proportional to energy spectra. This
data was acquired using 1the covered 2" A source.
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Figure 6.6: "Cs and “"Am voltage spectrum acquired v 12.1 hours.

predictions wade from BEGSE™ for a 661 kel caumnia ray beant incident on a Si
plane 0.0 cw thick shown n Figure 6.7, The maxinnnn amount of energy that
these high energy s can deposit is from 180 Comipton scattering. Therefore,
this Compton edee from the 661 keV 75 occurs at 180 keV. There is not a sharp
absorption peak ar this edge because the clectrons that ave produced at these

high energies ave typically too energetic to stop in the Sichip. [Kno89. Kra8g

PGS Bie92! is a routine package designed to assist with the development
and production of FORTRAN code for tracking high encrgy photons. clectrons
and positrons through a medium using a Monte Carlo sinmlation [Nel85. Be-
cause [DGSd was designed for high energy reactions. it was unable to produce a
realistic model of the low cnergy photons emitted from the “ Am
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Thie enevey calibration is performed by normalizing the measured data to pre-
chicted data. The Jop ol the data is shown in Figure 6.8 in ovder to emphasize

the Compton edge which dominated the fit.

6.4 Linearity of Microcalorimeter Response

The voltaze response as a fnnc,-lio-n of energy with a Hnear fit to the data is
shown i Fieure 6.9, The data comes from the sources tisted m Table 6.4, The
voltage peak fronn the 5.5 Mol as are deternmined [rom a Ganssian fit of the data
as discussed i secrion 5230 The error havs represent the unecertainty in the peak
it " and the discretization eHeets arising from binning into histograns.  This
sanre technique 1s used for determinmune the cnergy resotution of the 59.6 kel
~ peak aud the basehine (at zero voltage). The energy resolution for the 29.6 keV,
~ peak is determined by fitting the upperv edge of the low encroy peak. The
entive peak conld not He fit for two rewsonus: the low voltage cutoff is a manites-
tation ol the rrigeer level and the peaks are broad enough that the individnal
A photon peaks are not discernible. The "Cs data is represented with a
sigle coethetent which 1s plotted ar the Compton edge energv: this cutofll cnergy
predominantly derermines the fitting cocetticient. The error in this measurenient
is derermined by the fit uncertainty, The equation used to fir the data is

kel”
Energy(kel’) =214 £ 12 - :-_— Voltage — 0.67 £ 3.0.10Ac 1) (6.1)

with the errors coming from the uncertainty in the fr [Bev092].

WError analysis of these various fits was obtained using bhoth MATHEMAL-
rca [Wol9l, Wol97) and the aurogaussian LABVIEW routines.

"The actnal voltage was 2.56 V. orecorded with a gain of 1071 (213571
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Particle  Source linerey Measured Peak [rvor FAWHAM
(NMeN) (\Volts) (Volts) (Mel)

‘0 2 5.5 24,54 0.26 {1.06

~ Qe 0,178 2.899 0.071 0.036

- T Am 0.0596 0.3533 0.0631 0.032

g BRI 0.0296 (.10 0.041% (L021]
Bascline 0 0.00212 0.00035 0.009

Table 6.3: Encrgy and voltage peak values feain = 10251) used for enerev cali-
bration.
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deposited from the " Am and " Cs sources.

6.5 Improving the Resolution

The desived energy resohition of owr devices was approximately 1 ke, lin-
provements in this eneregyv resolution are possible from three different sources:
the thermnstors. the operating temperature. and the electronies. that will allow
the realization of this goal. From Table 5.1 the theoretical minimum noise for
these devices was shown to be resistor noise which places a limit of 2210 g\ at
the input of the JELT-preamplifier. This translates to a total energy resolution
(using the voltage enerev relationship denved in section 6.3) of 20 keV Future
work shonld wininuize the bias current and bias vesistance in order to Hunt the

dominance of this terue.

As discussed insection 2.3 the desired sensttivity for the thermistor is hetween

Jand Lwhich contrasts seith the present devices that have values of =~ 6. T order
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to bave devices that operate with the desived sensitivity, adeitional o, Geo oy
thermistors with slightly Jower Au concentrations wounld need to he produced.
In ovder to inprove the resolution of the corrent deviecs, the stable base
operating teniperature for the dilntion refrigerator should be decreased to permit
microcalorimeter operation heiow 0.1 Iowith the JFET-preamplifier maintaining
the current operating femperature, This will requive better thermal isolation of
the preamplilicr aud additional heat sinking of the leads attachoed to the mixing

chamber.
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Chapter 7

Conclusion

Through tuterdisciplinary work in nuclear phyvsics. low teniperature plivsies.
statistical mechanics. clectronies and computer scicnce, tlis project has pro-
duced fmuctiontng icrocalorimeters. 17:51 therimistors have been developed and
tested. These have heen tound to have anpredictable resistance verans tempera-
ture curves and are thevefore not well sutted for wmass produced micvocalorime-
ters. Iu contrast, A, Gegyp o, thermistors hiave heen tabricated. tested. and found
to have predictable performance thar enables them to he used i ervogenice de-
tectors. A dilurion refrigerator hias heen constructed that is able to continuous!y
cool the detector systenn to 130 mlX, Electronices have heen developed that operate
inside the dilntion refricerator and amnphfv voltage chianges across the thermistor.
A data acquisition aud analvsis svstem has been constructed, and corvespouding
software writtew to collect and couvert the acquired voltage pulses into an energy
spectrum.

These microcalorimeters have measured o and ~ particles from 20 kel to
5.0 MoV, Nuelear sources have been nsed to calibrate these devices demonstrating
thetr linear energy response over a range of more than two orders of magnitude.

The next step [or this project is to optimize the bias resistors for use with the
proseat Au Gl — o) therntistors in ovder to reduce the efecets of the electronic

noise. This should enable the microcalorinieter resohition to he improved to a



level that the individual low enerey photons in the 2 Am spectra will be clearly
resolved. This work will then concentrate on developing nondestructive methods

ol attaching absorbers to microcalorimeters.



Appendix A

Gaussian Fit Routines

These routines were written to bhe used within a code interface node 1 Lab-
VIFEW. These procedures will then need to he compiled and linked for proper
operatiorn.

/*
* CIN source file fullgfit.c
*/

#include '"extcode.h"
/* stubs for advanced CIN functions */

UseDefaultCINInit
UseDefaultCINDispose
UseDefaultCINAbort
UseDefaultCINLoad
UseDefaultCINUnload
UseDefaultCINSave

/*
* typedefs
*/

typedef struct { /#*Datax/
int32 dimSize;

int32 argili];

} TD1;

typedef TD1 **TD1Hd1,;

typedef struct { /*Gaussian Fit to Datax/



int32 dimSize;
float32 argl[1];

} TDZ2;

typedef TD2 **TD2HA41;

extern float32 gfitsub(int32 Number_of_Bins,
int32 xData,

float32 *Fitting_Factor,

float32 *Peak,

float32 *Sigma,

float32 *Gausian_Fit,

int32 *Number_of_Counts) ;

CIN MgErr CINRun(float32 x*Factor,
float32 *delta_Factor,

float32 #*peak,

float32 *delta_Peak,

tloat32 *Sigma,

float32 *delta_Sigma,

int32 *Number_of_Counts,

TD1iHd1 Data,

TD2Hd1 Fit_Data,

float32 *MSE);

CIN MgErr CINRun(float32 =*Factor,
float32 *delta_Factor,

float32 *peak,

tloat32 *delta_Peak,

float32 #*S5Sigma,

float32 *delta_Sigma,

int32 *Number_of_Counts,

TD1Hd1 Data,

TD2Hd1 Fit_Data,

float32 *MSE)

{

int32 loopcount,*tempdata,datalength;
float32 oldmse,*tempfitdata;

tempdata = (*Data)->argl;

tempfitdata = (xFit_Data)->argl;
datalength = (*Data)->dimSize;

G



+MSE=gfitsub(datalength,tempdata,Factor, peak,
Sigma,tempfitdata,Number_of_Counts);

/*
Peak Adjustment------—---------—~--—=-——-
*/
loopcount = 50;
do /*¥Peak increasex*/
{
loopcount—-;

*peak += xdelta_Peak,;

oldmse = *MSE;
*MSE=gfitsub(datalength,tempdata,Factor,peak,
Sigma,tempfitdata,Number_of_Counts);

} while((#MSE <= oldmse) & (loopcount>0));

loopcount = 50;

do /*Peak decreasex*/
{

loopcount--;

*peak -= xdelta_Peak;

oldmse = *MSE;
*MSE=gfitsub(datalength,tempdata,Factor,peak,
Sigma,tempfitdata,Number_of_Counts);
} while((*MSE <= oldmse) & (lcopcount>0));
*peak += *delta_Peak;
/*
Sigma Adjustment----------——-———————-—--—
*/
loopcount = 50;
do /*Sigma increasex/

{
loopcount--;
*Sigma += *delta_Sigma;
oldmse = *MSE;
*MSE=gfitsub(datalength,tempdata,Factor,peak,
Sigma,tempfitdata,Number_of_Counts);
} while((*MSE <= oldmse) & (loopcount>0));

loopcount = 50;
do /*Sigma decreasex/

{
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loopcount-—;
*Sigma -= *delta_Sigma;
oldmse = *MSE;
if (*Sigma>0)
*MSE=gfitsub(datalength,tempdata,Factor,peak,
Sigma,tempfitdata,Number_of_Counts);
} while((*MSE <= oldmse) & (loopcount>0) & (*Sigma>0));
*Sigma += *delta_Sigma;
/*
Factor Adjustment----—-—-——---—--——-=—————---
*/
loopcount = 50;
do /*Factor increase*/

{
loopcount--;
*Factor += *delta_Factor;
oldmse = *MSE,
*MSE=gfitsub(datalength,tempdata,Factor,peak,
Sigma,tempfitdata,Number_of_Counts);
} while((*MSE <= oldmse) & (loopcount>Q));

loopcount = 50;

do /*Factor decreasex/
{

loopcount—-—;

*Factor -= *delta_Factor;

oldmse = *MSE;
*MSE=gfitsub(datalength,tempdata,Factor,peak,
Sigma,tempfitdata,Number_of_Counts);

} while((*MSE <= oldmse) & (loopcount>0));
*Factor += *delta_Factor;

return noErr;

+
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/*
* gfitsub.c for fullgfit.c CIN

*/
#include "extcode.h"
/*

* typedefs

*/

float32 LVSBMain{(int32 Number_of_Bins,
int32 *Data,

float32 *Fitting_Factor,

float32 *Peak,

float32 *Sigma,

float32 #*Gausian_Fit,

int32 *Number_of_Counts);

float32 LVSBMain(int32 Number_of_Bins,
int32 =*Data,

float32 *Fitting Factor,

float32 #Peak,

float32 *S5igma,

float32 *Gausian_Fit,

int32 *Number_of_Counts)

{

int  1; /*1loop counter used below */

float32 tempvar,temp2var; /*two temp variables */

/* tempvar is used to store the constant figured out

from the input values */

/* temp2var is for temporary storage of MSE (Mean Square Error)

temp2var=0.0;

tempvar = (*Fitting Factor * (float32)+*Number_of_Counts)/

(2.5066 * *Sigma);

for(i=0; i<Number_of_Bins; i++)

{ .

Gausian_Fit[i] = tempvar *

exp(~ ((¥Peak-1i)*(*Peak-1i))

/(2.0 % *Sigma * *Sigma));

temp2var += (Gausian_Fit{i]l - Datalil) =*
(Gausian_Fit[i] - Datali1l);

}

return (temp2var / ((float32) Number_of Bins));
}
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