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[571 ABSTRACT 

A real time non-volatile residue (NVR) monitor, which 
utilizes surface acoustic wave (SAW) resonators to detect 
molecular contamination in a given environment. The SAW 
resonators operate at a resonant frequency of approximately 
200 MHz-2,000 MHz which enables the NVR monitor to 
detect molecular contamination on the order of g-cm-2 
to g-cm2. The NVR monitor utilizes active tempera- 
ture control of (SAW) resonators to achieve a stable resonant 
frequency. The temperature control system of the NVR 
monitor is able to directly heat and cool the SAW resonators 
utilizing a thermoelectric element to maintain the resonators 
at a present temperature independent of the environmental 
conditions. In order to enable the direct heating and cooling 
of the SAW resonators, the SAW resonators are operatively 
mounted to a heat sink. In one embodiment, the heat sink is 
located in between the SAW resonators and an electronic 
circuit board which contains at least a portion of the SAW 
control electronics. The electrical leads of the SAW resona- 
tors are connected through the heat sink to the circuit board 
via an electronic path which prevents inaccurate frequency 
measurement. 

14 Claims, 7 Drawing Sheets 
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HIGH SENSITIVITY REAL-TIME NVR 

MONITOR 

FSLAI’ED APPLICATION 

This application is a division of US. patent application 
Ser. No. 08/238.479, filed May 5, 1994, now U.S. Pat. No. 
5,476,002, which is a continuation-in-part of U.S. patent 
application Ser. No. 08/095,930. filed Jul. 22, 1993 now 
abandoned. 

This invention was made with government support under 
contract NA10-11865 awarded by NASA. The government 
has certain rights in this invention. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a real time contamination 

monitor, more specifically, a contamination monitor which 
is capable of measuring contamination at the molecular 
level. 

2. Description of the Related Art 
The cleanliness requirements for the manufacture and 

operation of sophisticated technical system are becoming 
ever more stringent. This is especially true in the manufac- 
turing processes involved in microelectronics, high preci- 
sion optics, as well as in the preparation of these types of 
systems for flight of spacecraft. It is no longer sufficient just 
to maintain a certain level of particle matter in  a work 
environment, as has been the practice for several decades; it 
is becoming clear that contamination on a molecular level 
can create serious manufacturing and operational problems. 

It is well known that all materials and most activities 
emanate gases or s m a l l  aerosols by diffusion and desorption. 
The term “contamination” is applied when the emitted gas or 
aerosol impinges and condenses on a subject surface. Con- 
tamination of a “clean” surface orginates from two main 
sources: activities or processes in the clean work area and 
from the materials used in the construction of the article 
itself (self-induced contamination). 

Non-volatile residue, (NVR), sometimes referred to as 
molecular contamination, on critical surfaces surrounding 
space structures have been shown to have a dramatic impact 
on the ability to perform optical measurements from plat- 
forms based in space with the particulate and NVR con- 
tamination originating primarily from pre-launch opera- 
tions. Molecular deposition on surfaces affects the thermal 
balance of a spacecraft scheduled for a long duration mis- 
sion since the absorptance and emittance of the thermal 
control panels are adversely affected. Any optical suqface 
(such as windows or mirrors) is degraded by molecular 
depositions and particulates. Condensed fills of contami- 
nants on the order of 10 angstrom thick degade the 
efficiency and operation of the optical components. 
Therefore, a real-time measurement of NVR is required to 
assure that critical components are fully operational and not 
subjected to high levels of contaminants during payload 
processing and storage. 

The pre-launch NVR contamination problem is even 
greater with the proposed Space Station since the large 
surface area of this structure would contribute significantly 
to the molecular contamination and could jeopardize the 
operation of numerous scientific instruments planned for this 
mission. 

The currently accepted method of measuring NVR is the 
use of witness plates to collect the NVR over a time period 
up to several weeks. The major drzwback to this technique 

is that the NVR contamination is integrated which precludes 
the real-time identifcation of a contamination event and the 
ability to curtail activities in the area which causes contami- 
nation. The method is also time consuming and tedious since 

5 a technician must wash the plates with a suitable solvent to 
remove the residue, filter the extract and place it in  a 
pre-weighed dish which is then brought to dryness. The 
weight of the remaining residue is considered NVR and is 
expressed as mg/O.l m2/month. A sensitive real-time NVR 

io monitor would be a valuable instrument to reduce the overall 
level of contamination since activities which generate high 
levels of NVR would be detected in real-time and corrective 
measures can be taken in a timely manner. 

More recently, the piezoelectric crystal microbalance has 
15 been used for the measurement of surface deposition on the 

particle level. Piezoelectric crystals in  this category have 
operated in the bulk-vibration mode wherein the entire body 
of the crystal is driven electrically into resonance. The 
piezoelectric crystal operates as a microbalance by the 

20 de-tuning of the crystal’s resonant frequency when mass is 
added to its surface. 

US. Pat. No. 4,561286 issued to Selker, et at. discloses 
such a bulk piezoelectric crystal microbalance. The bulk- 
vibration method requires the placement of the resonating 

25 electrodes on the opposite side of the bulk crystal, wherein 
the distance between the electrodes, i.e., the thickness of the 
crystal, defines the resonating frequency of the crystal. 
Therefore, the resonant frequency of a bulk vibration crystal 
is inversely proportional to the crystal thickness. The iimit of 

30 the resonant frequency that can be obtained with a bulk 
mode crystal is approximately 15 MHz, because a thinner 
crystal would be manageable and therefore is not produced. 
Since the change in mass detectable by the crystal is 
proportional to the square of its frequency, the limit of mass 

35 resolution in the bulk vibration mode is typically on the 
order of 10-~ to IO* g-cm-2.  his level of mass resoIution 
is sufficient to detect contamination at a particle level but is 
not fine enough to detect contamination at a molecular level. 

Therefore, there exists a need for a real time piezoelectric 
monitor to measure contamination at a molecular level 
which can detect changes in mass due to molecular con- 
tamination on the order of to g-cm-2 levels. 

SUMMARY OF THE INVENTION 
The present invention comprises a real time NVR 

monitor, or molecular contamination monitor. which utilizes 
surface acoustic wave (SAW) resonators connected to SAW 
control electronics. The resonators are used to detect the 

50 level of molecular contamination that is present in a given 
environment. The preferred embodiment of the NVR moni- 
tor utilizes a resonator with a resonant frequency of about 
200 MHz-2,000 MHz which enables the NVR monitor to 
detect molecular contamination on the order of g-cm-2 

Preferably, the NVR monitor utilizes active temperature 
control of the surface acoustic wave (SAW) resonators to 
reduce or eliminate thermally induced noise, increasing the 
stability of the resonator and improving the lower limit of 

60 detection. The temperature control system of the NVR 
monitor is able to directly heat and cool the SAW resonators 
utilizing a thermoelectric element to maintain the resonators 
at a selected temperature independent of the environmental 
conditions. 

In order to enable the direct heating and cooling of the 
SAW resonators, the SAW resonators are operatively 
mounted to a heat sink. such that a first side of the heat sink 

4o 

45 

55 to g-cm2. 

65 
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is in thermal contact with the SAW resonators. The opposite 
side of the heat sink is proximal to at least a portion of the 
SAW control electronics (e.g., oscillator electronics). In one 
embodiment. the SAW control electronics are embodied in 
an electronic circuit board. As used herein, the term "elec- 
tronic circuit board" includes a conventional circuit board in 
the event that conventionally packaged components are used 
for the SAW control electronics, and includes a hybrid 
substrate in the event that a hybrid circuit is used for these 

,226 
4 

FIG. 6 is a block diagram of the SAW control electronics. 
FIG. 7 is a schematic diagram of another alternate 

embodiment of the NVR monitor of the present invention. 
FIG. 8 is a graph of the change in beat frequency versus 

time during a fourteen day test of the NVR monitor of the 
present invention. 

FIG. 9 is a graph of the raw data collected versus time 
over an eleven hour period of time during the testing of the 

I I 

electronics. ne of the heat sink 
two legs which are joined together at aright angle 

to form an L-shaped heat sink. One leg of the heat sink 

NVR monitor of the present invention illustrating the base- 
line stability or noise associated with the temperature read- 
ings. 

Detailed Description of the Preferred Embodiment extends between the SAW resonators andthe circuit board as 
described above. The other leg of the heat sink extends Dast 

The present invention in its preferred embodiment com- 
prises a real time NVR monitor which is capable of detecting 
molecular contamination on the order of lo-" g-cm-2 to 

g-cm'-2. In order to obtain a mass resolution on this 
order, a piezoelectric crystal of a higher resonating fre- 
quency than the standard 10 MHz bulk vibration crystal is 
used. The relationship between frequency and mass may be 
defined mathematically, For example, the change in fre 
quency due to mass addition AM, over area A, follows the 
general form, 

A+-f2AMLA (1) 

the edge of the circuit board and is in thermal contact k t h  15 
a first side of a thermoelectric element, such as a peltier 
device. The thermoelectric element acts as both a heating 
element and as a cooling element depending on the direction 
of the current which is input to the thermoelectric element. 
An opposite side of the thermoelectric element is in contact 20 
with a radiator which assists in the dissipation of excess heat 
through metal cooling fins when the thermoelectric element 
is operating in the cooling mode. 

As described above, the heat sink is positioned between 
and proximal to both the SAW resonators and at least a 25 
portion of the SAW control electronics. Electrical leads of 
the SAW resonators are connected to such SAW control 
electronics via an electrical path that extends through the 
heat sink. Such SAW resonators and electronics are in close 
proximity to prevent inaccurate frequency measurement 30 thichess-shear mode (for an m-cut bulk crystal), 
from occurring due to impedance mismatching 

(2) 
the frequency signal which are both caused by electrical 
paths of extended lengths. In the preferred embodiment, the Since the mass sensitivity is a function ofthe square ofthe 
heat sink has a recess in which the SAW resonators are 35 Operating frequency, S m a l l  increases in the Operating fre- 
mounted so as to decrease the length of the electrical path quency give greater performance. Ihvever. with the stan- 
without significantly effecting the thermal conduction dard bulk Crystal 0Paat.h in the shear mode, as the 
capacity of the heat sink. The length of the electrical path operating frequency increases. the thinner the crystal must 
between the SAW resonators and the proximal portion of the be. A trade-off of mass Sensitivity versus crystal ruggedness 
SAW control electronics should be no more than 0.25 40 results in a 10 MHz crystal being the most commonly used 
inches, a d  preferably approxjmately 0.1 to 0.2 inches in as a microbalance as it possesses acceptable mechanical 
length. strength with a mass sensitivity around 4 . 4 2 ~ 1 0 ~  gm/Hz 

~n an alternate embodiment. another portion of the SAW cm2 (equivalent to 2.3~10' ~z cm2/gm). 
control electronics is located remotely from the SAW reso- 
nators. The remotely located portion of the SAW electronics 45 the crystal in a surface acoustic mode, wherein the top few 
comprises signal processing electronics connected to the atomic layers of the piezoelectric crystals surface are driven 
prow poaion of the SAW control electronics by an in a longitudinal acoustic mode by a series of closely spaced 
electrical conductor (e.g., ~n another the interdigitated electrode transducers which are deposited on 
signal processing electronics are the surface of the crystal substrate. The electric field is 
portion of the SAW control electronics by optical fiber. 50 applied pardel to the surface of the crystal and Rayleigh 

These and other features and advantages of the present are generated which move along the surface Of the 
crystal. The fundamental frequency of this device is mainly invention are set forth more completely in the accompanying dependent on the configuration of the transducers and not on drawings and the following description. the thickness of the substrate. Therefore, higher operating 

BRIEF DESCRIPTION OF THE DRAWINGS 55 frequencies can be achieved without reducing the thickness 
of the crystal. FIG. 1 is a schematic illustration of a SAW resonator Surface acoustic wave piezoelectric typi- 

which is utilized in the preferred embodiment of the NYR cally used by researchers in are based monitor of the present invention. on SAW delay lines. When two sets of interdigital electrodes 

a standing wave is set up if LNX,  where N is an integer and the NVR monitor of the present invention. 

section along the lines 3-3 of FIG. 2. frequency f is equal to vlh, where v is the surface acoustic 
wave phase velocity. The wavelength is dependent on the 

section along the lines 4-4 of FIG. 2. 65 spacing, s, between the interdigital electrodes, and is equal 
to twice the spacing. The bandwidth of the device is deter- 

ment of the NVR monitor of the present invention. mined by the length of each transducer. The transducers 

The coefficient a depends on the type of crystal and the 
mode in which its is excited by the application of 
an electric field. For a quartz crystal operating in the 

therebetween, losses in the electrical path and phase shifts in Afi-2.2X10df,'AWA 

Higher resonating frequencies can be achieved by 

to the 

FIG* is a perspective View Of a prefmed embodiment Of 60 are deposited on a piezoelectric crystal at a distance L apart, 

FIG. 3 is a somewhat schematic view taken in CIOSS is the wavelength of the surface acoustic wave. ne 
FIG. 4 is a somewhat schematic view taken in moss 

FIG. 5 is a schematic diagram of one alternate embodi- 
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serve two main functions, the first is to convert electrical 
energy from the oscillator circuit into mechanical energy on 
the surface of the quartz piezoelectric crystal, and vise versa. 
The second function is to establish the frequency response of 
the delay line. The Rayleigh surface wave travels in both 
directions away from the transducer. The surface wave that 
travels away from the opposite transducer and towards the 
end of the crystal is lost which results in the delay line being 
a low Q device. 

There are several limitations of the SAW delay lines 
which necessitated the development of a new type of SAW 
piezoelectric microbalance using an alternative SAW 
configuration, called a SAW resonator. FIG. 1 illustrates a 
SAW resonator 10 which is utilized in the NVR monitor of 
the preferred embodiment. Preferably, a SAW resonator 
operates at a resonant frequency of approximately 200 
MHz-2,000 MHz. The SAW resonator 10 is constructed in 
accordance with methods similar to those disclosed in an 
article entitled “A 200 MHz Surface Acoustic Wave Reso- 
nator Mass Microbalance”, by w. D. Bowers and R. L. 
Chuan, published in Rev. Sei. Instrum., Vol. 62, pp. 1624 in 
1991, which is hereby incorporated by reference. The SAW 
resonator 10 is similar in construction to a standard SAW 
delay line with interdigital electrodes deposited onto the 
surface of an ST quartz substrate, but contains additional 
passive elements deposited on its surface. The SAW reso- 
nator 10 consists of two transducer electrode arrays 12 that 
convert the electrical energy into mechanical energy and a 
set of reflector arrays 14 on each end 16 of the crystal 17. 
Unlike the delay line, the resonator’s frequency of oscilla- 
tion is determined by the configuration of the reflector arrays 
14. The mechanical energy traveling along the surface 18 of 
the crystal 17 is reflected back towards the transducer 12 
setting up a standing wave trapping the acoustic energy 
within the crystal 17 by the constructive interference of the 
reflected waves. The resonator 10 is therefore a high Q 
device since the energy is not lost on the ends 16 of the 
crystal 17. When a SAW resonator 10 of approximately 200 
MHz (e.g.. 199.1 MHz) is utilized, the NVR monitor 20 has 
a mass sensitivity of 2x1O-l’ gm/Hz cm2/gm (equivalent to 
50 Hz cm2/gm). 

The inherent noise of an instrument is typically one of the 
major parameters in determining the lower limit-of- 
detection as it directly relates to the signal-to-noise ratio. For 
the SAW resonator 10, this is the frequency variation or 
“background noise”. Depending on the application, micro- 
gravimetric measurements can be made over a period as 
short as several seconds or up to several weeks or months. 
The limit-of-detection is a function of both the mass sensi- 
tivity of the crystal, which is determined by the operating 
frequency, and the background noise of the system. In order 
to obtain the lowest minimal detectable mass for a given 
operating frequency the background noise, or frequency 
fluctuation, of the SAW resonator 10 must be as low as 
possible. 

The frequency stability, 6f/f, of a 200 MHz SAW reso- 
nator 10 is an order of magnitude better than a conventional 
10 MHz bulk crystal and a tremendous improvement over a 
158 MHz delay line system. With a frequency stability better 
than 5 ~ 1 0 - ~ .  an absolute mass sensitivity of 2 ~ 1 0 - l ~  g d H z  
cm2 and an active surface area of 0.1 cm2, the lower 
limit-of-detection (assuming a S/N of 3) of a 200 MHz SAW 
resonator is approximately 6 ~ 1 0 - l ~  grams which is dose to 
three orders of magnitude lower than a 10 MHz temperature 
controlled quartz crystal microbalance PQCM). 

Referring to FIGS. 2-6. the preferred embodiment of the 
NVR monitor 20 of the present invention preferably oper- 

6 
ates in the dual difference mode (as typically done with the 
conventional QCM). In the dual difference mode, two SAW 
resonators are used, a k s t  sensing resonator 22. also referred 
to as a detection resonator, and a second reference resonator 

5 24. The sensing resonator 22 is exposed to the environment 
to measure the NVR contamination that is deposited on its 
surface. The reference resonator 24 is hermetically sealed in 
a standard electronics package to prevent any contamination 
from effecting its resonant frequency. Preferably, the refer- 

io ence resonator 24 is matched to the sensing resonator 22 to 
ensure that the reference resonator 24 has a resonating 
frequency which is approximately 10 KHz to 100 KHz 
above the frequency of the sensing resonator 22. 

FIGS. 2-5 illustrate embodiments in which the resonators 
15 22,24 are connected to SAW control electronics 25 embod- 

ied in an electronic circuit board 26. An output signal from 
the sensing resonator 22 is mixed with an output signal from 
the reference resonator 24 on the electronic circuit board 26 
which contains the SAW control electronics 25 and the 

20 difference or beat frequency is determined and supplied as 
an output signal to system control electronics 30 via a line 
28. By selecting the reference resonator 24 to be at a 
frequency which is above the frequency of the sensing 
resonator 22. a decrease in frequency of the sensing reso- 

25 nator 22, due to the deposition of molecules on its surface, 
is manifested as an increase in the beat frequency from the 
SAW control electronics 25 on the electronic circuit board 
26. 

As illustrated in FIG. 6, the SAW electronics 25 may 
30 comprise signal processing electronics 29 and oscillator 

electronics 31. The oscillator electronics 31 comprises, for 
each of the resonators 22,24, an oscillator circuitry amplifier 
33, a first set of impedance matching components 37 and a 
second set of impedance matching components 35. The 

35 operation of the oscillator electronics 31 will be described 
hereinafter with reference to the sensing resonator 22; 
however, it will be understood that a similar set of electronic 
components are provided for the reference resonator 24 and 
that these components operate in the same way. In this 

40 regard, the oscillator circuit amplifier 33 amplifies the output 
signal from the sensing resonator 22 to accommodate any 
signal losses. The output signal from the oscillator circuit 
amplifier 33 is fed back to the sensing resonator 22 through 
the first set of impedance matching components 37. The first 

45 set of impedance matching components 37 comprises pas- 
sive components (inductors, capacitors, resistors, etc.), 
which match the signals from the oscillator circuit amplifier 
31 to the input characteristics of the sensing resonator 22 and 
power buffer amplifier 39. The power buffer amplifier 39 

50 connects each portion of the oscillator electronics 31 to the 
signal processing electronics 29. A second set of impedance 
matching components 35 comprises passive components 
(inductors, capacitors, resistors, etc.), which match the sig- 
nal fromthe resonator 22 with the input characteristics of the 

55 oscillator circuit amplifier 31. In addition, the power buffer 
amplifier 39 provides isolation for the oscillator electronics 
31 from the signal processing electronics 29. The signal 
processing electronics 29 comprises a mixer 41, and a low 
pass filter 43. The output of the signal processing electronics 

60 29 is a difference or beat frequency which is supplied to the 
system control electronics 30. As discussed hereafter, the 
system control electronics 30 includes temperature control 
electronics and signal conducting electronics. 

As best illustrated in FIG. 2, the reference resonator 22 is 
65 mounted proximal to the sensing resonator 24. Both reso- 

nators are thus exposed to the same environmental 
conditions, which automatically compensates for fluctua- 
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tions in temperature and pressure caused by the environment element 56 is in physical contact with a radiator 60 which 
in which the SAW resonators 22,24 are located. In addition, assists in the dissipation of excess heat through metal 
by measuring only the beat frequency rather than the indi- cooling fins 62. 
vidual frequency of the resonators 22,24, the resulting beat The thermoelectric element 56 is used to control the 
frequency signal is in  the kilohertz range which can be 5 temperature of the SAW resonators 22.24. The operation of 
acquired with conventional data acquisition hardware rather the thermoelectric element 56 is controlled by temperature 
than requiting special equipment to measure and transmit the control electronics which are a part of the system control 
high order frequencies of the individual resonators 22, 24. electronics 30. The thermoelectric element 56 acts as both a 

Although using a reference resonator 24 in the dual heating element and as a cooling element depending on the 
difference mode to correct for temperature fluctuations dras- io direction of the current which is input to the thermoelectric 
tically reduces frequency fluctuations at least three orders of element 56. If the current is applied in a forward direction, 
magnitude, it does not eliminate it completely. Common i.e. toward a positive voltage terminal of the thermoelectric 
fluctuations in room temperature, several C. over an hour element 56. the thermoelectric element 56 acts as a thermal 
or so. do not induce a significant drift in the instruments heater. If the current is applied in a backwards direction. i.e.. 
baseline signal. However, since it may require several days 15 towards a negative voltage terminal of the thermoelectric 
to weeks to measure extremely low levels of NVR contami- element 56, the thermoelectric element 56 acts as a thermal 
nation any temperature induced drift must be eliminated cooler. The magnitude of the current which is sent to the 
(preferably) or corrected for drift via a calibration curve for thermoelectric element 56 determines the magnitude of the 
each sensor. heating or cooling of the SAW resonators 22. 24. The 

In order to guard against false NVR readings due to 20 temperature control electronics receives the SAW tempera- 
drastic changes in the environment temperature, the tem- ture information from a temperature sensor 64 which is 
perature of the SAW resonators 22,24 is actively controlled mounted on the heat sink 46 in  dose proximity to the SAW 
apart from the temperature fluctuations in the surrounding resonators 22,24. The temperature detected by the tempera- 
environment. By actively controlling the temperature of the ture sensor 64 is compared to a stored preset temperature 
SAW resonators 22, 24 to maintain a preset or preselected 25 which is the preferred operating temperature of the NVR 
temperature, temperature changes in the environment will monitor 20 for a given application. As the NVR monitor 20 
not induce a major drift i n  the baseline temperature. In  this can be used to monitor molecular contamination in a variety 
way, the theoretical lower limit-of-detection of a 200 MHz of different environments, the operating temperature is pre- 
SAW resonator 10, Le., mass detection on the order of lo-" seleeted by the user depending on the environmental con- 
g-cmW2, can be realized. In order to accurately control the 30 ditions of the area which is to be monitored. The temperature 
temperature of the SAW resonators 22,24, the NVR monitor control electronics 30 produces a temperature signal which 
20 includes temperature control components 32 comprising is representative of the temperature difference between the 
a heat sink 46, a thermal electric element 56, a radiator 60, measured temperature and the stored preset temperature. 
a temperature sensor 64 and temperature control electronics This signal is output from the electronics 30 to a power 
which are a part of the system control electronics 30. The 35 supply 68. The temperature signal determines the magnitude 
temperature control system 32 is able to directly heat and and direction of a current delivery signal that is sent on line 
cool the SAW resonators 22.24 to maintain the resonators 70 from the power supply 68 to the thermoelectric element 
at a preset temperature independent of the environmental 56 to operate the thermoelectric element 56 in either the 
conditions. cooling or the heating mode. 

If the environmental temperature is below the present 
the operating elements of the real-time NVR monitor 20 are temperature, the thermoelectric element 56 is operated in the 
housed within a single enclosure 34 which is sealed from the heating mode. When the thermoelectric element 56 is oper- 
environment except for an air vent 36 and a ventilation duct ated in the heating mode, the current 70 which is applied to 
38 which enable the cooling of the operational elements of the thermoelecttic element 56 produces heat, the level of 
the NVR monitor 20. A front face 40 of the enclosure 34 45 which is dependent upon the magnitude of the current signal 
includes an aperture 42 through which the reference and the 70 which is applied to the thermoelectric element 56. The 
sensing SAW resonators 22,24 are exposed to the external heat from the thermoelectric element 56 is transferred into 
environment. Also on the front face 40 of the enclosure the heat sink 46 which is in thermal contact with the 
proximal to the resonators 22, 24 is an array of environ- thermoelectric element 56. The heat from the thermoelectric 
mental sensors 44 which monitor certain parameters that 50 element 56 travels along the length of the heat sink 46 and 
may influence the manner in which the NVR monitor 20 eventually reaches the SAW resonators 22. 24. The SAW 
operates. such as room temperature. humidity. etc. In order resonators 22, 24 are continuously heated by the thermo- 
to enable the direct heating and cooling of the SAW r e m  electric element 56 via the heat sink 46 until the SAW 
nators 22. 24, the SAW resonators 22, 24 are operatively resonators 22, 24 reach the desired preset temperature. 
mounted to a heat sink46, such that a first side 48 of the heat 55 If the environmental temperature is above the present 
sink 46 physically and thermally contacts the SAW resona- temperature. the thermoelectric element 56 is operated in the 
tors 22. 24. The opposite side 50 of the heat sink 46 is cooling mode. When the thermoelectric element 56 is oper- 
proximal to the electronic circuit board 26 which contains ated in the cooling mode. the thermoelectric element 56 
the SAW control electronics 25. draws heat from the heat sink 46. The rate at which the heat 

The preferred embodiment of the heat sink 46 comprises 60 is drawn from the heat sink 46 is dependent upon the 
legs 52.54 which are joined together at aright angle to form magnitude of the current signal 70 which is applied to the 
an L-shaped heat sink 46. The leg 52 of the heat sink 46 thermoelectric element 56. The heat sink 46 is in thermal 
extends between the SAW resonators 22, 24 and the elec- contact with the SAW resonators 22,24 and therefore draws 
tronic circuit board 26. The leg 54 of the heat sink 46 the heat from the SAW resonators 22. 24 and delivers it to 
extends past the electronic circuit board 26 and physically 65 the thermoelectric element 56 when it is operating in the 
contacts a first side 55 of a thermoelectric element 56, such cooling mode. The excess heat which is drawn by the 
as a peltier device. An opposite side 58 of the thermoelectric thermoelectric element 56 is dissipated though the fins 62 of 

In one preferred embodiment, shown in FIGS. 2 4 ,  all of 40 
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the radiator 60 which are cooled by an air stream entering 
the enclosure 34 of the NVR monitor 20 through an air vent 
36. The air within the enclosure 34 is drawn out of the 
enclosure 34 through an external vent 38 by means of a 
blower 72. The external vent 38 is located in a back panel 74 

monitor 20 can be calculated using the mass sensitivity of 
2xlO-l’ gm/Hz cm2 and an active area of 0.1 cm2. 

LE =2x10-11* x0.1cmz=2x1~++ (3) 
5 Am & m* 

of the NVR monitor 20 to ensure that the self-generated 
COnhl’nhantS frOm the NvR monitor 20 are expelled in a 
direction which is away from the SAW resonators 22.24 to 
prevent inaccurate NvR readings from occurring. The sys- 
tem control electronics 30 controls the operation of the io 
blower 72 via line 71 to turn on the blower 72 when the 
thermoelectric element 56 is operated in the cooling mode 
and to turn Off the 
element 56 is operated in the heating mode. 

between the SAW resonators 22,24 and the eleCtrOniC circuit 
board 26 which contains the SAW control electronics. 
Electrical leads of the SAW resonators 22,24 are connected 
through the heat sink46 to the electronic circuit board 26 via 
an electrical path 76. As it is desirous to provide an NVR 20 
monitor 20 which is inexpensive to manufacture, in the 
preferred embodiment of the NVR monitor 20, the SAW 

The signal shiftfromthe deposition of iX1o-8 gm/cm*per 
month of contamination would be: 

1 x 10“ gm month-1 cm-* 
2 x 10-11 gm Hz-1 cm-* 

= 5oo IIz per month 

or appro-tely 17 Hdday, which correspon~ to a signd 
noise ( S N  of approximately 6 (assuming a +1 Hz noise 
level and at least a S/N=3 for detection). 

The kjgh performance of a 200 M H ~  SAW resonator can 
be realized by comp&on to a 10 MHz TQCM instrument. 
Assuming a NVR deposition of 1 ~ 1 0 ~  gm/cm2 per month 
and the 10 MHz TQCM mass sensitivity of 4.42xlO-’ 
gm/Hz cm2, the signal shift of a 10 MHz TQCM would be: 

72 when the *ermal 

AS described above. the heat sink 46 is positioned 15 

1 x 10“ gm month-’ cm-z 
4.42 x 10” gm HZ’ cm-z 

= IIz per month 

resonators 22,24 are located close to the circuit board 26 to 
eliminate the need for additional circuitry to compensate for or 0.08 Hz/day. 
the phase shifting. impedance mismatching and losses which 25 In addition to maintaining an active temperature control 
may otherwise occur along the electrical path 76. However, independent of the temperature fluctuations, other precau- 
it is also desirous to provide a heat sink 46 of suflicient tions are taken to ensure an accurate NVR measurement is 
thickness that the heat generated by the SAW resonators 22, achieved. For example, the operational elements of NVR 
24, the external environment and the internal system control monitor 20 are enclosed in the enclosure 34 and the systems 
electronics 30 be dissipated as quickly as possible through 30 self-generated contaminants are directed away from the 
the heat sink 46 and away from the SAW resonators 22,24. sensing resonator 22 when they are expelled from the 
Preferably, a heat sink 46 of at least 0.1 inches thick is used enclosure to prevent contamination of the environment 
to provide a suflicient dissipation of the excess thermal under monitoring. 
energy. The preferred embodiment of the present invention In an alternate embodiment of the NVR monitor as 
utilizes a heat sink 46 which is approximately 0.25 inches 35 illustrated in FIG. 5, the contamination producing elements 
thick A recess 78 of approximate 0.05 inches in depth is of the NVR monitor are housed in a separated enclosure 
formed in the heat sink so that the thickness of the heat sink from the SAW resonators 22, 24. The SAW resonators 22, 
at the recess is approximately 0.20 inches. The SAW reso- 24, the heat sink 46, the SAW electronics circuit board 26, 
nators 22, 24 are mounted within the recess 78 of the heat the thermoelectric element 56 and the radiator 60 are all 
sink 46. The preferred embodiment of the recess 78 has an 40 located in a monitoring enclosure 80. The system control 
area that is not substantially largedthan the combined area of electronics 30, such as the temperature control electronics, 
the SAW resonators 22,24 such that the heat sink46 remains the signal conditioning electronics, etc., the data connection 
sufficiently thick through its length to provide good thermal port 79, the power supplies 68 and blower 72 are located in 
conduction. Preferably, the length of the electrical path 76 a support enclosure 82. The monitoring enclosure 80 is 
between the SAW resonators 22,24 and the circuit board 26 45 located in the environment which is to be monitored and the 
is approximately 0.1 to 0.2 inches in length. support enclosure 82 is located in a remote location. The 

The NVR monitor 20 outputs the data that it collects via monitoring enclosure 80 and the support enclosure 82 are 
a data port 79 to an external recording and/or processing joined together with sealed cables 84 and ventilation duets 
system (not shown). Some examples of the types of data 86, so as to further isolate the possible sources of contami- 
which are collected by the NVR monitor 20 are: the beat 50 nants from the environment under surveillance. 
frequency fiom the sensing 22 and reference 24 resonators, The monitoring enclosure 80 is sealed from the external 
which indicates the level of molecular contamination mea- environment except for an air vent 88 and a sealed ventila- 
sured by the NVR monitor 20, the temperature of the SAW tion duct 86. The airstream which enters the monitoring 
resonators 22, 24 as determined by the temperature sensor enclosure 80 though the air vent 88 is used to cool the 
64, the room temperature and the humidity of the environ- 55 radiator 66. In the alternate embodiment, this flow of air is 
ment as determined by the environmental sensors 44, etc. shielded from the SAW resonators 22, 24 and the SAW 
These data signals are collected and scaled to signal levels electronics circuit board 26 by a heat shield 90. In addition, 
which are accepted by the external recording and/or pro- the heat shield 90 is used to maintain a steady temperature 
cessing system by signal conditioning electronics which are of the SAW resonators 22, 24 by preventing the hot air 
a part of the system control electronics 30 of the NVR 60 which is dissipated by the radiator 60 from contacting the 
monitor 20. These signals are output through the data port 79 SAW resonators 22, 24 and reheating them. 
to the external recording and/or processing systems for Fluids, such as air, are drawn from the monitor enclosure 
recording and or analysis. 80 into the support enclosure 82 via the sealed ventilation 

Using the above described active temperature control of duet 86 by means of a blower 72 located in the support 
the SAW resonators 22, 24, the baseline noise level is 65 enclosure 82. The blower 72 also moves air through the 
typically 51 Hz (measured with 1 Hz resolution). The lower interior of the support enclosure 82 to keep the support 
limit-of-detection of the SAW resonator real-time NVR electronics 30 cool and exhausts the air though an external 
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vent 92. The remote location of the support enclosure 82 and 
the ducting of the air from the monitor enclosure 80 to the 
support enclosure 82 ensures that the system’s self generated 
contaminants would not be discharged in the vicinity of the 
location being monitored. 

Another configuration of the NVR monitor is shown in 
FIG. 7. In this configuration. the signal processing electron- 
ics 29 and the oscillator electronics 31 (which together make 
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also periods of sustained decay in the frequency for many 
hours. Examination of the timing would show that these 
were periods after the departure of a work crew. Details to 
which activities were logged varied considerably. so that it 
is not possible to correlate every notable frequency event 
with a known activity. However. all but two contamination 
episodes were correlated to scheduled activities on the Test 
Stand. Test Notes or other Kennedy Space Center documen- 
tation was not available to identify the two episodes. up the SAW control electronics 25) have been physically 

separated. More specifically, the signal processing electron- 10 Due to the absence of major activities during the first 
ics 29 which generate the majority Of the heat have been week, an assessment of the typical baseline stability or 
moved to the Support enclosure 82 With the System control “noise” is possible. An eleven hour segment of the raw data 
electronics 30, the data connection port 79, the power is expanded and shown in FIG. 9 (a data point is taken every 
supplies 68 and blower 72. The oscillator electronics 31 45 seconds). This plot flustrates the worst case t h e m y  
remain located in proximity to the heat Sink 46 within the 15 induced noise from the temperature controller is Hz, 
monitor enclosure 80. In one embodiment, the oscillator which col-responds to a lower-fit-of detection of 0.13 
electronics 31 are connected to the signal processing elec- ng/cm2, assuming a Sm of 3. 
tronics 29 by electrid conductors (e.g., wires) within the con&olled SAW resonator real-time 
sealed cables 84. In another embodiment. the oscillator NVR monitor 20 operated flawlessly over the 14 day period 

lxonics 29 by optical fiber. The fiber optics may be within the than 1 ng/cm2/&y NVR C o n t e a t i o n  epi- 
sealed cables 84 or may be located within a Separate jacket sodes detectedby the instrument were correlated with sched- 
or duct (not shown). uled activities on the Test Stand. Assuming a baseline noise 

actual operating conditions it was installed on one of the Test 25 lower Et of detection would be 0.13 nanogrm/cm2. ms 
described below in Example 1. 

ne 
electronics 31 are connected to the processing eke- 2O at Kennedy space Center and successfully measured less 

In Order to evaluate the NVR monitor 2o under 

Stands in the o&c building at Kennedy space Center as 

level of- Hz ( W y  th&y induced) the absolute mass 

would enable the detection of a daily NVR deposition rate 
of less than 0.1 nanograms/cm2/day. 

EXAMPLE 1 

air flow environment was similar to a standard NVR witness 
plate, the temperature controlled NVR monitor 20 was 
integrated onto an actual NVRR witness plate. The NVR 
plate containing the NVR monitor 20 was attached to one of 

The NVR monitor 20 has proven itself to be useful for 

the O&C building at the Kennedy Space Center. In addition, 
the NVR monitor 20 can be advantageously used to measure 
the level of NVR contamination in “clean rooms” used in 

such as in 

In order to assure the SAW sensor’s physical, and 3o ‘pace by measuring the NVR contamioation in 

the rails on the Test Stand. The SAW resonator real-time 35 
NVK monitor 20 operated unattended for 14 days in the 

manufacturing> high precision Optical 
manufacturing, and in any Other area where 

O&C building. Several data were collected during this time: On the 

perature and the drive voltage of the thermoelectric element forms without departing from its spirit or essential charac- 
56. ne extremely high sensitivity of the SAW resonator 22, 4o teristics. The described embodiments are to be considered in 

levels of all respects only as illustrative and not restrictive. The scope 
material flux (at a resolution in the fractional mono- of the invention is, therefore, indicated by the appended 
molecular-layer range), allows one to observe and measure Claims rather than the foregoing description. AU changes 
both volatile and non-volatile material fluxes (in either vapor which come within the meaning and range Of equivalency of 
or condensed form). Examination of the frequency shift 45 the are to be embraced within their scope. 
versus time data obtained from the 14-day test revealed the we 
simultaneous presence of non-volatile and volatile mat&& 1. An apparatus for detecting contamination, comprising: 
which are correlated to scheduled activities. a heat sink having opposing sides; 

The change in the SAW sensor beat frequency versus time a detection SAW resonator in thermal contact with one 
data from the 14 day on-site test is shown in FIG. 8. It can 50 side of said heat sink; 
be seen that there is a general rising trend in the frequency SAW control electronics, at least a portion of said SAW 
over the test period. represented by the locus of the fre- control electronics being in proximity to the other side 
quency trace. and corresponds to an average deposition rate of said heat sink,  said portion of said electronics being 
of about 1 ng/m2 day. Superimposed on this rising slope are electrically connected to said SAW resonator along an 
a number distinct signatures which are seen as rising and 55 electrical path through said heat sink; and 
falling frequencies. indicating the arrival and departure of wherein there is no thermoelectric element in direct physical 
volatile materials as observed in our laboratory studies. contact with said SAW resonator. 
These signatures can be correlated to activities occurring in 2. The apparatus of claim 1, wherein said electrical path 
the environment where the real-time NVR monitor 20 was is no more than 0.25 inches in length. 
located. Some parts of the volatile trace show a general rise 60 3. The apparatus of claim 1. wherein said electrical path 
with s m a l l  decays, indicating the source, or sources were is between approximately 0.1 inches and approximately 0.2 
present during extended periods. There are also discrete inches in length. 
events in which the deposition rate was very high: but these 4. The apparatus of claim 1, wherein said SAW resonator 
were nearly always followed by an equally steep decline, resonates at a frequency of approximately 200 MHz-2,000 
with a resulting peak that exhibits symmetry. This would be 65 MHz. 
the result of some relatively strong volatile source being 5. The apparatus of claim 1. wherein said heat sink is 
brought to the area and subsequently removed, There are 

level is 
SAW beat frequency, NVR plate temperature, SAW tern- The present invention be embodied in other specific 

with its ability to detect very 

L-shaped. 
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6. The apparatus of claim 5, additionally comprising a 
thermoelectric element in thermal contact with said heat 
sink, and a radiator in thermal contact with said thermoelec- 
tric element. 

radiator and a thermoelectric element which heats and cools 

thermoelectric element, wherein said thermoelectric element 
and said radiator are mounted on one leg of said L-shaped 
heat sink, said SAW resonator is mounted to another leg of io 
said L-shaped heat sink and said SAW control electronics 
are mounted proximal to said another leg of said Lshaped 
heat sink. 

8. The apparatus of claim 1. additionally comprising first 
and second enclosures, said enclosures being separate from 15 
each other and being operatively connected to each other to 
transfer signals therebetween, one of said enclosures com- 
prising a monitor enclosure which houses said SAW 
resonator, the other of said enclosures comprising a support 
enclosure which houses support devices, one of said support 20 

9. The apparatus of claim 8, additionally comprising a 
duct between said first and second enclosures for drawing 
fluid from said monitor enclosure to said support enclosure. 

10. The apparatus of claim 1, wherein said portion of said 
7. m e  apparatus of claim 5, additionally compfis@ a 5 SAW control electronics in proximity to the other side of 

Oscillator 

said SAW control electronics is located remotely from said 
resonator. 

12 The apparatus of claim 11, wherein said another 
of said s*w control electronics comprises signal 

processing electronids. 
13. The apparatus of claim 11, wherein said another 

portion of said SAW electronics is connected to said portion 
of said control electronics in proximity to the other 
side of said heat sink by an electrical conductor. 

14. The apparatus of claim 11, wherein said another 
portion of said SAW electronics is connected to saidportion 
of said control electronics in proximity to the other 
side of said heat sink by fiber optics. 

heat sink 
said heat said radiator in the& contact with said 11. The appXatuS Of Claim 1, wherein another POdOIl Of 

devices comprising a power supply. * * * * *  
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