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ABSTRACT

The temperature dependence of the decay constant of Ruby R line 

fluorescence has been exploited to develop a temperature sensing device. 

This device, based on an optical process, is non-perturbing to radio 

frequency fields where temperature measurements need to be made. 
Fluorescent decays are measured to within about 0.1%, yielding a temp

erature. resolution of about three tenths of one degree Celsius. System 

drift compares favorably with that of other systems under development. 

This thesis describes the motivation for and the architecture of the 

system developed.

x



CHAPTER 1

INTRODUCTION

In the last few years hyperthermia has come to be recognized 

as a vital modality for the treatment of tumors and other cancerous 

tissues. Research by Kase and Hahn (1976) offers convincing evidence 

that, while all cells suffer impaired survival from hyperthermic 

exposure, cancer cells, especially those densely packed in tumors, 

suffer a substantially enhanced killing above 43 °C. Below 42 °C very 
little cell denaturation occurs (Gerner, et al., 1976) while above 

44.5 C vastly increased numbers of healthy cells are killed along 

with the target cells. Hyperthermic overdose can result in massive 

cell necrosis which is a severe liability to the patient. Unfortun

ately, hyperthermia programs have been retarded over the years by the 

inability to monitor and maintain temperatures within the narrow 

range required for treatment.

The hyperthermia program under the direction of Dr. Eugene 

Gerner of the Arizona Health Sciences Center has greatly advanced the 

use of hyperthermia in combination with other treatment modalities.

To do this, a great deal of planning and design have been aimed at 

the application of heat, while the measurement of temperature to the 

required accuracy has remained as a thorny problem. The problem 
arises because conventional thermometer probes rely on electrical 

currents carried by wires. These metallic materials interact with
1



radio frequency electric currents and microwave radiation used for 

treatment. The thermometer will not only report an erroneous temper

ature measurement but, in some cases, will heat to the point of burning 

adjacent tissues.

A number of schemes have been advanced in the last five years 

to determine internal body temperatures without resort to metallic 

probes. The diversity is impressive. Non-invasive approaches have 

touched upon internal temperature determination via detection of 
thermal microwave radiation (Barrett and Myers, 1975) and have 

centered upon ultrasound measurements based on propagation speed 

(Bowen, et al., 1977; Johnson, et al., 1977). Invasive probes have . 

been based primarily upon the light transported through optical fibers. 

Devices have been developed relying on the detection of thermal 
expansion: a capillary enclosed gas column (Hammar and Neil, 1980) 

and a miniature etalon (Christensen, 1975) whose thickness shifts 

yield frequency shifts for interference nulling. Measurement of 

optical reflection from a liquid crystal surface (Johnson, Ghandi, 

and Rozzell, 1975) has been under development for some time as has 

a system using the rotation of the plane of polarization via a 

birefringent crystal (Cetas, 1975). A recent, and very promising 

technique uses the variation of the optical absorption edge for a 
semiconductor (Christensen and Volz, 1979)..

A number of techniques based on fluorescence have been 

under development. Samulski and Shrivastava (1980) have charac

terized the absolute strength of a fluorescent output with temperature
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for a zinc-cadmium sulfide phosphor. Wickersheim (1978) has developed 

a system which ratios the outputs from two selected fluorescent lines 

of a rare earth phosphor. Measurements have been taken at the Naval 

Research Laboratory (Cavatorta, Schoen, and Sheridan, 1979). of the 

frequency shifts with temperature of the Rj. line of ruby. Development 

of a probe has not yet been reported. Research here at the Optical 

Sciences Center (Sholes and Small, 1980) has concentrated on measure

ment of the decay constant of the R lines of ruby. The design aim 
has been mechanical simplicity and maximum stability. We believe that 

the. stability of this approach compares favorably with that of any 
other system under development. It is this work to which this thesis 

is addressed.

The above listing of non-perturbing temperature measurement 

techniques is not exhaustive. Excellent reviews of the research and 

development of these methods have been made by Cetas (1978) and 

Wickersheim (1979).



CHAPTER 2

GENERAL FLUORESCENT DECAY CONCEPT

The concept of using the time constant of a fluorescent decay 

to identify temperature has been advanced by Dr. James Small. This 

idea is very appealing for two reasons. First, a probe can be 

constructed which is entirely optical so that delivery of information 

from the probe to the outside can, in principle, be isolated from 

environmental influences. Second, a probe which does not entail 

mechanical operation or a sequence of parts is easily miniaturizable, 

which is of obvious importance for an invasive device. The probe 

need consist of no more than an optical fiber with a small crystal of 

ruby securely fastened to its end. Both materials are chemically 

impervious to a biological environment.

Fluorescent decay is exponential when the decay is from a 

single well-defined level. The exponential function has the useful 

quality that its character is unchanged with time shifts, so that 

F(t) equals F(t+6) times a constant. The time constant, r, which 

characterizes the decay curve is determinable from three points of the 

curve or from two points and the zero asymtote. For the two points 
(ti,yi) and (ti+AT,y2) where yi = I^e and yg = IQe (^i+AT)/?

we have
' >-1 1

Y2 . 6-AT/t (1)
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By constraining the ratio YllYz t0 be the constant e, the time AT . 

between the two measurements is equal to the time constant. This 

result is independent of the time ty when the measurement sequence 

is initiated and is, therefore, independent of the magnitude of the 
signal. Of course, the values of Yl and Yz must be determined 
absolutely.

The concept of a.clinical tool for measuring temperatures 
using fluorescence is as follows: A short pulse of light can be

delivered through an optical fiber to a small piece of fluorescent 

material such as ruby which has been inserted to a desirable point 

in the body. The resulting fluorescence is returned through the 

fiber to a detector system which produces an electrical signal from

which the decay constant, and thus the temperature, can be determined.

The implementation of this idea depends on two things. First, the ,

fluorescent material must exhibit a significant dependence of decay 

constant upon temperature. Second, the detector system must be able 

to resolve the decay constant with sufficient precision to convert 

this dependence to an adequate temperature resolution. Scanty data
(Nelson and Sturge, 1965; Tolstoi and Tkachuk, 1959; Fonger and 

Struck, 1975) in the literature suggests that one might expect laser 
type ruby (0.05% Cr) to yield about one third to one half percent 

change in the decay constant per degree Celsius change in temperature.

To achieve a resolution of two tenths of a degree Celsius 

we need to resolve the decay constant to better than a tenth of one 

percent. This simple calculation suggests the need to explore



materials other than ruby. If, however, we can resolve the decay 
constant adequately, ruby offers the dual advantage of being imper

vious to the biological environment and harmless to it.



CHAPTER 3

DECAY MEASUREMENT SCHEMES

The Two Point Measurement 

The fluorescent decay which we detect must be analyzed in 

some fashion. For a mathematically ideal decay we need simply to 

measure two points on the curve. There are two ways to do this. As 

this decay reaches a prescribed level we start a clock and either 
measure the time required for the decay to reach a lower prescribed 

level (threshold technique) or we measure the level of the decay after 
a prescribed time interval (fixed interval technique). In any real 

detection system noise limits the ultimate resolution. In the presence 

of wideband noise, these two measurement schemes behave differently.

If we assume a simple noise model where the well-defined function 
y(t) = I^e is replaced by a window of width 21^/SNR centered on y,

where SNR is the signal-to-noise ratio at t = 0, then each of these 

techniques will produce errors in the determination of the two points. 

By looking at Figure 1 and assuming that triggering will occur at the 

first intersection of the trigger level with the window, one can see 

that either scheme generates a systematic starting error with a small 
random variation. Determination of the second point, however, differs 

for the two techniques. The threshold technique produces a much 

larger compensating systematic error; whereas the fixed interval 

technique produces a totally random error in the level. For either
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FIXED THRESHOLD TECHNIQUE 

T ------~~ 

FIXED INTERVAL TECHNIQUE 

Figure 1. Errors with a Two Point Measurement System 



case, clearly there is an optimum place to locate the second data 
point. This optimum, as it turns out, is a delay of one time constant 
or a threshold ratio of 1/e. See Appendix A. Using this optimum 

and assuming a time constant of 3.5 milliseconds and a SNR of about 

100, we find for the threshold technique a systematic error in the meas
ured time constant of about -2% and for the fixed interval technique, an 

error in the range of -4% +2%. This is nowhere nearly satisfactory.
Our experimental efforts using the threshold technique produced varia

tions in the measurement of t in excess of 5%. This suggests that the 

random variations in the triggering due to noise are at least as large 

or larger than the systematic variations.

The Multiple Point Measurement 

The only remedy to this situation for a given material 

sensitivity and temperature resolution requirement is to extract more 

information from the decay curve than is contained in two points.

The most obvious way to do this is to sample more points. We can 
sample a string of points (t^,y^) where i runs from 1 to 2k such 

that each point is noisewise uncorrelated to adjacent points. If 

we assume it takes one time constant to sample k points then we can 

pair the first point with the k + f point, the ith point with the 

k + i  point, and so on, as shown in Figure 2. This is an optimum 

pairing of points. Clearly, each subsequent pair of points has a 

decreased signal to noise ratio relative to the previous pair. An 
improvement to this situation results if each pair is shifted toward



10

<zu
in

•— C\Fr> L V-—CNTO + + +W V
ith PAIR

v
CM

TIME

Figure 2. Multiple Sampling

the origin and remains uncorrelated with the other pairs. This is 

equivalent to making paired measurements on k different curves.

We can determine the precision with which we can measure x 

for the case of k independent pair samplings and this represents a 

theoretical limit which cannot be reached by taking 2k samples at 

fixed intervals. The fractional resolution is, in this case, equal 

to one over the square root of k times the resolution of one pair.

A good sampling system may sample in the neighborhood of 15,000 times 

per second. For a time constant of 3.5 milliseconds, we need to 

sample for 7 milliseconds. Hence, we have available about 55 sample 

pairs, giving us an improvement over a 2 point measurement of about 

1H times. Actually, the samples suffer considerably from quantization 
error and the sample pairs derive from a signal with exponentially 

decreasing signal to noise ratio. So the improvement is significantly 

less than this.
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The Integration Technique 
Another approach to getting information from the entire expo

nential decay curve is to integrate it and sample the result. While 

integration does not preserve the time dependence of the decay as does 
a multiple point technique, we gain the time to make a very precise 

digitization of the result since we are not digitizing repeatedly. An 
integrator is essentially sampling at an infinite rate, giving us all 

the information that exists in the decay curve. The only limitations 

are the bandwidth of the integrating amplifier and the resolution of 

the digitization process. These limitations imposed by available 

circuitry are not severe, as will be discussed later.

There is a problem with integration in that the asymtotic 

value of the integrated decay curve depends on the magnitude of the

decay curve when integration is begun. If our decay curve is given 
-t/xby y = I ■> e and we set a threshold at I so that integration

begins at t = 0 we get

Y = J " ' ' ydt = -Ire /  = It(1 - e"Tl/T) (2)

Unfortunately, the decay signal is accompanied by noise which causes 

us to hit threshold too soon by a time 6. Now, if we integrate 

starting at t = 6 for a period we get:

-fT’+5 Tl*6 -«/tn  .Y = I ydt = -Ire = Ire (1 - e 1 )

■ (3) -
We have no way of knowing the value of 6. But we can do something
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which is doubly useful. We can integrate for two different periods 

and t2 so that
fTi+5 fT2+6

Yi = J  ydt Y2 = J ydt , (4)

as illustrated in Figure 3. The ratio of the measurements Yi and Y2 

gives:
Yi lTe'6/T(l - e'Tl/T)

yT = lTe-6/T(l - e-T2/T)
(5)

Clearly, the starting error time 6 disappears and the decay curve 

amplitude at t = 0  disappears. This is a powerful result since our 

experimental measurements Yi and Y2 are related strictly to the time 

constant x and the integration periods x% and r2 without dependence 

on the starting decay amplitude I. Hence we have the implicit relation

Yi (1 - e~Tl/T)vT ’ P ‘ 7̂77̂ 7 ■

Two degrees of freedom are available in making this measurement, namely

T} and t2 • There is no simple optimum for x2. As x2 increases, leak

age current in the integrating capacitor becomes more significant than

the decay integration itself. We would like to stay away from this 

situation and yet integrate most of the curve. For a given value of 

x2, however, there is an optimum value of x^ such that an error in 

produces a minimum error. A, in x . See Appendix B. Not surprisingly, 

this optimum is just the time constant x for extremely small errors
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STARTING
ERROR TIME

Figure 3. Dual Integration of Exponential Decay

in the measurement of and Y2. This optimum is, however, very 

sensitive to the size of T2 when A is small but not vanishingly small. 

For a decay constant, t, of 3.5 milliseconds and a precision of 

determination 0.1 % we get the following optima using Equation 2 of 

Appendix B. See Table 1.

Table 1. Optimum short integration period

i2 (msec) t1 (msec)

00 0 2.595

10.0 2.892

12.0 5.099

15.0 5.292



CHAPTER 4

RUBY FLUORESCENCE

The experimental work in the optical thermometry project has 

focused almost entirely on ruby. Ruby is a type of sapphire containing 

a small amount of chromium. The sapphire crystal is aluminum oxide 

made up of hexagonally close packed layers of oxygen atoms nested 
upon each other in an ABAB... sequence (hexagonal close packed 

structure) with aluminum atoms situated in planes C interleaving 

each A and B plane so that the layering is ACBCACB... (See Figure 4). 

Only two thirds of the C plane sites are occupied by aluminum atoms 

because of stoichiometry. Each aluminum is, therefore, surrounded 

by six nearest neighbors of oxygen which form an octahedron (Hurlbut 

and Klein, 1977, p. 140, pp. 263-7). This structure is termed 

rhombohedral and the unit cell contains two molecules of AI2O3 (Sugano 

and Tanabe, 1958). A chromium atom can substitute for an aluminum 

atom, so that the crystal is a lattice of AI2O3 with a small amount 

of Cr203, the chromium centers being randomly distributed. The 

chromium content determines the strength of the red coloration of a 

ruby crystal. Laser ruby material (pink ruby) generally contains 

about 0.05% Cr203 to AI2O3 by weight, while gem rubies typically

have ten times this concentration. The chromium atom is the center 

for the observed fluorescence, wheras its contribution to the mech

anical properties of sapphire is negligible.

14
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Figure 4. Lattice Structure of Sapphire
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The chromium free atomic electron configuration is

s22s22p63s23d54s1 = [Ar] 3d54s1 .

IVhen chromium substitutes for aluminum in the crystal it becomes 

essentially triply ionized, giving up three electrons to the neighbor

ing oxygen atoms (Siegman, 1971, p. 29). Three electrons remain in 

the third level and generate the chromium ion band structure. But 

the band structure is due not only to the properties of the chromium 

atom but to the crystalline environment as well. Figure 5 shows the 

splitting of the 4F and 2G levels due to the crystal field potential. 

If the arrangement of atoms was completely symmetric this field 
would be cubic, but for sapphire crystals there is an elongation

iperpendicular to the planes denoted in Figure 4, known as the c axis. 

The resulting perturbation to the field potential is termed the 

trigonal field component. The field asymmetry and spin-orbit coupling 

cause a sizable splitting of the 2E level (Geschwind et al.,1965; 

Schawlow, Wood, and Clogston, 1959). This gives rise to two fluor

escent lines, the (E \Ag) at 0.6944 pm and the R2 (2A -> ^A^) 

at 0.6930 pm at room temperature (Dodd, Wood, and Barns, 1964).

The processes of interest for this research.are the optical 

pumping from the ground state, ^Ag to the two absorption bands 4Ti and 

4T2, the non-radiative or thermal decay from the 4Ti and 4T2 bands 

to the 2E levels, and the radiative decay (R lines) from 2E to ground. 

The 2E to 4A2 transition is electric-dipole forbidden. The fact that 

this transition is observed is due most fundamentally to the asymmetry 

of the crystal field, but more prominently to the thermal agitation
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of the lattice (Weber, 1979). The perturbations make the electric 

dipole transition slightly allowed so that we can observe a relatively 
slow decay (Nelson and Sturge, 1965). Electrons pumped to the 

absorption bands can decay directly to ground with transition prob

ability S31 or indirectly to 2E with probability S32, then to ground 

with probability S21, as shown in Figure 6. S3 % is almost entirely 
optical but is much smaller than S32 so that almost all of the excited 
states decay indirectly. Additionally, S21 is almost entirely optical 
and quite small so that we obtain fluorescence from the 2E •* UA2 

transition with high quantum efficiency. S21 is several decades 

smaller than S32 so that the population of the absorption bands is 

negligible compared to that of the metastable state (Maiman, 1960; 

Siegman, 1971, pp. 35-6; Weber, 1979, p. 172).

ABSORPTION
BANDS

METASTABLE STATE

GROUND STATE

Figure 6. Pumping - Decay Scheme
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The asymmetry of the crystal field removes the degeneracy of 
the 2E level producing two fluorescent lines separated from each other 

by about 15 angstroms. It is not practical to separate these two lines 

through filtration over a range of temperatures, so it is important to 

know how similarly Ry and Rg behave. Experimental work by Geschwind . 
et al., (1965) indicates a thermalization time between the 2A level 

and the E level of 1.5 x 10 8 sec for spin-flip transitions and 

3 x 10 10 sec for non spin-flip transitions. Theoretical models, em

ploying virtual transitions to higher states produce values on the 

order of 10 8 sec at room temperature for spin-flip transitions and 

nearly a hundred times shorter for non spin-flip transitions (Kiel, 

1961, pp. 423,4). These thermalization times are five to six decades 

shorter than the observed fluorescent time constant of about 3 x 10 3 

sec, hence it is safe to say that to a high degree 2A and E are therm- 

alized. Measurements of the intensity ratio of the two R lines 

indicate that the steady state equation

I(R]J e-AE/kT _ lil5 at 3oo k (7)
1 (Rz)

is satisfied (Nelson and Sturge, 1965, p. 1127). Other lines of 

comparable wavelength in addition to R% and Rg have been found to have 

the same decay time by a number of investigators. It is therefore safe 

to conclude that we get neither an admixture of slightly different 

decay constants nor a variation in the relative intensities of R% and 

Rg for variations in pump level. In the interest of making stable 

repeatable measurements this is a highly desirable result.



20
Two other desirable features of ruby are its thermal conduct

ivity and its pump efficiency. The thermal conductivity is high, some 

15 to 20 times higher than glass (Rothrock and Wilder, n.d.), an 
obviously ideal property for a probe material. Pump efficiency (fluor

escent photons / pump photon) is equal to the product of the fluor
escent conversion efficiency (excited 2E states / pump photon) and the 

quantum efficiency (fluorescent photons / excited 2E state) (Weber, 

1979, p. 170-1). For ruby both the conversion and the quantum effi

ciency are nearly unity so that the number of emitted R line photons 

is a large fraction of the number of absorbed pump photons.

Broadening mechanism are important because the degree of 

broadening of a fluorescent line influences the amount of self 

absorption. The fundamental broadening mechanism is lifetime broaden

ing, a spectral width in the emission due to the lifetime of the 

level decaying. The spectral width is equal to the damping which can 

be due to radiative decay or non-radiative decay.

A“ = ̂  = 1/T * 1/Trad ♦' 1/Tnon rad

For ruby, where the atomic oscillations are largely decoupled from the 

lattice, the transition from 2E to ground is almost entirely radiative 

(Siegman, 1971, p. 102) so that the last term in the above expression 

is negligible. The observed decay time of 3.5 milliseconds corresponds

to a bandwidth for the R lines of about 50 Hz. In reality, the R line
bandwidth is far greater and highly temperature dependent, about 

300 GHz at room temperature and up to 10 GHz at very low temperatures
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(Schawlow, 1.961, p. 53). The prominant mechanism responsible for 

this vastly greater linewidth is the thermal agitation of the.lattice 
referred to as collision broadening. To the extent that lattice inter
actions are elastic during photon emission they only spread the response 

of the R lines with no net emission or absorption of phonons (damping) 
and hence, no effect on the decay time (Siegman, 1971, p. 109). So,

Aw = Y + 2/Tlattice

where x. ... is the mean time between lattice interactions. Aslattice
temperature increases ^lattice decreases and the linewidth increases.
To the modest extent that interactions are inelastic the resultant 

damping effects the decay time as well.

For certain situations the decay time, x, is prominently 

affected by the process of self absorption, where emitted R line 

photons are reabsorbed in the material before they can escape the 

crystal to be detected. The delay in emission always lengthens the 

decay time. The degree of self-absorption depends on the degree of 
chromium concentration, the size of the crystal and the narrowness of 

the fluorescent line. For low temperatures, as the broadening

diminishes, any photon emitted will match an enhanced fraction of the

absorption spectrum (Tolstoi, Shun'-Fu, 1962, p. 226), so that the 

probability of reabsorption is increased. Many measurements of x for 

different crystal sizes have shown that at low temperatures, chromium 

concentration of 0.05% or more yields decay times that are appreciably 

dependent on sample size (Nelson and Sturge, 1965, pp. 1123-4; Tolstoi
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and Shun1-Fu, 1962, p. 226). For room temperature work there is not 

enough self absorption at the Cr concentrations of interest to intro

duce an appreciable sensitivity of t  to the crystal geometry.
The primary source of the temperature dependence of t , at least 

above cryogenic temperatures, is the phonon-assisted depletion of the 
2E level. While the R lines themselves are purely optical (Nelson 

and Sturge, 1965, pp. 1122-9), some of the decay produces phonons 

and the broadband vibronic satellites which, for emission, fall below 

the R lines in frequency. This parallel form of population depletion, 

which increases with temperature, reduces the 2E lifetime, t .

At cryogenic temperatures, the E and 2A thermalized population is 

predominantly in the E level, whose oscillator strength is greater 

than that of the 2A level. This more efficient depletion arrangement 

explains the decreased decay time at the lower temperatures, according 

to Nelson and Sturge (1965, p. 1124).
I As a further note, it should be mentioned that at higher 

concentrations of chromium (greater than about 0.1%) (Schawlow et al., 

1959, p.. 271) additional fluorescent lines, notably the N lines begin 

to appear due to chromium-chromium interactions. N% (0.7041 vim) is 

a product of third-neighbor chromium pairing, while Ng (0.7009 ym) is 

due to fourth-neighbor pairing (Engstrom and Mollenauer, 1973, p. 1616).



CHAPTER 5

THE MEASUREMENT SYSTEM

The experimental system used to characterize the temperature 

dependence of the decay time for ruby R lines was developed over a 

period of several months in response to several expected problems and 

several unanticipated ones. The operating system is made up of the 

illumination system, the sample and environment, the electronics 

system, and the data reduction as shown in Figure 7. The system 

description refers to the designs used for the most recent data which 

is reported.

ILLUMINATION
SYSTEM

O  X

SOURCE ShTJTTER

SAMPLE G 
ENVIRONMENT

FILTERS

ELECTRONICS
SYSTEM

D
SAMPLE

I-O-/

DATA
REDUCTION

>
A.B.C.D

DETECTOR AMP INTEGRATOR A/D

O T

DISPLAY PROGRAMS RESULTS

Figure 7. Block Diagram of System

The Illumination System 

The illumination system functions to populate the 2E levels of 

the chromium atoms to a satisfactory degree and to then cease inter
action with the sample so that an observation can be made. Usually, 

ruby is pumped with an extremely intense flux with the objective of
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achieving a population inversion and stimulated emission. This 

fundamentally influences the light source requirements. Great intensity 
available from a xenon source may be exchanged for the long duration of 
a much less intense incandescent source. When compared to a "low 
budget" xenon source, it is, in fact, surprisingly easy to achieve a 

much higher 2E population with modest incandescent illumination. This 

is because the time required for the excited state population to come 

to equilibrium is approximately equal to the decay constant x. See 

Appendix C for a derivation of this fact. We are free to pump for 

several time constants. Figure 8 shows a comparison of these two ways 

of pumping. Slow incandescent pumping to steady state is far more 

stable than rapid xenon pumping, though very rapid 2E thermalization 

should render this difference immaterial, as previously discussed.

The source used in the illumination system is a 24 volt 150 watt 
coiled tungsten quartz bulb operated at 9.7 volts d.c.reg./3.6 amperes 

which illuminates a leaf shutter' with its image at about 2/3 magnifi

cation via a relay lens. In order to gain a rapid termination of the 

optical pumping, the magnification needs to be small, while for signal 

efficiency, the lens needs to be fast. The configuration chosen rep

resents a compromise between these two requirements given the elements 

at hand. The shutter passes a real image of 25 milliseconds duration 

which triggers the measurement process. This chopped image is reimaged 

into the sample at a secondary magnification of about 2/3. Figure 9 

diagrams the sequence of elements.
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The Sample and Its Environment
The sample being studied needs to be held at an identifiable 

temperature. Much data was taken using a small gravity fed water cell 

containing the sample. Eventually it was realized that the thermal 
control was not adequate. Much better control is now obtained by 

suspending the sample in a vigorously stirred waterbath. Temperature 

is monitored with a thermistor at the crystal. The pump light is 

limited to optical frequencies above those of the R lines with a high 

pass absorption filter. The transmitted light imaged onto the sample 

is largely absorbed. Fluorescent Rx and R2 emission in the forward 

direction, is selected from other wavelengths with a narrow band 
filter. Figure 10 shows the overlap of the ruby R line in absorption 

with the narrow bandpass filter. As can be seen, the match is not 

ideal. The two ruby samples studied to date have been cut to about 

4 mm thickness with unknown orientation of the c axis, mounted on 

microscope slides with 3 mm x 3 mm apertures. Bath water flow is 

lengthwise along both surfaces of the microscope slide. The range of 

temperature is covered by evaporative cooling of the stirred bath. This 

procedure has yielded a thermal stability of much better than 0.1° C .

The spectral distribution of the fluorescent decay curve shown 

in Figure 11 can be represented by the power spectral density given by 

P.S.D. = F (/) • F*(/) where F (/) = cF{f(t)}, where f is the modulation 

frequency. f(t) can be approximated by the function e which has

a slightly higher distribution of high frequency components. Table 2 

shows the power spectral density for this function which diminishes to
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il
TIME

TIME

Figure 11. Approximation to Fluorescent Decay Function

Table 2. Normalized Power Spectral Density of Symmetric 
Exponential Decay

P.S.D.

0 1.00000
50 0.20493
100 0.02936
200 0.00242
400 0.00016
1000 0.000004
1500 0.000001

P.S.D. = 1 / for t = 5.5 x 10--3 sec
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less than one part in ten thousand between 400 and 1000 Hz. The band

width requirement of the detection system is modest, slightly more so 
for the actual decay than for the symmetric approximation used for 
Table 2. Limiting the subsequent bandwidth is important to suppressing 
high frequency noise.

To the extent that noise is not removable, the signal-to- 

noise ratio can be improved by increasing the signal. A fast optical 
system helps but the easiest approach is to pump harder, providing 

that the crystal is not near saturation and the pump light is not 

heating the crystal. An estimation of metastable state population 

is made in Appendix D using the measured steady state signal current 

in the detector generated by the 0.05 % chromium sample. The maximum 

population is approximately seven decades smaller than ground state 
population, a situation which allows for a vast increase in the pumping 
level.

It is also important that the pumping not contribute substantial 

heat energy, to the crystal. Order of magnitude, calculations in Appendix 

D estimate a temperature rise in the crystal due to one pump cycle 

of about 10~5 0C. This heat load could be increased substantially with

out limiting the thermal stability of a probe device.

The Electronics System 

Detector System 1

The electronics system is the most sophisticated link in this 

project. It is made up of the detector system, the integrator-sampling 

system and the control system. The detector system schematic is shown



in Figure 1 of Appendix J. The detector. United Detector Technology 
type PIN-10 DP is a photovoltaic operated in the standard "short-cir

cuit" mode into a current to voltage converter followed by a gain stage. 

In this mode, the rather large internal capacitance of 2400 pf does 

not affect the frequency response (United Detector Technology, p. 10) 
which is much higher than needed. The current to voltage converter, 

rather, limits the bandwidth of the system. The feedback tank of 

this element produces a pole at t = 3.3 x 10 sec. The bandwidth 

is approximately equal to 1/4t or about 760 Hz. The tank, chosen for 
gain and stability considerations, rolls off to capture the signal 

to better than one part in ten thousand, and excludes noise at higher 

frequencies.
Essentially all of the noise in the system originates in the 

detector and first stage. Calculated total noise level out of the 
first stage is about 8.2 x 10-7 volt//Hz, or about 23 microvolts over 

the bandwidth used. This agrees embarassingly well with measured noise 
voltages using an adjustable bandpass filter with both the dark detect

or and a substituted source resistance only. While the detector system 

is not shot noise limited, it is reasonably close. Appendix E dis

cusses the detector system noise in detail.

Detector linearity is critically important because system non- 

linearities cannot be corrected. An ideal detector feeding an ideal 

operational amplifier in a current to voltage mode will yield a linear 

response. The finite gain of the op amp, however, results in its 
behaving as a non-zero load impedance. For the configuration used



32

here, the magnitude of this load is eleven ohms at very low frequencies, 

increasing dramatically for higher frequencies. This non-zero load 
line, in principle, detracts from the linearity. Here, this deviation 
from linearity is well less than one tenth of one percent. Evaluation 
of this effect is carried out in Appendix F.

Integration System

For an ideal integrator where the operational amplifier has 
infinite input impedance, infinite differential gain, no input offset 

voltage and current and no bias current the output is given by

where the RC time constant is a scaling factor between the input and 

output voltages. In reality, as shown in Figure 12 an operational

vo (8)

t=0

C

R VW W

Figure 12. Integrator Configuration



amplifier has input offset voltage, Vq, and bias current, 1̂ , which 

adds additional terms

•/vodt r ir/v t (9)

While these extra terms can be significant for even the most carefully 

designed system, they can be eliminated through subtraction. By 

operating the system to first measure the decay including noise terms 

then, after a delay T, measure just the noise terms and subtracting 

them, they are very effectively eliminated. As discussed in Chapter 3, 

a dual-period integration eliminates the dependence of t  on the thresh

old level. Hence, we need to make measurements A, B, C and D where

and ti and t.2 are precise time intervals. Then (A - C)/(B - D) = Yi/Yg 

from which we can determine t using the implicit relation given by

of 16 2/3 milliseconds, it is possible to gain a great deal of 60 Hz 
rejection. In this design T has been set to 33 1/3 milliseconds, about 

10 time constants, so that the fluorescence has dropped to less than 

one ten-thousanth of its initial value for the noise integrations.
A fundamental inaccuracy which cannot be eliminated is the effect 

of finite gain of the amplifier used for the integrator. The finite

A (decay+ noise)
(10)

C

Equation 6. By making T an integral multiple of the power line period
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gain causes both an initial lag in the output and an eventual limiting 

magnitude of the output. If a step function is applied to the input 
the output should be a uniform ramp. But, as shown in Figure 13, the 
output lags at both time extremes. For the components used in this 
project the greatest accuracy (better than one part in one thousand) 

is obtained for integration periods ranging from 100 microseconds to 

100 milliseconds. Appendix G.l shows the details of the integrator 

step response. Integration times used for the ruby decay measurement 

are on the order of 10 milliseconds, well within this range.

V-Ao

o
co

1/f -A LOG TIMEo o

Figure 13. Step Response for an Integrator with Finite Gain

The input signal needs to be scaled so that its integral 

accumulates toward a desired maximum level. For an exponential decay 

with an initial value of V, the integrated value approaches v
max

where
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v = - i V / RC . (11)
max

For the integrator used and a maximum input requirement of 5 volts to 
the Ato D converter, V should be about 2 volts. This initial value 
of V applied to the integrator is just the threshold level fixed on the 

integrating-data board. A critically important requirement is that this 

threshold is reached after complete termination of pumping. Figure 14 

shows the approximate profile of the optical pump pulse to which the 

ruby sample is exposed. The transition from full pumping to no pumping 

takes 2 milliseconds. For the start of integration to occur after the

u wHH U.

TRANSITION TIME 
(2 msec)

DURATION 
(25 msec)

—  Ae"2/T > LEVELS 
THRESHOLD )

END
OF

PUMPING
START
OF
INTEGRATION

Figure 14. Threshold of Integration
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end of pumping, it is necessary that

A e~^//T > threshold , (12)

where A is the steady state fluorescent signal supplied by the detector 

system. The value of A= 2.85 volts barely satisfies this inequality.
For results reported in this paper, A =4.0 volts and threshold =1.6 

volts. The safety margin allows for variations in the shutter closure 

rate and for shorter decay rates at higher temperatures.

The integrator output accumulates in two sample-and-hold circuits 

which go into hold modes after periods ti and T2 . These two levels are 
then forwarded to a 12 bit A to D converter which then deposits the 
digital information in a storage register. Conversions are. by succes

sive approximation and each requires 25 microseconds for completion.

The storage consists of 16 addressable locations, each containing 12 

bits. Addressing occurs automatically via the control logic during data 

taking and manually during readout.

Control System

The control system determines the threshold for an exponential 

decay at which time the integrator is instructed to accumulate. Using 

a 2 MHz quartz oscillator it also generates the two time periods ti and 

which govern the sample-and-hold circuits. For all of the data 

reported, =3.072 msec and t2 = 12.288 msec. It instructs the 

A to D when to convert and when to store. It controls the address avail
able for storage. And it also generates a delay length T = 33 1/3 

milliseconds which causes it to generate these instructions a second
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time. The four digitized values of A, B, C and D resulting from one 

decay observation are stored with similar data from up to three other 

decay measurements. Twelve bit state indicators read out the sixteen 
accumulated values of A, B, C and D. Figure 15 shows a block diagram 

of the integration-sampling-control system.

INTEGRATOR
START STOP 1

SAMPLE 
6 HOLDS

A to D 
CONVERTER

DIGITAL
STORAGE

FROM 
DETECTOR > 
SYSTEM

BIT 
I STATE 
• INDI
CATORS

STOP 2
ADDRESS
CONTROL

PERIOD
SELECT

START

STOP 1

PRECISION
DELAY

THRESHOLD STOP 2

LOGIC
DELAY PRECISION

DELAY

Figure 15. Block Diagram of the Integrating-Sampling-Control System

Data Reduction
Reduction of data is done off line in two steps. First, the 

12 bit binary numbers are entered into a Tektronics 4051 desktop
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computer which reduces each set of values A, B, C and D to a value for 

t by solving Equation 6 iteratively (Program 1). Next, a collection 
of these data points and their associated temperatures from a data run 

is entered into the computer which generates a least squares fit 
to a second degree polynomial and calculates the standard deviation 
in the data (Program 2) (Bevington, 1969, pp. 134-7).



CHAPTER 6

EXPERIMENTAL RESULTS

Measurement of System Errors 

The noise subtraction scheme used in this work relies every

where on a common mode for the signal + noise measurement and the noise 

measurement. The dual period scheme relies on a common mode for the 

two periods ti and t2 everywhere except in the sample and hold cir

cuits. The result is that no offsets or long term component drifts of 
any kind can have any effect on the output, except for clock drift 
which is negligible.

Irremovable analog errors which must be minimized through good 

design include limitations to the linearity of each component in the 

system and hysteresis and leakage problems with the integrating 

capacitor. A polypropylene unit used for the integrator has very low 

hysteresis and very low leakage.

Quantization error is the "price paid" for the conversion of 

the decay information into digital form. If conversion is perfect, 

whereby any analog value is assigned to the closest digital value, 

then for each measurement A, B, C, or D the standard deviation is the 

bit width of the digital elements, 6, v 2/3. Refer to Appendix H.
Since A, B, C and D are independent, calculation of and Y2 (subtract

ion) produces a standard deviation of 5//6. Calculation of F (division) 

produces a fractional deviation of AF/F = 1.98 x 10 which results in
' ■ 39
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a standard deviation in x, = 1.34 usee. Appendix H also shows the 

maximum variation in x which is Ax = ±4.51 usee, or about 0.14%.

Experimental testing of the data processing system has amounted

to taking data using controlled signals. The first signal is an R-C
generated decay curve. Using this, repeated data has been taken over 

a period of time with the intention of observing long term drift and 

measuring the standard deviation of the results. Figure 16 shows values 
of x, each of which are averages of all data taken at a particular time.

2.795 '

2 .790 • # * #

t (msec) ^

2.785 -

2 .780 ■

■ ■ ■ ■ ■ * * i - i  —  j, _ . i .. i i . . i i_

10 15 20 25 50 5 10 15 20 25 30 5 10 15 20 25 30
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Figure 16. Long Term Drift of R-C Decay / Data Reduction System

The limited statistics do not suggest any significant correlation 

between time constant and age of the system. This is, of course, 

expected, as mentioned before. The distribution in x of the population 

of R-C decay measurements is shown in Figure 17. Interestingly, the
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distribution appears to be somewhat bimodal. The source of this has 

not been accounted for. The standard deviation as calculated from all 

of the R-C data is a = 0.00551 msec, or approximately 0.2% of the 

mean. This is reasonable in comparison to Appendix H considering that 

digitization is probably not ideal and the R-C decay curve is probably 
not ideal.

± 0.1 %
I •-----1

20 *

10

:l  .1 1. 1   , 1 , 1 1 1 1 1 1
2.770 2.780 2.790 2.800

t (msec)

Figure 17. Distribution of R-C Decay Measurements
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To experimentally" determine the effect of broadband detection 
system noise on the mean and spread of decay measurements, R-C decay 

measurements have been taken with and without the noise generated by 

the detector. Detector system noise is added by capacitively coupling 
the detector system, on and in the dark, to the R-C decay signal 
delivered to the measurment system. Twelve decay measurements with 
noise have a standard deviation of a = 0.00559 msec while twelve 
without noise have a = 0.00511. The difference in spread is not 

significant for so few data points. The mean decreased by one standard 

deviation for the data with noise, which is of questionable sig

nificance for this quantity of data.

The second signal used to test the data processing system is

a constant voltage of adjustable magnitude. Ideally, the ratio, F, of 

integrals and Y2 should be equal to the ratio of to t2. If these 

are not equal, then there is some limitation in the dynamic response of 

the system. Figure 18 shows experimental values for this ratio in terms 

of the input voltage V. Most obviously, the spread in data is greater 

for smaller input voltages. The increased scattering power of quantiz

ation error illustrates the need to scale the input to nearly fill the 

A/D capacity. Also, there appears to be a slight offset upward in the 

mean values of F by about .3%. This implies a dynamic problem whereby 

integration proceeds too rapidly in the early stage. This is probably 

due to vagaries of the integration capacitor at a minute level.

Proportionality of the integrals Y^ and Y2 to the input voltage

is a measure of the linearity of the system. Figure 19 is a plot of
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Figure 18. Constant Voltage Integration

Y. t V•x^ versus V. The abscissa scale is unitless and arbitrary.

For the most part the normalized Y\ and Y2 appear to be linear.

Again, quantization error scatters the data at low levels.

Ruby Samples and Results 

As previously discussed, ruby has an axis along which the 

lattice is stretched, removing the degeneracy of the R lines. Many 

avenues of study can develop by examining polarization of the 

various R line components and their relation to this axis. That is 

beyond the scope of this project. Here, the crystal axes have not been 

identified, and the fluorescence has been detected without regard 

for polarization.
Sample number 14 was cut from the end of a boule made for 

standard ruby laser rod production. Its concentration is about 0.05%
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CrgOg by weight. Sample number 15, origin unknown, is much deeper red, 

having a concentration of approximately 0.5%. This determination is 

carried out in Appendix I. Information for four decay measurements 

can be stored in the bit registers of the electronics system. Each 

block of four measurements constitutes one "run" and is recorded on
4

a sheet of paper.
Because of unfortunate logistics of laboratory space and equip

ment availability> less data than desired has been obtained. Three sets 

of runs for sample 14 and one set of runs for sample 13 are reported. 

Table 3 lists the coefficients of the least squares second degree 

polynomial fit to each of the four sets of data, along with the slopes 

at 40 °C. The standard deviation in degrees Celsius is found by 

dividing the standard deviation in milliseconds as computed in 

Program 2 by the slope of the polynomial at 40°C. Slopes for two 'sets 
of data for the pink ruby sample agree within about one percent. The 

slope of a third set of data for the same sample differs by about 

five percent. Standard deviations in t for the pink ruby are all

Table 3. Polynomial Fits to Data (t = A + BT + CT2)

RUNS SAMPLE POLYNOMIAL
B c

SLOPE AT 40°C STANDARD DEVIATION.
A (msec/°C) (msec) (*C)

190-199 14 3.4576 0.01034 -2.65x10" *+ -0.01086 0.00412 0.379

200-207 14 3.8167 -0.00743 -4.1 xlO"5 -0.01072 0.00447 0.417

220-228 14 3.4280 0.01201 -2.79xl0~4 -0.01032 0.00428 0.415
229-236 13 4.6344 -0.00191 -1.97xl0"4 '' -0.01764 0.00766 0.434
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comparable, just slightly greater than a tenth of one percent. This 
is consistent with calculations of digitization error and with R-C 

decay measurements. But the largest variation in t between the two 
data sets for this sample at 40 °C amounts to about four tenths of one 

percent. This suggests that there is some drift in the system not yet 
accounted for. More sets of data would be most useful in assessing 

this possibility. The lone set of data for the red ruby, interestingly 

enough, gives a significantly greater change of x with temperature, 

while the spread in data is increased a corresponding amount, thus 

taking away any improvement in temperature resolution.

At this point, it can only be speculated as to whether or not 
this increased spread is due to the time constant of 4.3 msec being 

somewhat removed from the 3.5 msec intended for measurement. With 

xi and X2 set appropriately,_and with the threshold for integration 

clear of the termination of optical pumping, the spread in the data 

should be comparable to that of the other sample. Figure 20 shows 

the distribution of residuals for each of the four sets of data. An 

example of a set of data is plotted in Figure 21.
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Figure 20. Distribution of Residuals for Ruby Data
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Figure 21. Decay Constant versus Temperature for Pink Ruby



CHAPTER 7

FUTURE OF THE PROJECT

Work in developing a decay measuring system and characterizing 

ruby in particular has yielded a solid base from which to develop a 

practical optical thermometer. It has been demonstrated that commer

cially available electronics hardware can perform the tasks of this 

system sufficiently well to produce tenth percent precision in decay 
constant measurements.

Ruby Characterization 

While system performance can and needs to be improved, it is 

perfectly adequate for characterizing ruby. To date a modest 

.amount of data has been gathered on two ruby samples of different 

chromium concentrations. The coefficient of change of decay constant 

with temperature is dramatically different for these two samples.

This sensitivity of the coefficient to concentration suggests the 

possibility of an optimum concentration. This is uncharted in the 

literature. The best information available is work by G. C. Brown,

Jr. (1964, pp. 3062-3) where the decay constant was measured versus 

chromium concentration for room temperature and liquid nitrogen temper

ature. The room temperature data agrees with the results from this 

project. The 77°K decay constants show a very dramatic peak at about

0.10% chromium concentration, which even more strongly suggests the

- 49
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possibility of aMaximum in the coefficient. A first, important task 

is to secure documentable samples of different chromium concentrations 

and perform the decay constant measurements with the system as it 

stands. Obviously, settling on the optimum concentration ruby will 

maximize the optical probe resolution for a given electronics system 

Capability. Another important and very interesting measurement is 

the stability Of the decay constant in a microwave environment. This 

has not been done.

System Improvements 

System improvements aimed at producing a clinical tool fall 
into four categories:

1. electronics linearity,

2. digitizing resolution,
3. microprocessor control of data,

4. development of an optical probe.

The primary demand that the electronics system architecture makes on its 

components is high linearity, or in lieu of that, at least high stability 

of non-linearity. Miniature instrumentation amplifiers are available 

with linearities of 0.02% in the signal range of interest (National 

Semiconductor, 1978, pp. 4-1, 4-7). Detector linearity is ultimately 

the weakest link, though here, dollars work wonders. Components are 

currently available to significantly increase the system linearity and 

stability.
With careful optimization of components, it becomes useful to 

increase the digital resolution by gOing from 12 to 16 bits. With a
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sixteen times reduction in the digitization error, it will go from a 

maximum deviation in the time constant of ± 4.5 usee to ±0.3 usee, 

and will cease to be a limiting factor in the resolution of the decay 

constant.

The completion of this project on a very modest budget required 

the design of a "labor intensive" extraction of data. The practice of 

manually recording bits states (48 for each data point) and manually 

entering them offline into a data reduction machine, is tedious, slow, 

and subject to human error. A modest microprocessor can be connected 

to read the data from the A to D unit (64 bits for each data point) in 

real time and convert the data iteratively by Equation 6 to a time 

constant and store the result. For a clinical device, determination 

of the actual decay constant is unimportant. A "look-up" table or 

polynomial specific to the probe can directly compute the temperature 

from F.

The development of a more powerful electronics package needs 

to be paralleled with the design and fabrication of each end of the 

fiber optics probe. The temperature sensing crystal must be mounted 

so that it is mechanically held fast and is optically fast. Optic 

fiber probes with sensing crystals designed for insertion in human 

tissues have been developed (Samulski and Shrivastava, 1980, p. 193, 

194). The other end of a fiber optic must receive pump light and 

deliver fluorescence to the detector. Figure 22 shows one idea for 

how to do this.
In summary, this project stands to be very profitable in both 

producing highly accurate decay constant measurements of a whole array



of fluorescent materials and in leading to the development of an 
urgently needed clinical tool.

RUBY
TIP

FIBER
OPTIC

SOURCE OPTICS 
INCL. SHUTTER

DICHROIC 
"COLD" MIRROR

NARROW BAND 
RED FILTER

DETECTOR

Figure 22. Light Routing Concept for an Optical Probe



APPENDIX A

OPTIMUM PERIOD BETWEEN MEASUREMENTS 
IN A TWO MEASUREMENT SYSTEM

Suppose we have an exponential decay given by

y(t) = I-e't/T . (A.I)

If we make an initial measurement y% at t = ti and then make a second 

measurement y% at t = t£ we can determine x:

x = (ti-t2)/-€n(y2/yi) . (A.2)

We would like to know the optimum time t2 to make this measurement, 

or in other words, the time at which the variation in x with a var
iation in y2 is a minimum.

dx d I" ti-t2 1 ,.
dy2 dy2 L-biCya/yi) J  ' '

In general, d £n u = du/u and d(v 1) = -v 2 dv. If v = Z.n u,
then d(v 1) = -{in u) 2 d(£n u), or

,[ 1 1 _ -1 du
[tn uj £n2 u u

Here, u(y2) = y2/yi so that du = dy2/y1. Thus,

df I I = -1_____ . djz/Xl
Llniyz/yi')] f.nz(y2/yi) yi/yi

or
d.T _

dyl ~ y2 W ( y 2/yi)
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We want to find t2 such that dx/dy^ is a minimum. Eliminating y2 
from the above expression,, we have:

dx _ _________ t2-ti__________
dy2 ' i.e-t2/T Zn2 [e(tl-t2)/T]

t2-tl _  if
e- W T  - I(t2„tl) e-t2/T 

Differentiating this with respect to t2 we get:

*  tea •
Setting this to zero to locate the stationary in dx/dy2 we find that 

(t2-ti) = x. As expected, for (t2-t]J) -> 0 and (t2-t1) -> ™, the 

expression blows up.



APPENDIX B

OPTIMUM VALUE OF SHORT INTEGRATION PERIOD 
FOR A TWO PERIOD INTEGRATION

It is possible to integrate an exponential, decay curve for two 

periods ti and Tg where

Yi = J*Tl y(t)dt Y2 = j"T2 y(t)dt

such that the ratio of the two outputs given by

X i  „ (1- e~T l / t )
V  (l-e-T2/T)

is independent of threshold errors in starting the integrations. With 

precisely known values of ti and t2 and measured values of Yi and Y2, 
t can be determined.

It is important to ask the question "What is the optimum value 

of Ti such that an error in the measurement of Yi has the minimum 

effect on the computed value of t ?" Suppose we make an error & in the 

measurement of Y^ so that we measure Yi' = Yi+ft. From this we com

pute the erroneous value of t , t ' = t+A where

Xi' = a  - e~Ti/t')
Yz " q - e - ^ A ' ,  '

Solving for we get:

55
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fi = Cl-a-T‘/T'l
a - = - T2/T')

Y2 -Yl

Substituting for Yi we get:

Q = Yc f l - e - T l / ( T *A >1 Cl - e~T l / T )
(1 (1 . e-T2/T,

This is the error J2 we can make in measuring Y-i to produce an error A 

in t . The value of Ti which produces the maximum value of £2 is given 

by:

dQ,
9ti = Y;

Hence,

^-Ti/CT+A)^^3 Ce-^/T)/T
L ( l - e - T 2 / ( T + A ) ) Cl - e-T2 / T )J

= 0

-ti/t -Ti/(T+A)

t(1 -e'T2/T) (t+A) (1 - e'T2/ )
so that

In Cl -

Tl
T *A  ( l - a ‘T 2 / C T + A ) )

1 1
r+A x

(B.2)

Using the approximations

ln(l±A) - ±A , e±A = 1±A ,

we get:
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£n r+A (1 _ e-CT2/T- At2/t2))
Tl i A _ I

T ~ 'F2' T

£n 1 " I
(1 - e-T2/T)

(1 - e+AT2/T2 e-T2/T)

iln 1 - Cl - e-T2/T]
Cl - (1 + At2/t2) e"T2^T)

£n I ' t

Cl-e-T2/T)
(1 -e -t 2/t At2 -T2/T.T" e J.

AT;
T

-t 2/t -i
1 +

1 - e-Tz/T

T
A

A
T

Ax2 e -T2/T
1 +

1 - e-t 2/t

= x where A becomes extremely small



APPENDIX C

FLUORESCENT RESPONSE TO OPTICAL PUMPING

To effectively pump a ruby sample for the purpose of achieving 

a strong fluorescent signal it is worthwhile to evaluate the rate 
equations to determine the fluorescent response to this pumping. The 

ruby lattice can be thought of as a three level atom where level 1 is 

the ground state, level 2 is a metastable state and level 3 is an 
absorption state, as shown in Figure C.l. Double lines indicate 

stimulated transitions, single lines are spontaneous transitions. For 

ruby the 3 2 decay is non-radiative; the rest of the transitions are

optical. If N is a level population, 1% 3 is the pump intensity and 

I21 is the fluorescent intensity, then we can write the rate equations 

as follows:

Figure C.l A Three Level Fluorescent System
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^T" = (N3-N1)B13l13 + (N2-N13B12l21 + ^21^2 + A 31N 3 » (C.l)

= - (N2-N1)B12l21 + A32N3, - A21N2 , (C. 2)

~frjr- = - (N3-N1)Bi 3113 - A32N3 - A31N 3 , (C.3)

where A and B are the Einstein coefficients and the upward spontaneous 

terms A 12, A 13 and A23 are assumed to be negligible because the 

excited state populations N2 and N3 are entirely dominated at room 
temperature by the pumping.

Furthermore, as mentioned in Chapter 4, A32 is several times 

larger than A 31, and several decades larger than A21. Because 

A32 >> A21, population N 3 is negligible compared to N2. Hence, 
dNg/dt ~ 0 and the rate equations reduce to:

dNi _
dt

dN

= -NiB13I13 + (N2-Ni)B12l21 + A21N2 , (C.4)

dt

= 0 = N 1B13I13 - A32N 3 . CC.6)

There are two additional simplifications. One is that for this

work pump intensities are not large enough to appreciably deplete the

ground state; hence, the term N 1B13I13 is approximately constant.

The other is that the term (N2-N]jBi2l21> self absorption, is very 
small, though not negligible for low temperatures and high concentra

tions. Neglecting this term for our work we obtain

- k - A21N2 , (C.7)
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where k = NiB^glig. This differential equation has the solution

N2 = C-e'A2lt + k/A2i . CC.8)

If the optical pumping is a step function, then we have the boundary 

condition ^ ( t  = 0) = 0. This yields the solution

N2 . = kT21[l-e't/T21] (C.9)

for t > 0 where t2i - l/Agi- If, however, pumping is terminated at 
t = 0 we get the simple solution

N2 = D-e~t/T21 , . (C.10)

where D is approximately equal to kT2i if the pump duration is much 

longer than the decay constant. Equation C.9 describes the pumping 

dynamics while Equation C.10 describes the decay dynamics which we want 

to measure. The important feature is that when we apply low intensity 
pumping, the metastable state takes an equivalent time to fill or 

empty. Hence, the signal output is proportional to pump duration 

as well as pump intensity and a large output can be obtained for very 

moderate pump intensities, as illustrated in Figure 8.



APPENDIX D

METASTABLE STATE - POPULATION AND THERMAL LOAD

Steady State Population of the 2E Level 

If a ruby crystal is pumped for several time constants so that 

the 2E..level reaches a steady state, its population can be estimated. 
With pumping, the level is governed by

N2 = k - N2/t , (D.l)

where k is the pumping rate in electrons per second. Once steady state
' ■ ■ - . - ■ ■ 

is reached, N2 =0. Hence,

N2 = k»T . CD. 2.)

k can be estimated from a measurement of the detector current. The 
detector generates a steady state current, I, of about 10-7 ampere.

At 0.69 pm the detector’s responsivity, is 0.28 amp/watt, so that 

the power impinging on the detector is 3.6 x 10“7 watts. If we assume

that the narrow band filter passes half of the R line decay and the

detector geometry captures 1/20 the solid angle, the sample is radiating 
about 1.5 x 10~5 watts. At this energy corresponds to about 5 x 1013

photons per second. A fluorescence quantum efficiency of about one

half unity (Bums and Nathan, 1963, p. 703) implies that about 1014 

electrons per second enter the 2E state, for k= 1 0 14/bec and t =

3.5 x 10-3 sec. Hence, the population N2 is 3.5 x 1011.
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The ground state population is far greater. For ruby of 0.05% 

chromium concentration the site density is about 1.7 x 1019/cm3. For 
the sample measured with volume 0.2 cm3, the ground state population 
is about 3.5 x 1018. We are seven orders of magnitude away from inver

sion and it is therefore possible to vastly increase the pumping level

if ruby probe miniaturization forces a reduction of the signal level.

Thermal Load Due to Pumping

If ruby is pumped only in the blue band at 0.4 pm, the dominant

path is a thermal decay from .̂ F to 2E, which heats the crystal, 

followed by an optical decay from 2E to 4A2. The energy loss per decay

is E = hc(l/X1 - 1/X2) = 2.2 x 10"18 joules. The number of decays is

approximately equal to the steady state fluorescent emission rate times 

the pump duration. Hence, the thermal energy deposited in the crystal

is about E = 2.2 x 10-18 joules x 5 x 1013/sec x 25 x 10“3 sec =

2.7 x 10"8 joules. The specific heat of ruby is about 0.76 joules/gm°C

(Weber, 1979, p. 196) so that the rise in temperature is

AT' = 2.7 x 10"s joules/(0.76 j/gm0C x 0.8 gm) = 4.5 x 10"s °C.

From this approximate calculation, it is clear that pump heating is not 

a problem and, in fact, can be increased substantially without limiting 

the thermal stability of a probe device.



APPENDIX E

DETECTOR SYSTEM NOISE

A limiting factor in system resolution is the noise arising in

the detection system. A fundamental limitation is the shot noise due 

to the photon statistics of the signal being detected. Thermal noise 

generated in the electronics often masks the shot noise and an important 

aim of a design is to minimise thermal noise hopefully to the point 

where the system is shot noise limited. This, of course, becomes harder 
to do for lower signal levels. Shot noise and thermal noise, as: mea
sured at the noise source (Ott, 1976, pp.198,208) are given by:

where q is the electronic charge, I is the signal current, k is Boltz

mann's constant, T is the absolute temperature in Kelvin, R is the 

impedance of the noise source elements and Af is the bandwidth of the 

measurement.

In a well designed system, most of the noise derives from the 

first stage and is simply passed along by subsequent stages. So we can 

evaluate the noise at the output of the first stage. The noises are:

s.n. ✓2qIAf i = /4kTAf/R (E.l)

Detector thermal noise

Shot noise of signal = R. /2qIAf 

Rj, /4kTAf/R

Feedback resistor thermal noise Vn. = /4kTAfR „Rj? JJ
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Amplifier input noise current V. = i VR „n /
Amplifier input noise voltage = vn (l + R̂ ,/Rg)

The total noise at the output of the first stage is the square root of

the sum of the squares of these components. For this work we have used

a United Detector Technology type 10-DP silicon photovoltaic detector
with sourse resistance, R = 2 x 106 Q' and a Precision Monolithic’ s
0P-05 amplifier whose input stage noise current and voltage are % = 
0.3 pA//Hz and Vn = 15 nvolt/ZHz . A  feedback resistor of Ry =

2.2 x 106 n, metal film, is used. The calculated noise values in 
V//Hz are:

Detector thermal noise Vd - = 2 X 10-7
Feedback resistor thermal noise = 1.9 X IQ-?

Amplifier input noise current Vzn

\

= 6.6 X 10"7

Amplifier input noise voltage = 3.3 X P—1 Q, 00

Total thermal noise Vt .n. = 7.2 X ID"7

Signal shot noise V
s . n .

= 3.9 X ■ h-
J

o
1 <1

Total noise Vtot = 8.2 X 10-7

The first stage feedback includes a 150 pf capacitor to improve the 

stability of the amplifier and to limit the system response. This 

results in a pole at r = 3.3 x 10  ̂ sec. The bandwidth is approx

imately equal to 1/4 r = 760 Hz. Hence, the expected noise is about 

0.023 millivolts. Though near to it, we are not shot-noise limited 

and it is probably safe to say that for lower signal levels> detector 

electronics with lower noise will be needed.
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The total thermal noise has been measured experimentally using . 

an Ithaco electronic filter, model 4212, connected between the dark 

detector and an oscilloscope. To stay away from pick-up and scope 

gain limitations, the noise was observed at the output of the second 

stage, which contributed a gain of 18. Comparison of first and second 
stage output indicated a negligible addition to the noise. The same 
measurements have been made substituting a 2.2 megohm source resistance 
for the detector. See Table E. The calculated noise for a bandwidth 

of 750 Hz agrees pretty well with the measured values for the source 
resistance only. The significant increase at the 100,000 Hz bandpass 

is due to a large component of oscillation at about 70 kHz in the first 

stage current to voltage converter.

Table E. Thermal noise measurements

Measured Noise Voltage (mv) _
Filter Bandpass (Hz) Detector Source Resistance Only

100,000 0.333 0.067

10,000 0.083 0.028

1,000 0.056 0.028
100 . 0.022 0.022 

10 ' 0.011 0.008



APPENDIX F

DETECTOR LINEARITY

The ideal current to voltage converter offers a load resis

tance of zero ohms to a photovoltaic detector, yielding linear 

response. In reality, as shown in Figure F.l, the finite open loop gain.

AV

GAIN = A

Figure F.l. Detector System Configuration

A, of the op amp used results in a voltage, AV, at the virtual ground 

node. The detector "looks'* into a load impedance defined by:

R^ E AV/t (F.l)

The current, i , flowing through the R-C tank is given by Ohm's Law as 

i = (V-AV)/Z« - V/Z^ where V = A*AV and Z„ is the feedback impedance 
Hence,

I 7 I'“it1
AV 

AAV/11,| Zyl/A (F.2)

Zj. and A are both frequency dependent. .And Z_- = ZR* Z^./(Z^+Z^) where
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= R and = -i/toC. Solving for the absolute value of Zy. we get:

| Zf \ = Ry/l+R/a)2C2 . (F.3)

Assuming a minimum value of 2 x 105 for the low frequency open loop 

gain with a 1 Hz pole and a 6 db/octave roll-off, we get the following 
results using Equations F.3 and F.2.

Table F. Op Amp Gain and Impedances as a function of Frequency

f A |Zf l lZJ
(Hz) (linear(db)) (8) (8)

1 200,000(106) 2.200 x 106 11

, 4 89,000 (99) 2.200 x 106 25

10 35,500 (91) 2.199 x 106 62

40 8,900 (79) 2.192 x 106 246

100 3,500 (71) 2.154 x 106 615

400 890 (59) 1.658 x 106 1842

1000 350 (51) 0.956 x 106 2731

4000 89 (39) 0.263 x 106 2927

10,000 35 (31) 0.106 x 106 3029

The current-voltage relation for a p-n junction gives an expres

sion for the maximum detector current in terms of the shunt, series and 

load resistance and the linearity, P, where 0.1 % linearity is P = 0.001. 
(E.G. §rG. ,p. 5)



'max * i n ! “ lns £
P'Rs^
■RS+R£.
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(F.4)

For the detector used, the shunt resistance, R^, equals 2 x 106 Q; 

the series resistance, Rg, is estimated to be about 100 £2, worst case. 

Up to about 300 Hz the load impedance is less than 1500 £2. There is 
a limit in Equation F.4 at Rg+R^ = 2000 £2. For load resistances 
higher than this (frequencies above 500 Hz) 0.1 % linearity is not 

achievable, even for arbitrarily small detector currents. At or below 

300 Hz the limiting current for 0.1 % linearity is about 4.8 yamp.
The measured current in the detector for full steady state illumination 

is about 0.1 yamp, with threshold for integration occurring at about

0.05 yamp. Hence, for the frequencies of interest, the detector 
linearity is well within O.'l %.



APPENDIX G

THE INTEGRATOR

Dynamic Response - ■

The response of an integrator to a step function of magnitude V 

beginning at time t = 0 is given by (Tobey, 1971, p,215):

1

(G.l)v (t) = A Vo o
-t/A RC -tf A, e o e o o1 - —    + --------

1 - l/(f A 2RC) f A 2RC - 10 0 0 0

The specifications of the integrator used for this work are:

Op amp type LF 356
A = 200,000 o
f = 30 Hzo
R = 6800

C = 0.22 x 10'6 f.

The response results are given in Table G. For this work using 

the fluorescent decay of the ruby R lines, we need to integrate for 

approximately 10 milliseconds. From the table it is clear that this 

integration period is well within the linear portion of the step 

response.

1. Equation G.l appears incorrectly in several books including 
the original edition of the Burr-Brown volume cited above. The
incorrect expressions do not contain the exponent of A found in two 
places in the above expression.
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Table G. Integrator Step Function Response

t v /V 0

0 0

IQ-? 1.68 x 10"5
M o 1 CD 5.56 x 10"4

LO1o  1—1 6.56 x 10"3
10"4 6.68 x 10"2

M O 1 CO 6.68 x 10"1
10"2 6.68

b-* O 1 6.68 x 10

10° 6.67 x 102

10 6.57 x 103

102 5.68 x 104

Integrator Scaling 

The integrator response must be scaled appropriately so that
a given input signal integrates to a desired output level for eval
uation. The output is given by

VoCt) = - R& [  Vidt » (G*2)
where.

vi(t) = V e't/x . (G.3)

Hence,

V o (t) = " (1 ' 6 t/T) • (Gl4)
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For t — c°. Equation G.4 reduces to Equation 11 of the text. For the 

configuration used, Uq max= -3.5 x 10~3 V/(6800 x 0.22 x 10~6) =

-2.34 V. This integrator output must be limited to 5 volts to avoid 

overfilling the A/D converter. Hence, the maximum size of the 

exponential decay input, V, should be about -2 volts.

Switch Performance 

The switch used for controlling the integrator is the LF 13333, 
whose "on" resistance is voltage dependent. The size of the variation 

is just less than one ohm per volt 'of switch potential relative to 
ground. Hence, the input load resistance of about 7000 0 varies by 
less than 2 Q during the integration period. This variation is less 

than 1/30 of one percent, which is satisfactory.



APPENDIX H

QUANTIZATION ERROR DISTRIBUTIONS

When measurements A, B, C and D are taken, quantization errors 

result which are uniformly distributed over a range of 6 where 6 is the 

increment of quantization. See Figure H.l. The standard deviation for 

any distribution is given as a = /<x2>-y2 where <x2> = /oox2P(x)dx 

and P(x) is the probability density function. For the rectangular dis

tribution shown the standard deviation is o = 5/2/3. Subtraction of C 

or D from A or B produces a distribution in errors of and Yg which is 

triangular over a range of 25, as shown. The standard deviation for 

this distribution is the root-mean-square of and or Og and 

and is a = 5//6. a can also be calculated directly for the triangular 

distribution with the same result.

PROBABILITY PROBABILITY

5 0 5- 6/2 0 6/2 
ERROR IN A,B,C,D ERROR IN Y1,Y2

Figure H.l. Probability Distributions of Quantization Errors

Division of Yi by Y2 produces a distribution of errors in F 

which depends on the size of Yi and Y2. For the system used, the
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A/D converter has 4096 levels. Scaling to nearly fill the converter 

and scaling T1/T2 s o  that Yj is approximately six tenths of Y2, it is 
reasonable to let Y]_ = 2400 6 and Y2 = 4000 6. If we define the 

fractional deviation in Y to be ay = Oy/Y then the fractional deviation 
in F is

Using the above values for Y% and Y2 we get AF/F = 1.98 x 10-tf. From 

Equation 6 of the text, evaluating at t = 3.5 msec.

Hence, the standard deviation in t produced strictly by quantization 

error is 1.34 nsec.

involved and tedious. But, in addition to the standard deviation, the 

limits on the range of F can be determined. F ranges around Y^/Y2 as 
follows:

The limits to the deviation of F from the true analog value Y^/Y2 are:

AF/F * 6'773 13560

Determination of the actual distribution of F is rather

upper limit: -  S(Yi+Y2) V  dCYl+Yz)
Y2 (Y2+6) y P ^

lower limit: 6 (Yi+Y2) „ 8 (Yi+Y2)
= Y2 CY2-6). “ Y ^

Hence,



AF , l & e m  , «.67 X 10-'h. Y1i2

This corresponds to a-maximum deviation in t  of ±4.5 nsec.



APPENDIX I

ESTIMATION OF CHROMIUM CONCENTRATION

Of the two ruby samples examined thus far, one, sample 14, 

is known to have a concentration of about 0.05% chromium by weight.

The other, sample 13, is more concentrated and undocumented. The 

concentration of this sample can be estimated by comparison to the 
other sample via spectral transmission information. Transmission 

curves for these two samples have been made using a Perkin-Elmer 
model 450 spectrophotometer of the Thin Films Group, Optical Sciences 

Center. The light source and the detector of this machine are un

polarized. Absorption bands due to various transitions are apparent. 

In particular,, the R lines show up as a narrow absorption band.

This absorption band will be used to guage the concentration of 
sample 13.

The transmission of a sample can be expressed using Beer's

haw as

T = e-VCX (1.1)

where u = absorption coefficient in cm 1
c = concentration of chromium by weight in %
x = thickness of sample in cm

Using spectrophotometric methods, Dodd, Wood, and Barns (1963, p.1185)

report the following absorption coefficients for ruby measured at
0.062% chromium concentration:
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Rl line E 1 C3 4.8
E II C3 0.35

R2 line E 1 C3 3.2
E II C3 ■ 0.76

Applying this to sample 14, with thickness x = 0.45 cm and 

concentration c = 0.05% the following transmissions should result:

0.8976 
0.9922 
0.9305 
0.9831

Averaging these gives the expected transmission of an unpolarized

source-detector system. T = 0.9508.J average
The spectral transmittances can be measured experimentally. 

Absorption at the R line wavelength is due to R line absorption and 
to broadband absorption. Hence, the transmittance, T, is a product 

of the R line transmittance, ( =1-A^) and the broadband trans

mittance, Tgg ( =l-AgB), or

T = Tr- Tbb (1.2)

From a spectral transmission plot T is measured as the transmittance 

at the R line wavelength. Interpolation of the broadband trans

mittance curve to the R line wavelength gives the broadband trans

mittance, Tgg. From these two measurements we can determine the 
R line transmittance, T , as shown in Figure I.1.

Corrections for spectrophotometer calibration and losses due 

to Fresnel reflection need to be applied to values of T read from

Tll =
Tlll = 

=

T 2|| =



XR
WAVELENGTH

I.1. Transmission in the Region of the R Line

the spectrophotometer. With no sample in the spectrophotometer 

full transmission is read as 0.847. The Fresnel equations (Ditchburn, 
1953, p.426) give us the intensity reflectance for normal incidence 
at an air-medium interface.

R = (n-1)2
(n+IJ2 (1.3)

For ruby of 0.062 % chromium concentration, at 22*C, at 0.7 urn, 

the index of refraction is n = 1.76 (Dodge, Malitson, and Mahon, 1969). 

Hence, R = 0.076. For a sample with this index and no absorption, 

full transmittance will read T = (0.847) (1-0.076) = 0.7826. Data 
from the spectral curve must be divided by this number.

Applying this and Equation 1.2 yields the experimental R line 

transmission for the two samples, as shown in Table I. The experi

mental value for sample 14 agrees quite well with the value 
calculated earlier in this appendix using Equation 1.1. This verifies 
that the chromium concentration of sample 14 is, indeed, about 0.05 %. 

Using the values determined for T, c and x of sample 14 in Equation I.l,
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Table I. Ruby Transmission Data

SAMPLE RAW CORRECTED
. tr

14 T

’ t bb

0.0412

0.0426

0.0544
->

0.0527
0.9673

13 T .

t bb

0.0255

0.0395

0.0326
->

0.0505
0.6455

one can find the appropriate value of u for unpolarized light:

0.967 = g-l1 C0-05) (°-45) ^
or u = 1.49. Experimental determinations of n by Dodd, et al., 

over a wide range of chromium concentrations shows that it does not 

change greatly.. Using the above value of y for unpolarized light 
in Equation I.1 for sample 13, we get:

0.646 = e-(1.5)c(0.45)

which yields a concentration of c = 0.65 % chromium. As Dodd, et al. 
point out. Equation 1.1 is approximate for concentrations of greater 

than 0.2 %, where significant numbers of Cr-Cr interactions occur.

The most that can be said is that sample 13 is approximately ten 

times more concentrated than sample 14.
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100 INIT110 DIM D<4> ? R<4>120 R(1)=0 130 R<2>=0 140 R(3)=0 158 R<4)=0
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Figure J.8. Program 1 - Computation of t
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Figure J.9. Program 2 - Least Squares Fit to 2nd Degree Polynomial
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