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ABSTRACT 

Temperature measurement in a shock compressed material is an important, though little 
developed, area of research. Temperature, when coupled with exhisting experimental data, 
can provide a complete (P, V,T) equation of state. For our study, we chose to work with 
liquids because many of the problems that arise in studying solids can be avoided. In this pa­
per we discuss results of heat conduction calculations and experiments for two experimental 
geometries: metal foils ::::: lOµm thick suspended directly in the liquid, and thin (:=:: .2µm) me­
tal films deposited on a fused silica substrate and in contact with the liquid. Calculations and 

. experiments showed that the I Oµm foils would not heat up. Our calculations predicted that 
the .2µm metal films would heat up to ::::: 30% of the liquid temperature, however, even after a 
considerable experimental effort, we could not make films this thin survive shock loading. 



TEMPERATURE MEASUREMENTS IN SHOCKED LIQUIDS 

Introduction 

Without a knowledge of the temperature or entropy any equation of state which is 

developed for a shocked material will be incomplete. From what are now routine shock wave 

experiments the state of stress, the particle velocity, and the shock velocity can be measured. 

Using the shock jump conditions the energy E and the volume V can be calculated to give an 

E(P,V) equation of state. Successful measurements of the temperature taken with existing 

shock wave data would provide complete thermodynamic information. 

For the modest temperature changes of condensed materials at shock strengths of 

1 - 100 Kbar optical emmission methods are not feasible. Rosenberg and Partom (1981, 

1984) have attempted measurements using metal thermistors in polymethylmethacrylate, a po­

lymer, while Bloomquist and Sheffield ( 1980) have used thermocouples in shock compressed 

solids. Our approach was to monitor the thermal resistivity of thin metal foils/films in contact 

with shocked liquids. 

There are good reasons for studying liquids rather than solids. First, liquids un­

dergo large temperature changes at modest shock strengths. Second, the liquid can contact 

the gauge directly, rather than through a layer of bonding material. Third there will be no 

strength effects since the gauge is loaded hydrostatically. Finally the temperature throughout 

the liquid will be homogeneous. 

It is important to remember that temperature measurements require time for the 

probe to reach thermal equilibrium with the sample. In shock wave experiments the time 

scale is only lµs so the probe won't have time to reach the temperature of the sample. 
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Secondly, we always measure some property of the probe, and not the temperature. For 

shock wave experiments in which we monitor a resistance change, this change can come from 

a number of sources. These are; gauge deformation, pressure efects (piezoresistance) and 

temperature effects (thermoresistance). To optimize our experiments for temperature effects 

we used an experimental geometry which minimized gauge deformation, and a gauge material 

with a high ratio of thermoresistance to piezoresistance. Much of the guage material ground­

work was done by S. Tolczynski (1983?) 

Suspended Foils 

Perhaps the most obvious experimental scheme is to suspend a metal foil in the 

liquid and measure its resistance change as the shock passes. This basic concept is illustrated 

below. 
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In order to understand the resistance change of the gauge it is necessary to know 

the pressure and temperature in the gauge. The pressure is calculated using the impact velo­

city, the hugoniots of the liquid, flyer, and other cell materials, and normal shock wave tech­

niques. The temperature is estimated from the liquid EOS (assumed correct) and a solution 

of the heat conduction equation; 

Where C is the specific heat, p is the density, and K the thermal conductivity. 

For this experimental geometry I found a closed form solution which appears in Appendix I. 

Because of previous experimental and theoretical work in our lab CS2 was chosen as the liquid. 

Copper was picked as the gauge material. The following graphs show the results of the heat conduc­

tion calculations for these materials. 

(1) Space temperature profiles of a l 0µm copper foil in CS 2. The Copper gauge extends from 

-.5µm (gauge center) to 0. The CS2 extends from 0 to oo. Note that the copper foil is actually 

cooling the CS2. 

(2) Equilibriation time depends strongly on foil thickness. Foils of l - 2µm thickness show signifi­

cant equilibriation while foils greater than l0µm thick show very little equilibration. Tempera­

ture is for the foil center. 

(3) Equilibriation time depends strongly on the thermal conductivity of the liquid. For a l0µm 

copper foil in liquid CS2 we see that Ko, the ambient CS2 thermal conductivity, must be 

increased by a factor of 100 or more for significant equilibriation. 
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From these studies we conclude that foils of reasonable thickness will not heat up significantly 

on the one microsecond time scale of shock experiments. (Foils thinner than 12µm or .0005" 

are not available and further would be very hard to work with). To conclude this part of the 

study two experiments were performed where copper foils 25µm (.00 IO") thick were suspended 

in cells of liquid CS2 and shocked to 40 Kbar. Allthough the liquid reached a temperature of 

more than 600 K, little resistance change was seen, as predicted by the calculations. 

Thin Film on a Substrate 

For the suspended foils it was impossible to get adequate equilibriation without either a 

very high liquid thermal conductivity or a very thin foil. Since no liquids except mercury have 

thermal conductivities on the same order of magnitude as metals, and since foils on the order of 

lµm thickness are too delicate to work with, a new experimental concept was needed. 

The primary considcr:i.tion for the new experimental design was that it use a very thin 

metal gauge layer. Our basic idea was to deposit a very thin metal film ( ~ .2µm) on a substrate 

that has low thermal conducti\'ity, and is elastic in the pressure range of interest. The gauge 

film is thus in thermal contact with the liguid on one side and the substrate on the other. The 

experimental geometry is illustrated below. 

I 
I 

u 
(.) 
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The first task was to solve the heat conduction equation for this geometry. Appendix II 

outlines the solution and gives a closed form result. The second task was material selection. 

Fused silica was chosen as the substrate material since it has a thermal conductivity on the same 

order as liquids (see AIP handbook) and is elastic to about 90 Kbar (see Barker and Hollen­

back, 1970). As in the suspended foil experiments, the liquid would be CS2, and initially the 

film would be copper. For these materials solution of the heat conduction equation showed the 

following; 

(4) Space temperature profiles show that the liquid is cooled by the film and substrate, but that 

there is substantial heating of the film. 

(5) Effect of film thickness; These calculations show that films on the order of .15 - .35µm will 

have relatively quick equilibriation times while thicker films will heat up more slowly. 

Film on Substrate Experiments 

Because of the favourable predictions of our heat conduction calculations we thought it 

would be worthwhile to try some experiments. A large number of experiments were performed 

over an extended period of time. In order to avoid rambling, I have tried to do as much con­

densing in this section as possible. The experiments can be devided into two parts. The divi­

sion is in terms of the goals of the experiments, and coincidentally, it is also chronological. In 

the first part the objectives were to find a gauge material, a process for putting it on the sub­

strate, and techniques for characterizing it. The objectives of the second part were simple: find 

why the gauges were not surviving. 
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I started playing the gauge material and process game rather naively. In our lab we had 

been using copper as a plating material for trigger and tilt contacts. I had done all the initial 

heat conduction calculations with copper. It therefore seemed most natural that I should try to 

make gauges of vapor deposited copper. Several gauge ideas were tried, all having the common 

feature of being four lead resistance gauges. The differences were all in how the thick copper 

leads, which carry signals to and from the outside world, were attached to the vapor deposited 

leads and active element. The ideas tried included plating over thick leads epoxied in the fused 

silica, pasting thick leads onto the vapor deposited leads using silver loaded cement, and pbting 

directly over copper posts stuck through the fusied silica substrate. In experiments none of 

these survived long enough to give data. At this time we attributed the breakage to either poor 

ductility or poor adherance of the copper films. 

The next gauge material was gold, which was sputtered at 8 KV in a 30 millitorr argon 

atmosphere. Gold is a very ductile material and I felt th:it the leads would be more likely to 

stretch than to break. The sputtering process g:ive films which sometimes had good adherance, 

allthough it was just often bad. (Adherance is measured by the tape test, see Appendix IV). 

The experimental assembly for the sputtered gold film experiments is shown below. 
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This basic experimental geometry was used for most of the experiments which followed. 

Three experiments were performed using sputtered gold films. In all three the gauges appeared 

to last longer than .2µs. The only difference between shots was in pressure. In the third shot a 

much improved recording system was used. This recording system gave a much cleaner signal, 

faster rise time etc, and was used with only slight modification on subsequent shots (See Appen­

dix V for details). 

While the gauges made by sputtering gold on fused silica substrates appeared to survive, 

their output did not match well with theory. We had not, however, characterized the gauges 

very well, but had assumed that the gold film had the properties of the bulk. To characterize 

the gauges we measured their thickness using a simple interference technique. The details of 

this technique are presented in Appendix III. We next measured the resistance, and since we 

now knew the dimensions, we could calculate the resistivity. The bulk resistivity of the sput­

tered films was always higher than that of the bulk. Finally, we constructed a very simple sys­

tem for measuring the resistance - temperature properties of the film. 

The resistance - temperature properties of the films were not what I had naively expected. 

The first time the gold film was heated its resistance did not increase linearly with the tempera­

ture . When cooled the resistance decreased almost linearly to a room temperature value much 

lower than the initial resistance. After about three to four cycles the R-T properties of the film 

had stabilized. R(dC) was stable and the resistance increased linearly with temperature. The 

appropriate coeficients were also near their bulk values. Belser and Hicklin ( I 959) did a study 

in which metal films showed similar behavior on temperature cycling. This confirmed our 

belief that the gauges were being annealed in the temperature cycling process. 

Since it seemed the temperature cycling process was anealing the films we decided to 

aneal them first. After anealing at 30d'C in air or vaccuum the resistivity and the temperature 
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coeficient of resistivity were that of bulk gold. The resistance - temperature properties were 

also highly repeatable on cycling. The films themselves, however, had become soft and poorly 

adhering. In an effort to improve adherance many substrate cleaning techniques were tried. 

Appendix IV lists the best one. It was found, however, that no process would make gold, 

especially after anealing, stick to a fused silica substrate. Gold films are inherently soft and 

poorly adhering (Archibald and Parent, 1975). Two experiments were built using the annealed 

gold films. One was not fired because the gauge peeled off when the cell was filled. The other 

gauge broke as soon as the shock wave passed the gauge plane. 

After some reading and a little personal experimenting, I decided to try making the gauges 

from aluminum vapor deposited off tungsten helixes. Aluminum has the following advantages: 

First, it adheres to Si02 quite well. Second, I found that even before anealing its resistance -

• temperature properties were quite linear and repeatable. After anealing at 300C in vaccuum the 

resistance - temperature properties and resistivity were those of bulk aluminum. In addition, 

the aluminum films actually adhered better after anealing. Finally, aluminum thin films are 

used as conductors in integrated circuit devices because of their good electrical properties and 

good adherance to silicon and its oxides. (For a reference see Muller and Kamins, p. 48 and 

49). The only drawback of using aluminum is that it is hard to solder. I generally used a silver 

loaded paint or epoxy to make connections between the cooper leads and the vapor deposited 

gauge. 

With all the good news, about aluminum films I hurriedly built an experiment. Although 

the experimental geometry was the same as the "successful" gold film shots, the aluminum gauge 

broke as soon as the shock wave crossed its plane. Thinking perhaps I had made some blunder 

I repeated the shot, but with the same result. I next assumed there was a problem with the 

experimental geometry. I built three shots in which the liquid layer and PPMA ring were 

removed, and the PMMA front face was epoxied directly onto the substrate/gauge surface. 
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Impactors of differing sizes and shapes were used, this being the experimental geometry vari­

able. In all three experiments the gauges lasted more than half a microsecond after shock 

arrival. Since the experiments were entirely to find which geometry worked best, little charac­

terization and no post shot analysis was done on these experiments. In the end they really only 

tell us that a gauge will survive if it has a uniform solid epoxied to its surface. 

The experimental geometry which worked best for the "PMMA" shots was little difTerent 

than that used on all the previous shots. Nevertheless, I went ahead and built another liquid 

cell shot which, of course, failed. Following this, I built several more experiments in which the 

vapor deposited area outside the active element was thickened with various materials, which 

were vapor deposited over the aluminum. All these shots failed. Because of the unexpected 

failures the experiments I performed during this time period lacked goals and direction. It was 

a game of try this and try that and hope something works. All of these shots did, however, pro­

duce a characteristic record similiar to that seen in figure 6. The large fast rising voltage was 

attributed to stretching or breaking of the gauge leads by Dr. Y.M Gupta and myself. Possible 

reasons for lead breakage were thought to be; gauge too thin, gauge not adhering well, gauge too 

brittle, impact geometry, or a possible reaction of the liquid with the gauge. 
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A discussion with Dr. G.E. Duvall concerning the large fast rising voltage, in the context 

of the equivalent recording circuit shown below, 

250 2 50 

' + T 
500V f ~ 50 V Old 

1 
J 4 

led us to believe that the large fast rising voltage could only be caused by breakage of the active 

clement. It could not be caused by breakage of the leads labeled 1,2,3 or 4. While our analysis 

turned out to be incorrect, (it is possible to dump the charge on the cables through the scope 

resistor in the event of lead breakage), the meeting itself produced two positive goals. 

Our first goal was to build a circuit whose output would give a different signature voltage 

for different leads or combinations of leads breaking. This might provide a clue as to the 

source of the large fast rising voltage. This circuit along with its signature voltages is shown in 

the last part of Appendix V. The second goal was to use this circuit as a tool in a series of 

experiments designed to determine where and or why the gauges were breaking. Also a more 

carefull characterization and analysis was to be done. 
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The first three experiments using the "lead breakage circuit" were built with PMMA front 

faces epoxied directly to the gauge/substrate as shown below. 

.... 
V 
0. 
0. 
0 
(.) 

1gauge plane 

external 
---.-.rrrcopper leads 

active 
element 

Since shots like this had worked in the past we felt that by doing a carefull preparation and 

analysis these shots could be used as a benchmark for comparison. The results from three 

identical experiments follow. 

(I) With a PMMA front face attached directly to the gauge/substrate the gauge will last more than 

.5µs. 

(2) The gauge broke in the lead area, all four leads breaking simultaneously. Breakup time tended 

to coincide with the arrival of compression or relief waves. 

(3) The resistance change of the gauge could be described by 

where o: is the measured temperature coeficient of resistivity, T is the mean of the tempera­

tures of the PMMA and fused silica, as calaulated by the shock up program, P is the shock 

pressure, and f3P the fractional change in resistance as measured by Bridgman.(V ol 7, p. I 69-

221) 
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The next two experiments were perhaps the most important in figuring out why the gauges 

were breaking. They both were liquid cells, containing water. (We thought that water, being 

quite inert, wouldn't react with the aluminum gauge. The first water experiment was con­

structed similar to all the other liquid cell shots. Its schematic is shown below. 
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Analysis of the output from the "lead breakage circuit" showed that all four leads broke at 

the time the shock passed the gauge plan. We suspected that the gauge leads were being cut off 

by the inside edge of the Ptv!MA ring. The next experiment was designed primarily to see if 

the rings' cutting action could be minimized. For the typical liquid cell there would be a sharp 

velocity gradient produced by an edge. 

liquid P.tvfMA ring ( 
,,_ ___________ ..._ _________ gauge plane 

fused silica substrate ) 

r 
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In order to minimize this effect we designed a tapered ring which we hoped would produce a 

particle velocity pattern more like that shown below. 

liquid 
gauge plane-------=------------; 

fused silica substrate 

') 

r 

In addition to the ring being tapered, the edge of the Pi\1MA ring contacted the gauge/ fused sil­

ica surface at a location such that if it were to cut the gauge, a signal different from the 4 leads 

breakage value would be recorded. The shot geometry and the location of the ring edge are 

shown below. 
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Analysis of the records from this experiment indicate that at the time the shock wave 

passed the gauge plane the gauge broke along the edge of the PMMA ring. Combining the 

result of this experiment with the previous one strongly suggested that the gauge was being cut 

by the PMMA ring. Implicit is that a vapor deposited gauge lead of .5 - Iµm thickness cannot 

withstand the cutting of an edge of PMMA. Two obvious ways to avoid this problem are to 

thicken the gauge in the lead area, or to avoid the PMMA ring and its cutting edge altogether. 

One experiment was done in which the lead area was thickened to about l 5µm using a silver 

thick film material. The gauge broke in the active area. This was either because the active area 

was too thin, or possibly because of the step from I 5µm to .2µm. 

In each of the last three experiments the fused silica disk on which the gauge was depo­

sited was held only by its sides. This eliminated the possibility of a ring edge cutting the leads. 

In all three experiments the leads were made between 1.5 and 2.0 µm thick. Active elements 

were .18, .21, and .50 µm thick. In all three experiments the leads survived at least 3µs . The 

active elements, however, all broke upon shock arrival. The leads surriving, taken with the 

acitve element breaking suggests that gauge thickness is also very important to gauge surrival in 

liquids. Perhaps it is as important as eliminating the cutting edge of the PMMA ring. 

Conclusion 

While we have not been successful in producing a temperature measurement, we have 

made progress on the following points. First, solution of the heat conduction equation and prel­

iminary experiments show that very thin (~ lµm) metal films must be used for thermoresistance 

gauges. For a copper foil of l.0µm or greater thickness to heat up substantially, it must be sur­

rounded by a material of high thermal conductivity. Second, for survival of thin metal films on 

fused silica substrates, survival of the film is the major unsolved experimental problem. 
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If the films would survive much experimental and theoretical work would be needed to ensure 

that the measured resistance change correcsponded to a temperature change. Further work 

would be needed to calcuate the liquid temperature. 

Regarding gauge survival our work leads us to the following conclusions; In order for the 

gauge to survive we must first eliminate the edge of the PMMA ring which has been shown to 

cut the gauge. Secondly, it seems we need a gauge which is 1.2 - I.Sµm thick. Unfortunately, 

the sensitivity of a guage this thick would be too low to provide useful data. The increase in 

resistance due to temperature would be small with a slow rise time and the decrease in resis­

tance due to presure would be of the same order of magnitude. 
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APPENDIX I 

Solution of the 2 ,\1aterial 1-D Heat Transfer Prol>lem 

The physical problem is as follows: Material J is of thickness 2L and extends over 

a large enough portion of the Y-Z plane that temperature nriations c:i.n be considered to oc­

cur only in the x direction. I'\faterial 1 is centered at x = - L and is in thermal contact with 

material 2 which extends from the boundaries to x = ::::oo. 

Region 2 (Liquid) Region 1 (Metal) Region 2 (Liquid) 

-oo -2L 0 X-+ +oo 

At the time t = o~ matcri:il 2 h:i.s a constant r:.:mperctc1re r ·:2 and material J ha5 a 

·constant temperature f'1 . This is thought ro :.:orrcspond ro the condition j ust after the shock 

wave rasses. 
I U 

Vz 1------------

-oo -2L 0 X-+ +oo 
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Since the problem is symetric about x = - L we will solve the heat conduction 

problem in the region -L <X <oo. 

Definitions 

U i=Temperature in region 1 

U2=Temperature in region 2 

d i=Thermal diffusivity in region 1 

d 2=Thermal diffusivity in region 2 

K 1 ::Thermal conductivity of material 1 

K z=Thermal conductivity of material 2 

V1=Initial temperature in region 1 

V2=Initial temperature in region 2 

The Heat Conduction Equation 

a2u 2 1 au2 
-- - - -- = 0 for O < x < oo and t > 0. 
ax2 d2 at 

The Boundary Conditions 

U1 = U2 for x = 0 and t > 0 

au1 au2 
K -- = K 2-- for x = 0 and t > 0 

l ax ax 

au1 
-- = 0 at x = -L 
ax 
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(I) 

(2) 

(3) 



The Initial Conditions 

Ur = Vi for - L < x < 0 and t = o+ 

U2 = V2 for 0 < X < 00 and t = o+ 

The Algebra 

We use a Laplace transform in time. The new variable is p . Remember that L{fit)} = pL{f(t)} - f(0) . For 

the heat conduction equation we get 

We make the substitution 1 = q2 and get 

Solutions satisfying these O.D.E.s are 

But C = 0 since U2 must be bounded as x -+ oo . Applying boundary condition (3) we have 

dU1(x = - L) 
-...:..:..--......:....=o 

dx 



B = Ae-2' ' L 

Applying boundary condition (2) we have 

Applying boundary condition (1), l\(x = 0) = l\(x = 0) we get 

Solving for A we find 

V2-V1 1 
A=---

p(l+o-) l _ o--1 e - 2,,L 

o-+1 

-o/o-



o--1 1 00 

If we let -- = a and recall that -- = :E r" for r < 1 then 
o-+1 1-r n=O 

For our Laplace transformed temperature U we finally get, 

We look in the tables for an inverse transform and find that with q = '1ijd 

) 
i-1 [.!.e-'"] = er/c [-a] 

p 2./dt 

Putting U2 in an appropriate form we get 
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We get the solutions by taking the inverse transform 

U2 (x,t) = V2 + Vz- Vi :Ea" {erfc [-1 [ 2L (n+l) +-x]] - er/c [-l [..1!::.f_+_x]]} 
l+cr ,.=0 2Vt ,Id; ,/d; 2Vt ../i: .Ji; 

The methods used here are outlined in Carslaw and Jaeger chapter 12 (especially section 12.4) . 

The Laplace Transform pairs are from appendix V. The equation used to evaluate the erfc in the computer 

program is found in appendix II ( 4). 
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APPENDIX II 

Solution of the 3 ;\l:iteri:J.I 1-D Heat Conduction Problem 

This is intended to simubte the he:it tr:rnsfc:- problem for :i thin metal film which 

is in therm:il cont:ict with a shod:ed liquid :ind a subs,r:ite. \-1:iteri:il l is the.: substr:ite :ind ex­

tends from x = -L to x = - x . M:iterial 2 is the met:ii tilm. It extends from -L to 0. \btcri::il 

3 is the liquid. It extends from 0 to x. 

Region I (Substrate) Region 2 (Metal Film) Region 3 (Liquid) 

- 00 -L 0 X -+ 00 

At time t = 0-'- Material 3 h'.ls temperature V ::ind m::i.teriJls l :ind 2 have tcmper:i­

ture 0. This C'.ln be scaled later by ch:::inging V to the temperature difference and adding the 

ini tial temperature to each of the solutions. These initial conditions :ire thought to simu bcc 

the condition just :ifter the shock wave passes the gauge. 

u 

V 

- 00 -L 0 X --+ 00 
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The Definitions 

See Appendix I definitions. 

The Heat Conduction Equations 

a2u1 1 au1 
-- - --- = 0 for -oo < x < -L and t > 0. 
ax2 d 1 at 

a
2
u3 1 au3 

-- - - -- = 0 for 0 < x < oo and t > 0. 
ax2 d 3 at 

The Boundary Conditions 

(I) 

(2) 

(3) 

(4) 

The Initial Conditions 
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The Algebra 

As in Appendix I we take a Laplace transfonn to get the O.D.E.s 

Solutions satisfying these equations are 

Applying boundary condition (2) we have 

- -,,s V 
U3 = De + -

p 
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Applying boundary condition (1) Ui(-L) = U2 (-L) we have 

Collecting terms and solving for C we get 

Upon back substitution we get 

dU2(0) dU3(0) 
We now apply boundary condition (4) K2 dx = K3 dx • 

Solving for D we get 

Finally we apply boundary condition (3) U2 (x=O) = U3 (x=O) 
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Collecting terms we get 

Dividing both sides by l+e12 

0'2-l 
We set -- = a 2 and solve for B. 

e12+l 

V 
p 

B [1 - a1 C12-l e-2f,Ll = __ v __ 
e12+l p(l+e12) 

Rewriting this as a geometric series we have 

B ___ " -2nLq1 V 00 ( ]" = LJ a 1 a 2 e 
p(l+e12) n=O 

Substituting B back into the Laplace transformed temperatures we get 
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Recalling that V = V3 - V1 and that V2 = V1 and then inverting the transform we get the temperatures in 

the three regions. 

Ui(x,t) = Vi+ 

As is also true for the solution given in appendix I this solution is ahnost meaningless without a 

computer evaluation and graphics to tell you what it means. The methods I have used here a.re again found 

in Carslaw and Jaeger Chapter 12. 
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APPENDIX III 

T hickness \Te:i.surements for Th in F ilms 

Allthough thc~e :ire :i number of methods for me:isuring :he thi.::kncss of thin fil:-:i.s . 

Tolansky's me:hod is e::isily unde~stood :ind e:isily sc, up. The method is outlined in m::ir:y 

books on thin films , as well as m:my books on optics. (Sec for :rn cx:1mplc -::h:ipter 7 of Born 

:ind Wolf cspe:::i:illy se:::tion 7.6 ) The m;:thod is bscd xi simple light intcrfcre!1cc effects. 

Dielectric 

X Dielectric 

R:1y B has J pbse .::h:rnge of 1o on re!lc ::tion, but r:iy A h:1s no ph:ise ch:mgc. We expc:::t to 

sec d:i,k fringes when A and B arc 1o out of phase and bright fringes when they are in ph::ise. 

If I is the thickness of the gap :i.t :i.ny point then ,ve wili get d:irk fringes when 

21 = 0, >., 2>. .... . n!>.. 

\\'c will get bright fringes when 

>- 3>. 5,\ 
2t - - -2 ' 2 ' 2 ••• • • 

- I -



If x is the dist:mce along the wedge 3nd a the angle of the wedge 

For d3rk fringes t 
m>.. 

2 

t = x tana or x = 
tana 

3nd the loc3tion of the fringe will be at Xm where 

tm m>.. 

tana :cana 

Note that all fringes are equally spaced a distance L apart where 

).. 
l =-­

:tana 

;\.'ote also that for sm::ill angles the fringes will be widely spaced; l - oc as a - 0. ?\'ow suppose 

there is a step of thi::l-:ncss d in the rn:iterd of the lo"·cr half of the wedge. 

t + d 

l 
X-+ 

The conditioi: for a dark fringe is now 

: (1 + d) = m >.. 



If~ is the new location of the fringe 

J: tano + d = :ind 

If we define the f,ingc shift :!S !::.L = x -;{:: 

.6.L 

d = 

L 

t::..L 

m>. m>. d d --- - --- + -- = 
2t:rna: 2t:mo: t:ma :::met 

>. !:. L 
2 L 

d 

, which l':e get 
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For measuring the thickness of deposited films the experiment::il set up is as in the picture below. 

Optical Flat 

Film to be 
Measured 

Substrate 

Partly Reflecting Layer 

Reflecting Layer 

The reflecting layer on the substr:ite and the p::irtially reflecting layer on the optical flat are necces­

sary for good contr::ist between the d::irk and bright fringes. The fringes ::ire generally photogr::iphed 

under ::i sodium light (5893 ::ingstroms) using a c!os-! up lens. Th..: mc::i::isurc mrnts of t:..l and L are 

then m::idc from the print. This method on!:; works well for films less than h::ilf a w::ivelength thick. 
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APPENDIX IV 

Substrate Cleaning and Vapor Deposition Recipes 

Substrate Cleaning 

The following procedure generally works well for glass like substrates such as saphire or 

fused silica. 

(I) Remove any coarse stuff using acetone and a Kim wipe. Rinse with distilled H 20 and dry with 

an EFF A duster. 

(2) Swab the substrate with pure nitric acid using a Q-tip. This will remove most oils. Rinse with 

distilled H 20 and dry with an EFF A duster. 

(3) Swab the surface with 25% HF using a Q-tip. This provides a light etch to the surface. Do not 

rinse the surface too long in the HF or it will become badly pitted. Rinse off the HF after about 

30 seconds using distilled H 20 and dry the surface with an EFF A duster. 

( 4) After the last rinse and dry put the substrate directly into the vaccum evaporator. Be very care­

full to avoid putting fingerprints on it. 
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Vapor Deposition 

I generally use the following procedure: 

(1) Be clean. Avoid getting body oils (fingerprints) on the evaporant, the crucible , or the target. 

Use only clean materials and crucibles. 

(2) Vaccum should be less than 10-6 torr but need not be lower than 10~ torr. 

(3) The substrate (target) should be more than 4" away from the evaporant source. I use 6-8" for 

aluminum and about 4" for copper. 

(4) To evaporate aluminum I use an R.D. Mathis F2-3x.025 W tungsten fillament loaded with 2-4 

65mg clips of aluminum. Aluminum is best "flashed" or deposited very rapidly. With this filla­

ment use about 40 amps until the aluminum clips melt. Then increase the current to 50 amps. 

When all the aluminum has evaporated (this usually takes less than a minute ) the current will 

drop below 50 amps. If the purity of the film is important, use a fresh tungsten fillament each 

time. The aluminum can alloy to the tungsten resulting in tungsten impurities in the films. Since 

each fillament costs less than 2 dollars don't worry about expense. 

(5) To evaporate copper use an aluminum oxide coated crucible. Most of the copper sample we 

have is not high purity and must further be shaped by hand before it will go in the crucible. 

Because it will be dirty always use a shutter. With the shutter closed, heat the copper till it 

melts, using about 30 amps of current. Keep the shutter closed till all the slag floating on top of 

the molten copper has burned off. Open the shutter and deposit to the desired thickness. For 

most purposes, when you can't see through the bell jar it is thick enough. 
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(6) Tape Test: To test the adhesion of your film press a piece of masking tape on the film and then 

peel it off. Aluminum films very often pass this test. Copper films very often fail it. 

(7) The adhesion of aluminum films can often be enhanced by baking them at 300 - 500 C under 

vaccum or in a nitrogen or argon atmosphere. 

Miscelaneous 

A good refererence for evaporant sources is the paper by Archibald and Parent. The address 

for the maker of the tungsten fillaments is listed in the references under R.D. Mathis Company. 
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APPENDIX V 

Circuits for High Speed Time Resolved Four Terminal Resistance Measurements 

The simplest form of recording system consists of four parts; A constant current 

power supply, a gauge circuit, a recording circuit, and recording instruments such as oscillo-

scopes. 

R 
r - - ,. 

oscilloscope 
Triggered 
Constant 

Ru Current 50 
Supply R 

- Gauge" ~ 

The above circuit is of the simplest type. The resitors "R" are for the purpose of current lim­

iting only. While it has been used with success in the manganin gauge research in our lab, 

high frequency circuit principles have not been applied. The cable terminations are not 

matched to the line etc. Since all cables used in our lab are of the 50 ohm impedance variety, 

50 ohm terminations should be used on all cables. A much improved circuit (from Keough 

and Wilkinson) is shown below. Another important reference is Keough 's 1970 paper. Any 

additional current limiting should be done with 50 ohm attenuators at the power supply. This 

circuit gives very smooth, fast rising signals. 

Triggered 
Constant 
Current 
Supply 

50 

-1-

r 

L.. 

., 50 
oscilloscope 

50 

..J 



In order to more fully understand the behaviour of the system we need to replace the con­

stant current power supply with its equivalent circuit model. There is, of course, no such 

thing as a constant current power supply. Most can be modeled as a voltage source in series 

with a large current limiting resistance. 

Constant 
Current 
Supply 

+ 

> V 

R 

~ 
T 

For my experiments the supply voltage was 500 volts and the series resistance 150 ohms. If 

we neglect cable capacitances the circuit shown below describes the recording system quite 

well. 

150 50 2 50 
Oscilloscope 

500V 50 

Apparently for the breakage of the leads ( labelled as 1,2,3,4 ) the cables, acting as charged 

capacitors will discharge through the 50 ohm oscilloscope resistance. This could easily be the 

cause of the large fast rising voltage seen in some of the experiments. 

-2-



To test for lead breakage shunt resistances were placed across the leads. Breakage of a lead 

or combination of leads would result in a particular voltage signature at the oscilloscope. The 

simplified equivalent "Lead Breakage Circuit" is shown below. 

50 

50 

500V _._ 
T 

50 V owt 

I 
100 

The following table gives the output voltage for breakage of various leads. 

# of Lead(s) Broken Voltage at Scope 

none .986 
I .822 
2 .660 
3 .705 
4 .496 

1,2 62.5 
1,3 .612 
1,4 .4 I 3 
2,3 .472 
2,4 .397 
3,4 55.6 

any 3 or 4 50.0 
Gauge only 71.4 

Because of the circular symmetry of the gauge system the most common lead break­

ages would be; none, all four leads broken, or gauge only broken. The recording sys­

tem must now include at least two oscilloscopes; one for the regular signal assuming 

the gauge survives, and one set at about 100 volts full scale for the high voltages. 
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