
































































































































































































purpose of .which was to aid in heat transfer from the laser 

crystal to the second jacket and to eliminate any water vapour 

that might be frozen out at low temperatures. Cooling vapours 

were passed through the second jacket to cool the inner jacket 

and the laser crystal. The third jacket (the outermost) was 

continuously evacuated to avoid frosting on the cold glass 

surfaces of the second jacket. However, laser action coulq 

not be induced with this system. The reason, it was conjectur8d, 

was the reflection of the pump light by three layers of glass 

or the age of the flashtube. 

With the acquisition of new flashtubes, a single­

jacket crystal holder was employed and with this combination, 

laser action was detected at room temperatures and below. 

Cooling was employed by passing cool vapours through the jacket 

and around the crystal, and ·the glass walls around the crystal 

·were kept defrosted by firing the flashtube every thirty seconds. 

Minimum temperatures achieved, as measured by a copper-constantan 

thermocouple, were in the vicinity of 182°K. 

To minimize reflection losses ·and maximize 

to avoid frosting, a double-jacket crystal holder was con­

structed (figure 3.5). The crystal was supported in the 

central jacket by two spring-loaded brass rings with wide slots 

in the circumference to allow cool vapours to pass around the 

laser. crystal and out the other end of the crystal holder. 

Surrounding this jacket was the second which was evacuated 

continuously to insulate the inner jacket and avoiq frosting. 
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This was the .. s"ystem used for most 'of the experimental results 

quoted later in the thesis9 

3·.4 Temperature Control: 

Another desirable feature of our experimental set-up 

was the facility of varying the temperature of the laser 

crystal from liquid nitrogen temperature (78°K) up to room 

temperature (300°K)o To achieve this end, several methods 

were tested but the most versatile proved to be the following: 

a heater, immersed in the liquid air~ contained in a liquid 

air dewar, was used to boil off vapours which were directed 

through a short length of rubber tubing to the crystal holder. 

The first heater used was constructed in the Summer of 

1962e It consisted of a long coil·of nichrome wire which 

passed down·the length of the'heater element and b~ck up again. 

The heater element, about one and one-half feet in length was 

enclosed in a one=half inch copper sheath and suspended by a 

long copp·er tube (one=quarter inch) so that the heater element 

was close to the bottom of the deware Asbestos matting ~nd 

mica sheets served to electrically insulate the nichrome coil 

from the copper walls of the heater element and the return coilo 

Currents up to three amperes at seventy volts could be delivered 

to this heater. A large diameter rubber tube sealed off the 

neck of the de1r1ar, forcing the vapours out of the dewar an.d 

through the crystal holdero 

The temperatures attained were measured by a copper= 
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constantan thermocouple. The reference temperature was an 

ice bath (0°C) and the potential difference was measured by 

means of a Honeywell Potentiometer (Model 2733). Using the 

double-jacket crystal holder and this heater, a minimum 

temperature of 135°K was achievedo 

Also available was another heater of much the same 

design but with a heater element only nine inches longo This 

heater was then lower in!the liquid air and could therefore 

be used with less liquid' air in the dewar. 

Howeverj both heaters had disadvantageso Because the 

process of boil~ng off the liquid air was indirect, the response 

time of the temperature in the crystal holder to a change in 
I 

the current was long. That is, an increase in current increased 

the temperature of the c~pper sh~ath. This increased the boil­

off rate of the liquid air with the result that the temperature 

decreasedo This time delay involved in heat transfer made 

temperature stabilization difficult. The second problem was 

intermittent shorting to the copper sheath caused by overheat­

ing of the insulation. 

As a result, a new heater (figure 3o6) was constructed 

which proved ve~y satisfactoryo A layer of Kyanex·Refactory 

Cement (nine inches .long) was moulded around one end of a one­

quarter inch Gopper tube which electrically insulated the coil 

of nichrome wire, wrapped around the Kyanex, from the copper 

tubeo Two insulated wires passed down the length of th~ copper 

tube: one passed out through a hole just above the heater 



92 

FIGURE 3 . 6 

THE HEATER USED FOR COOLING THE LASER CRYSTAL 
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element and .was connected to one end of the coil; the other 

passed out through the bottom of the copper tube and was 

connected to the other end of the heater coilo External 

electrical connections to a variac were made through a ten­

lead Kovar seal~ and the vapours were directed to the cry­

stal holder as previouslyo ',I'he resistance of the coil was 

measured to he 14 ohmse With this heater~ the coil itself 

heated the liquid air~ ensuring a fast response time. At the 

same time, the liquid air kept the lead-in wires cool so that 

the chances of shorting or of burn~ng out the coil were 

reduced a 

To ensure that the level of the liquid air would not 

fall below the top of the heater, another copper-constantan 

thermocouple was inserted inside the copper tube with the 

junction just above the heater coils An eight-ampere fuse 

was placed in the heater circuito (The electrical circuit 

for the heater is shown in fig~re 3o7o) The double-pole, 

double-throw (DPDT) switch allows temperatures above and be­

low 0°C to be measuredo The push-button switch enables the 

crystal temperature (button up) and the temperature just 

above the heater (button down) to be measurede 

With this heater, the.response time was much improved 

such that one could maintain the temperature at any desired 

value.down as low as 95°Ko 
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\ --------------.., 

LEGEND 

A Heater Element 
B K0var Seal 
C Variac {10 amperes max) 
D Fuse (8 amperes) 
E Ice Bath (0°C) 
F Double-pole, Double-throw 

Switches 
G Push-button Switch 
H ·Potentiometer· 

FIGURE 3.7 

THE ELECTRICAL CIRCUIT ASSOCIATED WITH THE HEATER 
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3.,5 Power Measurement: 

With regard to the reading of the power supply voltages, 

it should be noted that the calculations of Statz and deMars 

(Sd.l) 1 Bostick and O'Connor (BOl), and all other papers dis­

cussed in Chapter I utilize the parameter of P/P0 , that is the 

power over the threshold po~er. Because ·the power is propo~­

tional to the square of the voltage, the error in power is 

twice the voltage errore Hence, the error in the ratio of· 

P/P0 is four times the error in a voltage measuremento The 

problem is particularly acute in the analysis of Bostick and 

O'Connor where ~he term (P/P
0
-l) occurs (equation l.76)o 

Since P/P
0 

is close to 1? the relative error associated with 

this term can easily be in the order of 1000%~ An analogous 

problem occurs in considering th~ errors associated with the 

reflectivity where the term.l-R occurs (equation lo47)o 

In an attempt to reduce this power measurement error, 

a resistor chain of five 4o02 megohm presistors (1%) was con= 

nected across the power supply output and a microammeter (200 

microamperes full scale) measured the -current through this 

chaine In a consideration of errors, the resistance of the 

chain was meas~red (accurate to three figures) to be 20916. 

megohms., The heating effect due to current f.low should produce 

no change in resistance. (The power dissipated across each 

one-half watt presistor at 200 microamperes is 0.16 wattso) 

A slight error was introduced by the heat due to the enyirons; 

after six hours the resistance was measured to decrease to 

20o0l megohms~ a drop of Oo75% 



96 

Concerning the microammeter, it has a class figure of 

0.5% of full scale. Including the reading error and zero 

error') the maximum possible error on each current reading is 

~lo4 microamps or~ for 3.1 kilovolts, (=150 microamperes) the 

relative maximum possible error is 0.93%. Hence?the error on 

a power measurement is roughly 2%. We have indications that 

these maximum possible errors are too high on two accounts: 

threshold can be duplicated to well within one microampere and 

the shape of threshold curves can be determined to be similar 

well within the experimental errorse (See, for example, figures 

3 . 20 and 3 • 21 o ) 

3o6 Detection of Laser Action: 

A 925 S-1 response vacuum phototube, with a 90 volt 

supply and a one kilohm load resistor, was used to detect 

laser action. Taped to the front of the phototube was a 

narrow band-pass Baird-Atomic 730 multi-dielectric filter, 

necessary to filter out most of the pump light. The signal 

taken across the load resistor was fed directly to the 

Y=input on an oscilloscope. (The oscilloscope used was a 

Dual=Beam Tektronix Model 555 with a single sweep and a delay 

trigger function") A Polaroid camera could be mounted on the 

oscilloscope screen to photograph the trace using a film 

with an ASA rating of 3000o 

For low temperature experiments? it was necessary to 

prote~t the filter and phototube from the cold air jet emerging 
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from the crystal holder. The introduction of a glass plate 

in front of the phototube did not attenuate the oscilloscope 

signal and frosting was prevented by directjng tap air or a 

fan at the back surface of the plate. 

3•7 The Structure of the Laser Output: 

(See figure 3.8 for the format .adhered to in order to 

convey the experimental conditions under which a photograph is 

taken.) 

Laser action was first detected on December 24, 1962, 

using the double-jacket crystal holder at a voltage of 3.3 

kilovolts as measured on the power supply meter. Figure 3.9 

shows laser action close·to threshold pump-power at room tem­

perature. Of interest was the initial t~me of laser action, 

its duration, and the light pulse on which laser action was 

superimposed. As mentioned in the theory, time is required 

to build up a populati-on inversion which will sustain laser 

action. The time required in this cas.e was roughly 0. 6 milli­

seconds; the duration of laser action· is, here, 0.4 milliseconds. 

The background light pulse of figure 3.9 has two possible 

sources: the pump light or fluorescence. The trace decays 

in about 2 milliseconds, and since the fluorescent decay time 

is about 3 milliseconds, one can conjecture that fluorescence 

does not contribute substantially to the light pulse. Figures 

).lOa and J.lOb further demonstrate this fact. The former is 

the trace for no crystal in the crystal holder; the latter is 



TEMPEgATURE *~ VOLTAGE INPUT DELAY SETTING 
K (kilovolts) 

A TIME BASE THRESHOLD VOLTAGE 
Time/em Volts/em (kilovolts) 

B TIME BASE PERCENT POWER 
Time/em Volts/em ABOVE THRESHOLD 

*RT denotes room temperature. 

FIGURE 3.8 

FORMAT OF EXPERIMENTAL CONDITIONS ASSOCIATED WITH EACH 
PHOTOGRAPH 

RT 3 .J Kv 

.2ms/cm lv/cm· 

FIGURE 3.9 

LASER ACTION CLOSE TO THRESHOLD 



RT 3 . 5 Kv 

. 2ms/ cm . 5v/ cm 

FIGURE 3 . 10a 

THE TRACE FOR THE LASER CRYSTAL OUT OF TH E HOLDER 

RT 3 . 5 Kv 

. 2ms/ cm . 5v/ cm 

FIGURE 3 . 10b 

THE TRACE WITH THE LASER CRYSTAL IN THE HOLDER 
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the trace w~th the laser crystal in placeo The reduced am= 

plitude is probably due to the absorption by the crystal, bu~ 

the decay time for both remains the same, indicating the light 

pulse is derived from the pumpo 

In order to study the laser output in more detail~ 

one utilizes the time·base Band the delay trigger on the 

Tektronix Oscilloscope. Time base A is usually set to 0.1 

or 0. 2 milliseconds per c·entimeter so that the. whole .laser 

pulse may be seeno The delay trigger can then be set to delay 

the triggering of the B trace until the beginning of the laser 

action so that the B trace can have a much faster sweep speed, 

down to one microsecond .per centimeter. Using this function 

the:n 1 one can display the laser pulse on one trace and the 

expanded laser pulse on the seco~d trace, as in figure 3ollo 

The third trace shows a bright-up pulse to indicate the area 

·that has been expanded. (The arrows more clearly indicate the 

location of the bright-=up pulse.-} This picture was taken at 

room temperature with the single-jacket crystal holdero 

Figure 3sl2 shows the regular ~spiking period obtained 

at room temperature~ close to thresholde Again the bright=up 

pulse indicates the area expandedo From this ~nformation, or 

using the setting on the delay and ·the A time base, one can 

calculate the initial time .of laser actione In this casej it is 

0. 583. (:!J%)milliseconds. Figure 3 .13 was obtained under identi­

cal conditions from which one can see that the initial time of 

lasing and the period are quite reproducible_. The period is 



RT 3 .4 Kv 

.1ms/ em .1v/ m 

5f s / em .1v/ em 

FIGURE 3 .11 

LASER OSCILLATIONS ON THE EXPA NDED AND NORMAL CALES 

RT 3 . 2 Kv 5 . 76 

.1ms/ em 

5jis/ em 

FIGURE 3 .12 

. 05v/ em 

REGULAR PIKES CLOSE TO THRESHOLD . 

RT 

.1ms/ em 

5/'-'--s / em 

FIGURE 3 .13 

3 . 2 Kv 

. 05v/ em 

5. 76 
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A TF.ST Of' REPRODUCIBILITY OF INITIAL TIME OF LA 'ER A TION AND 
OF TilE PERIOD 
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~4 microseconds which is roughly that reported by Statz.et 

al. (SLSCl). 

Figure 3.14 shows clearly the characteristics associ­

ated with high pumping powers. The regular spiking pattern 

is clearly upset almost as soon as oscillation begins with 

the onset of other modes. The initial time of laser action is 

earlier for higher powers; here for example, the first pulse 

occurs 0.396 milliseconds after the flashtube is triggered~ 

Further, the baseline on;which laser action occurs rises as 

the spikes occur more and more frequently. A comparison of 

figures 3.15, well above threshold, and ).16, much closer to 

threshold, further demonstrate this feature. As is noted, 

for figure 3.15 the power is the same as for figure 3.16 but 

the temperature for.the former is 155°K compared to 262°K for 

the latter. This observatio.n indicates an increase in thres-

·hold with temperature, a result expected from the discussion 

of section 1.3. Note also the change in theY sensitivity. 

3. 8 The Determination of Oscillation ·Threshold·: 

One phase of the research was to assess the validity 

of the approach and predictions of Bostick and O'Connor's 

theory to our ruby crystal. At thi·s point our interest was 

focused on the initial time of laser oscillation as predicted 

by eq~ation 1.77, 

1.77 



RT 3 . 6 Kv 3 . 86 

.1ms/ cm 

5~s/ cm . O)v/ cm 

FIGURE 3 .14 

A TYPICAL PIKING PATTERN ELL ABOVE THRESHOLD 

155 °K 3 .4 Kv 

.1ms/ cm .1v/ cm 

FI GURE 3 . 15 

OVER- ALL LA'ER ACTION WELL ABOVE THRESHOLD 

262° K 3 . 4 Kv 

.1ms/ cm . 2v/ cm 

FIGURE 3 .16 

OVER - ALL LASER ACTION CLOSE TO THRESHOLD 
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an~ so, as a preliminary test of this theory~ experimental 

parameters were substituted into equation lo77 and the left 

hand side was compared with the va'lue 1., (See Chapter. IV 0) 

To apply this equation directly to our results, it 

was necessary to have a measure of P0 o The experimental 

difficulty here was that of.seeing the first few spikes just 
" 

at)laser threshold on the oscilloscope screeno The first 

requirement was a large Y=plate sensitivity but recalling 

that laser oscillations were superimposed on a slowly_de= 

caying wunc ~~ potential' the trace was greatly displaced ver= 

tically and had a large slope with a high Y-plate sensitivitya 

Also~ to see the oscillation structure~ tne X=plate sensitiv= 

ity had to be rather large 9 about five microseconds per cen= 

timeter.. Recalling also that, as one approaches threshold, 

the initial time of laser action increases, one can see that 

'the delay time was also a critical parametere Further 9 the 

initial time of laser action varies with temperatureo Hence, 

.for every combination of temperature and power~ the vertical 

position and the delay time m~st be adjusted by trial ~nd 

error~ and both these adjustments are interdependent. A 

typical result is shown in figure 3.17. 

Thresholds were measured over the.temperature range 

of l50°K to 223°K using the double=jacket crystal holdere 

The resulting plot is shown in figure 3ol8o The results.do 

not, even within maximum possible errors in the meter r€adings, 

form a smooth curve~ particularly those points at ~igher tem= 
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196°K 3 . 10 Kv 2 . 95 

. 2ms/ cm . 5v/ cm 2 . 98 Kv 

10~ s/cm . 02v/ cm 8% 

FIGURE 3 . 17 

AN ILLUSTRATI ON OF THE DIFFICULTY IN MEASURING THRESHOLD AT 
LOW TEMPERATURES 
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peratureso The application of equation la77 is also seen 

to show very large disagreement. (See Chapter IV.) 

Figure 3ol8 illustrates the need to improve our 

measurements of thresholdo To eliminate the vertical position 

adjustment., the phototube output was passed through a dif­

ferentiating network ('1000 picofarad capacitor and 3.0 kilohm 

resistor) which removed the pump pu~s.e from the output but 

passed the laser spikeso The laser oscillations then typically 

resembled those of figure 3al9o 

Further aid was sought in the use of a Technical 

Measurement Corporation Differential = Integral Pulse Height 

Selector and SG=3A Scalarg This scalar was observed to give 

out a count of 100 pulses or more well above threshold, but 

close to threshold~as few as thre~ or four pulses were de= 

tectedo However~ close to threshold the counter was unreli= 

·able in that it would sometimes not detect any pulses, where­

as a few pulses would be seen on the oscilloscopeo The input 

to the pre-amplifier stage was required to have no DC compon= 

ent and only negative pulses. The trigger level was set just 

above the noise level$ 

The procedure used to plot threshold curves was this~ 

if pulses were seen on the os~illoscope or detected by 'the 

Pulse Height Analyzer~ the input power to the flashtube was 

above. oscillation thresholdo The voltage of the power supply 

was ·reduced in 20 volt steps (one microampere) until no 

pulses were seen or countedo Then laser threshold was taken 



140°K 

. 2ms/ cm 

l f\ s / em 

3 . 30 Kv 3 . 00 

. 005v/ cm 

- 10 counts on timer 

FIGURE 3 . 19 

lOS 

LASER OSCILLATION ON AN EXPANDED CALE WITH THE DIFFERENTI ­
ATING CIRCUIT 
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to be at the point halfway between these last·two voltages. 

Graphs of threshold (kilovolts) versus temperature are shown 

in figures 3.20 and 3.21. Note the same general shape of 

each with a slight flattening tendeney~in the vicinity of 

180°K. This shape is predicted by D'Haenens and Asawa (DAl) 

(figure 3.22) for high f values where 

3.2 

using equations 2.75 and 1.34. However, for the plot shown 

in figure 3.21, the reflectivity had been measured and f was 

calculated to be 0.004, a very low value. This apparent 

paradox will' be resolved in Chapter IV. 

A Beckman Universal E/Put and Timer (Model 7370): 

further facilitated threshold determinations. The frequency 

response was 10.5 megacycles (or 0.1 microseconds), well 

within the time resolution of the laser pulses~ This counter 

has many functions but the most useful to us for threshold 

measurements was the E/B function. Here the signal was 

placed in the E terminal, while the square wave gate output 

from the oscilloscope (corresponding in time to the expanded 

scale} was placed in the B and A terminals, the on- and off­

gate respectively. To measure thresholds, the E signal had 

to be attenuated by a factor of 10 to cut out th·e noise,. and 

the B input was set to trigger on a positive slope, the A on 

a negative slope. A schematic of the laser detection system 
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THRESHOLD CURVE FOR R1 = 99.5%, R2 = 98.7% 
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described above appears in figure J.23. 

A much more consistent approach to threshold,as com­

pared with the results of the Pulse Height Analyzer, was 

observed. A typical result is illustrated in the table below: 

for a temperature o.f 116°K., Rl=99.4%, R2=97.8%, and a count­

ing period of one milliseco~d, 

Voltage Number of Counts 

3.02 Kv 101 
2.98 Kv 70 
2.94 Kv 20 
2.92 Kv 6 
2.90 Kv 1 
2.88 Kv 0 

Threshold was then taken to be 2.89 Kv for these conditions. 

The threshold curve resulting from the use of the 

Beckman Counter is shown in figure 3.24. Note the tendency 

towards a more linear slope at high temperatures and a lower 

slope for a lower reflectivity (the reflectivity being reduced 

from its previous value {see figure 3.22) by aging. 

These ·t,hreshold curves are acceptable for· our inves­

tigations and ·~~he procedure of using ·the Beckman Uni versa! 

Timer and the oscilloscope was adopted throughout the remainder 

of the thesis. 

3.9 Period Determination: 

The analysis of photographs of the laser oscillations 

on an expanded scale was one approach to period determination. 

However, consideration was given to the feasibility of measur-

ing the period with the Beckman Universal Timer. By the use 
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of th~ OQ=off gates coupled to the expanded scale on th~ 

oscilloscope~ one can determine the number of pulses counted 

in a certain time interval" 

Because of the irregularity in the spiking period with 

the onset of multi-modingg it is desirable to expand only 

that region just after initial laser.action where the pulse~ 

tend to be more regularo For powers:a few percent above 

threshold, this is a very small regiono Furtherj one must 

ensure visually on the oscilloscope that laser action has 

begun when the counter is triggered, otherwise the measured 

period will be~ longer than the actual period o Hence j the de= 

lay settingj the power setting and the temperature are all 

critical parameters o Using this technique a plot of the: 

period versus the input voltage was made {figure J.25)o The 

errors shown are the maximum deviations observed for three 

or four measurements at· the same temperature and power; the 

points shown are the averages of all the measurements madeo 

One~ therefore 9 expects a large error at powers close to 

threshold because of the extreme sensitivity of the period 

to the power in this rangeo 

Let us investigate the validity of these resultso The 

approach followed was to determine which laser spikes the 

counter sawo Figure )o26 displays the discriminator output; 

the counter registered each of these forty pulseso The gaps, 

however, are a source of concern in that the pulses are ir= 

regular and the meaning of the term "period~~ loses some sig-
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140°K J . JO Kv 4 . 00 

. 2ms/cm 

10f s/cm 20v/ cm 

FIGURE 3 . 26 

THE OUTPUT FROM THE DISCRIMINATOR 



nificanceo In an attempt to discover_which laser spikes 

were being detected~ the laser output was photographed 
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(figure 3o27), where full scale represents ten microseconds; 

the counter in this case registered six countso The timer 

gives an oscillation period of 1.7 microseconds; the photo= 

graph gives a period of one microsecondo Figure 3o2B was 

obtained by placing both the upper and lower traces of the 

oscilloscope on the B time sweep of the Tektronix Oscillo= 

scope, with the laser output on the lower and the discrim­

inator output on the upper traceo Here, one can see that 

multi-moding on the first few laser spikes is not detected 

by the counter, but twenty microseconds later~ this is not 

the case with the result that the period .shortens consider= 

ablya The photograph in figure .3.29 illustrates the fallacy 

of relying solely on the timer for period determination. 

Despite the strong degree of multi-moding as expected at 11% 

power above threshold 9 in the first fifteen microseconds of 

laser oscillation 9 the discriminator sees only the regular 

spikes~ giving a completely erroneous periodo 

On the basis of figures 3o27 and 3.29, the procedure 

used to determine the period was this: both the laser trace 

and the discriminator output. were ·photographed and the former 

was used to help elimina~e multi-moding effectso 

Using a resilvered crystal (R1=99o5%, R2=86D2%)~ a 

threshold plot was made (figure 3o30) and the period was then 

measured for powers 1%, 3%, 5%, 7% and 9% above threshold, 
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A COMPARISON OF THE LASER OUTPUT AND TilE COUNTER INPUT 
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FIGURE 3 . 29 

EVIDENCE OF AN ERRONEOUS PERIOD DETERMINATION AS ALCULATED 
FROM THE TIMER 
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and even .. hi-gher where practical, at temperature~ ranging from 

100°K up to 262°K. Plots of the period versus power and the 

period versus temperature on the whole gave broken curves as 

illustrated in figures J.Jl and 3.32, as examples. We suspect 

the errors in these results are rather large as reproduci­

bility was very d.iffi'cult to achieve. 

In summary we report that we can make measurements 

of these thresholds and periods at temperatures ranging be­

tween 100°K and 300°K. The error in the threshold curves is 

acceptable but the period determination is largely a matter 

of interpret,ation for our crystal, particularly at powers 

greater than 3% above threshold. 

3.10 Mea.surements of the Scatter Loss for Our Ruby Crystal: 

As indicated in Chapter II, scattering is an import­

ant loss parameter in laser analysis. Required for such a 

measurement is a powerful, monochromatic, collimat-ed beam of 

lig_ht centred at a particular frequency. The frequency re­

quired must,be chosen to avoid any absorption bands or lines 

in ruby and at the same time must be as. close as possible to 

the laser frequency to avoid.any complications with regard to 

scatter as a function of frequency. The light beam must be 

col~imated so that no internal reflections· are caused by the 

ruby crystal side-walls. The beam must be monochromatic in 

order to avoid absorption losses, as mentioned, and also must 



123 

q 8 '7 '- s 4 '3 
PERIOD (MICROSECONDS) 

FIGURE 3.31 

A TYPICAL PLOT OF THE PERIOD VERSUS THE POWER ABOVE THRESHOLD 

lOO 

2.b0 + 
~ \ 0 

r:il 220 p:: 
::::> 
8 
< 
~ 18 0 
r::t:l 
~ 
~ 

~ 140 

s .oi\- 3 2. "' 
PERIOD (MieROSECONDS) 

FIGURE 3.32 

A TYPICAL PLOT OF THE PERIOD VERSUS THE TEMPERATURE 



124 

) 

duplicate as closely as possible the scatter suffered by 

laser light. Finally, the most difficult requirement of 

all, experimentally, is sufficient power in a monochromatic, 

collimated beam of light to attain a detectable signal with 

a phototubes 

The procedure· used was to observe the loss of in­

tensity due to the crystal in the ~ight beam as compared with 

the intensity for the crystal out of the light beam. This 

loss of intensity is due to reflections from both end-faces 

of the laser crystal (a total loss of 15%) and due to scatter. 

Hence, scatter loss may be evaluated. 

A crystal holder was machined from a steel block with 

a quarter-inch groove in the top surface, bored parallel to 

the bottom face, in which the crystal was placed. This 

crystal h~lder was then placed on an optical bench inside a 

·grating spectograph (Bausch and Lomb Model No. 11-1.5 meters) 

the bench being shimmed until determined horizontal by a 

spirit level. A large stop was supported on the front face 

of the crystal holder and a variable diaphragm served as an 

entrance collimator. The whole system was painted black to 

reduce reflections. The signal was detected by the 925 S-1 

type vacuum phototube, the signal being passed outside the 

spectograph to an amplifier (Maser Optics - Optical Pulse 

Detector Amplifier Model 361) through intercom wire.. Ground­

ing the outer easing of intercom wire to the spectograph and 

amplifier effectively reduced pickup in the signal. The 
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amplifier output was then placed on the oscilloscopeo 

Many d.ifferent configurations were used in an attempt 

to satisfy the! above requirements. Sources used for illumin­

ation included a carbon arc lamp~ a cadmium arc lamp (64B3A), 

and the xenon flashlamp, energized by the laser power supplye 

Narrowing of the spectral bandwidth was achieved with the aid 

of a monochromator, the spectograph diffraction grating and a 

Baird-Atomic multi-dielectric filter centred at 7300Ao (The 

transmittance of this filter as measured by the spectrophoto= 

meter, described in section )o2j at 7000A was effectively 

zero·~ ) 

The only combination powerful enough to produce a 

signal suffi c:iently far above the noise level was the system 

composed of the flashtubej the narrow band-pass filter and 

the diffraction gratingo Light from the flashtube was 

focused on the filter which was placed over the entrance to 

the spectograph~ with the entrance slit removed. The light 

passed through the spectograph and was reflected off the 

grating onto the crystai·holdero. The ·phototube was placed 

directly behind an exit hole close to the end of the laser 

crystal in order to reduce the possibility of stray light be= 

ing detectedo With no crystal in the system~ a signal strength 

of about 30 millivo.lts was obtainedo Surprisingly~ though? 

with the crystal in? the signal increased to 68 millivoltso 

The conclusion was that the crystal was itself col= 

limating the light beam through internal reflectionso To 
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avoid this source of errory three collimating holes were 

constructedo One was placed at the entrance of the light 

beam into the crystal~ one at the exit end~ and another two 

inches further back 9 directly behind which the phototube was 

placedo Alignment was achieved by looking through all three 

holes towards the red light reflected off the gratingo With 

hole diameters 1/16 of an inch~ no conbern fqr diffraction 

existed 9 since the criterion for a geometrical image at a 

distance b from a hole of radius a is 

>> 1' 

and in our case this number was about ll3e 

However~ the intensity was still insufficient and it 

was necessary to eliminate the diffraction grating and sub= 

stitute a concave mirror to reflect the light to the crystal 

holdero The concave mirror had to be placed far enough from 

the collimator to defocus the light beam so that the light 

passed was almost parallelo The optics could then be easily 

and accurately aligned by passing white light through the 

whole system and positioning the two exit holes so that the 

image from the entrance hole just filled each of the other 

two collimating holeso All diameters of the collimating 

holes were 1/16 of an incho Replacing the filter over the 

entrance to the spectograph~ the flashtube was triggered at 

)e5 kilovolts for succeeding measurements and the results are 

pictured in figure 3e33o 
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1race "a" of figure 3.33 shows the noise signal ob­

tained by taping the first exit hole with black tape, and the 

signal strength was measured to be 12 millivolts.. Trace "b" 

is that obtained for the laser crystal in the crystal holder 

and trace "c" for the laser crystal out of the crystal holder. 

Respectively the signal strengths were 55 millivolts and BO 

millivolts. Subtracting the background signal of 12 milli­

volts, the total loss was found to be 25/68 or 37% so that 

the loss due to scatt.er was found to be 22%. 

This result is in reasonable agreement with Kaiser 

and Keck (KKl), who quote a 17% extinction loss for ruby, 

and with Aagard (Al), who measured a scatter loss of 15% for 

his ruby laser crystal. 

3.11 A Measurement of the Diffraction Loss: 

The method of approach to this problem has been out­

lined in Chapter II; that is, threshold curves are drawn for 

different reflectivities and measurements of the slopes of 

the linear portion of the curves are madeo The first thres­

hold curve (see figure 3.34) was derived from reflectivities 

of R1=99.3% and R2=99.2% or r 1=0.993. Regarding the plot one 

can see clearly the deviations from a straight line over most 

of the temperature range are small. The departure from line­

arity at low and high temperatures is predicted by D'Haenens 

and Asawa (DAl}. Resilvering the transmission end, a reflec­

tivity R2 of 80.4% was achieved by evaporating 17.6 milligrams 
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of silver, giving r2 as OoB93o The threshold curve under 

these conditions is plotted in figure 3e35o 

The measured slopes are calculated to be as follows: 

81=1@735 

S2=2o506 

~ was found to be~ by NewtonWs Iterative Method~ Oe806 and 

the diffraction loss per pass is hence.l9o4%o This value is 

lower than that of Aagard (Al) who found a diffraction loss 

of 25%. 
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 The Effect of Scatter and Diffraction on the Period 

Determination of Our Ruby Laser: 

131 

In thE! theory of pe'riod determination, we have fol­

lowed through the assumption that optical maser oscillations 
I 

are governed by the sam~ equations as microwave masers. 

(See equationE; 1.53, 1.54 and 1.55.) That is, we have as-

sumed that the: oscillations are produced by the competing 

processes of the pump and stimulated emission. 

Evidence that the theory and the equations proposed 

were valid as applied to a four-level optical maser, was 

first published by Bostick and o'1 Connor (BOl). As an ex­

ample for· CaF2 :u3+, they predicted a modulation period of 

7.2 microseconds and observed a period of 8.3 microseconds. 

However, as one would expect, the application of the equa­

tions as used by Bostic~ and O'Connor to ruby proved in 

error. As pointed out in Section J.B, the first test was 

that of checking equation 1.77, 

1.77 

where t, it will be recalled, is the initial time of laser 

actione As an example (figure J.29), tis 0.313 millisec-

onds. In order to calculate the relaxation time L, a linear 
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relation, as a function of temperature (T), is assumed be­

tween the two values given by Maiman (M3) as 

and 

Therefore 

T=300°K 

T=7B°K 

~=3.0 milliseconds 

7: =4 .3 milliseconds. 

~ 816-T . 11 . d L = 172 m1 1secon s. 

In this case, the temperature was l87°K so that 't: was 

calculated 'to be 3. 66 milliseconds. P/P 
0 

was 1.12 and the 

left hand side of equation 1. 77 took the value . 092 .· This 

result was typical of many, giving an indication of how 

erroneous the application of a four-level theory to a three­

level lase~ can be. We shall later calculate the period 

predicted by t~is theory as applied to our ruby laser. 

The theory most accurat.ely describing the three­

level ruby laser is that .proposed by Birnbaum et al. 

(BSWl). Here the dynamic equations are linearized and 

solved for the modulation period TM. We have, as shown in 

section 2.7, revamped their treatment, and from equations 

2. 68, 2 ... 67, 1. 4 7 and 1.101, ·we can predict the oscillation 

period for pump powers close to the threshold condition. 

As an example, consid.er figure 4.1. Here 

r=~993x.862'=0.925, so that using equation 2.86, ns/n0 = 

0.037. Using equation 4.1; for T=249°K, t:: =3 .30 millis~c­

onds; ;s is l. 24 x 108 sec -l using equation 1. 4 7, and fin­

ally TM is found to be 20 microseconds. 

The period observed.is seen to be-5 microseconds. 
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249°K 3 .40 Kv 

.1ms/cm 3 . 37 Kv 

5 s/cm .1v/cm 2% 

FIGURE 4 .1 

THE EXPERIMENTAL PERIOD FOR OUR RUBY LASER 2% ABOVE THRES ­
HOLD, r = 0 . 925 
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Often, a longer period was observed between the first few 

spikes than for succeeding spikes, which assumed a regular 

period until multi-moding begane The period~ as a result, 

was taken to be that measured once the spiking period be­

came regular, the irregularity of the first few spikes be-

ing considered as a transient phenomenon. 

The problem now is one which seems to be common b,oth 

to microwav.e and optical masers·: that of accounting for a 

period much less than is predicted theoreticallye (..See,as 

examples,sections 1.9 and 1.10.) In the microwave case, 

Statz and deMars (Sdl) resolved the problem ~y recours·e to 

the mechanism of cross-relaxati6n. (S~e section 1.9). In 

the optical case, Statz et al. (SLSC1) reasoned that the 

presence of "extra spikes", arising from outer filaments, 

circumvented the difficulty. As pointed out in section 2.), 

we find that alternatives are not ruled out by their ob-

servations an~ in turn, we propose the following: the trans­

mission loss mechanism is augmented by scatter loss and 

diffraction loss. 

From Chapter III scatter loss for the ruby crystal 

under investigation was measured to be 22% per pass or 
-1 8=0.043 em . Diffraction loss was•measured to be 19.4% 

per pass or~ =0.806. (These values are to be compared with 

those of Aagard: a scatter loss of 15% and a diffraction 

loss of 25% per pass for his ruby crystal.) Applying-the 

parameters of figure 4.1 to the t~eory summarized. in section 



2.10, we obtain the following results~ 

Case 1: 

Case 2: 

Case 3 : 

for r = Oe925, S = 0~ S = 1~ 

TM = 13.7 microsecondso 
~1 

for r = OG925? S = Oa043 CD! ~ ~ = 1~ 

TM = 6a3B microsecondso 

for r = Oa925, S = Oo043 cm=l~ ~ = OQ806~ 

TM = 5o2 microsecondso 
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Hence, with the measured values of scatter loss and dif-

fraction loss for our crystal and the inclusion of these 

losses ·in the theoryi the predicted value of 5e2 micro­

seconds is seen to compare very well with the experimental 

period of 'V 5 ·microseconds o 

As applied to the theory of Bostick and o~connor, 

these values of parameters were used by us to predict a 

period o.f 62 microseconds,· using equation 1. 76 and sub= 

· stituting j91 for ,s . 

Recall the oscillation threshold curves~ after 

DgHaenens and Asawa (DAl) (figure 3o22)o It was noted 

throughout Chapter III that the oscillation threshold 

curves resembled those for high f values. We now see that 

f,as given (equation 3.2~ must be revamped to include these 

additional loss terms such that 

4.2 
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Now f t~kes on a value in the order of 0®25 rather thah 

Oo04 for a mean reflectivity r=Oo925o The threshold curves 

obtained in Chapter III are now characterized by those pre­

dicted by D'Haenens and·Asawa for high f values and the ap= 

parent paradox mentioned in section 3o8 is resolvedo 

It should be noted that close to oscillation thres­

hold, where our theory applies, the modulation period varies 

rapidly with power~ as seen in figure 3.25~ The errors in 

the power setting .are rather large so that reproducibility 

of results is very difficult. Such attempts resulted in 

observed periods varying from 6 to 3e5·microsecondse 

The average of about 5 microseconds was, therefore, felt to 

be the experimental period for a pumping power 2% above 

thresholdo The theoretical period, on the other hand, is 

almost unaffected by changes in powero (For our system 

this value was 5.31 microseconds at thresholdo) Experimen= 

tally~ the period was found to be about 9 microseconds, but 

rapidly decreased to about 6 microseconds for powers 1% 

above thresholdo 

Secondly~ the period predicted by our theory is 

rather insensitive to temperature variationsG Again the 

errors in power settings are large enough that no quanti= 

tative evaluation can be made regarding the variation of 

period with temperature. (See figure 3.32.) 

In con(:lusiq.n:~ it i~ worthy of note that ·no o-ther 
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existing theory predicts such close agreement with the. 

oscillation period obtained from our crystal. Birnbaum 

et al. predicted a modulation pe~iod of 10 microseconds, 

to be compared with an observed period of 13 microseconds 

and they considered this agreement goods Secondly, we 

would like to point out t~at our theory indicates that 

the results of Birnbaum et al. were obtained from a rela­

tively sca~ter-free, diffraction-free crystal, as is con­

firmed by their rather long observed oscillation period 

of 13 microseconds at 1% above threshold (CVl). 

4.2 Recommendations: 

Two suggestions as to further research present them­

selves, one of which is the furthe~ investigation of the 

period of oscillation (section 2.3). A study of the mode 

structure in each filament would yield decisive information 

as to the mechanism by which the same oscillation pattern 

is observed from different filaments. We feel confident 

that such an analysis ·will demonstrate modes derived from 

outer filaments will contribute to spikes observed from inner 

filaments, lending support to our postulate of scatter as 

the cause for.the same time-resolved spiking structure of 

the light output being observed from different portions of 

the laser end-face. Such information would also shed more 

light on the relation of the spiking pattern to the mode 

structure. 
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A.further realm of research is suggested by this 

thesis, that of investigating the period variation as a 

function of temperature and power" For this purpose, one 

would require a flash-tube voltage supply with a small drift 

and a voltage measuring device accurate to about one part 

in eight hundred. Such accurate investigations could lead 

to a further refinement in the theory to predict the period 

variation as a function of temperature and power, a factor 

not, as yet, :Lnvestigated quantitatively on a theore.tical 

basis. 
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