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ABSTRACT

This thesis attémpts to éxplore some aspeéts of
the use of lasers in muterial forming. The object of
a number of experiments was to dewmonstrate the feasi-
bility of the use of lasers in the production of

-surface aldoys with unusual properties. Two basic
techniques were employed. The first was to coat a metal
with ~an alloying element and then using the laser beam
to fuse them together. The second methpd W&S'ﬁﬁ>alloy
two metals and then try to form a metastable phase with
the laser beam. It was found possible to alter the
carbon content of'steel,a$d4fﬁsémaﬁthimglayér;of o
tungsten, tungsten carbide, and titanium carbide to a
steel surface,.add to form titanium carbide on a ti-
tanium surface. The results of an experiment to form

a metastablevsolid solution in a copper—silvér alloy
were not conclusive. In order to better understand the -
physics involved someitheoretical discussion and back-
ground material is included.

A thermal analysis establishes the controls resu
quired to produce various effects. Extremely rapid
heating and cooling rates may be achieved. A surface
may be heated at avrate of 1010degrees /second, aﬂd

any-opaque material may be vaporized.



Introduction and

Thermal Analysis

The recent development of the laser hag opened
the door to nany new areas of research. This device, as
well as being a field of study itself, has certain
unusual properties.which make it a potentially useful
tool in many other areas of scientific endeavor. One
area of interest for the mechanical'engineer is the
produbtion of new materials or finding easier methods
of producing known‘materials with unusual properties.
A laser may be uost easily zdapted to the production
of special alloys on the surface of some more common
materials.

Some consideration should be given to the phe-
nonéng involved when the liser vean strikes a metallic
surface and the equations governing the temperature
nistory within the metal.

From olassipél gléqtrodynamic theory the electro-
magnetic energy is absorbed exponentially with a dis-
fance constént.on the order of 100 3 for conductors.
The energy is first absorbed by the conduction elec=:
trons and then after some delay the electrous give up
theif energy to the lattice structure. It is believed
that in simple metallic conductors the dominant decay
mode 1s through acoustic phonong, 4the relazation times
being on trze order of 10_13 geconds. Since the energies
of the acoustic phonons éhat result are on the order of

2 3

10°° to 10 “ev =nd the enerygy required to break a metallic

bond is zreund 1 ev, it would take on the order of




10 11 seconds
10 77 %o 10 5o break a metzllic bond. With dielec-

trics and transition eleménts this is not necessarily
the case. Mere it is possible for the electrons to
remain in zn excited state for some period of tine-
on the order of 10—5 to 10—7 seconds. During this tin
the energy moves with almost zero velogity. Since a

. . , S
single laser spike may be on tihe order of 10 seconds,

there may be a considerzble difference in behavior at

the surface of different metals.under certain conditions.
At distances into the materiil large compared to
the abgofption depth and relatively long laser pulses,

the temperature history would be governed by the stan-—
dard conduction heat flow equations. However, since
prase changes nray take place, the thermal diffusivity
is not constant, the heat source is not constant, ete,
an exact caleculation becomes hopeless. The pertinent
generalized heat flow egquations are briefly developed
in Appendix A;‘

If all properties remain constant, the temperature
distribution would be described by

- -— : k
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The most interesting result of these eguations
is that for a given metal, the condition for vapor-
ization is specfied by the fatio of Q/R and not by
the power density. In other words the quantity
Tka/Q nust be less than a cOnsténtf This constant
may be derived exactly for an ideal laser beam and .o
Would be around .04. Sinég the laser beams are not -
exactly ideal,but are fairly similar, a reasoﬁable
value could be established experimentally. With a
particular laser, if the crifical value is fourd for
one material, the effect on all other materials may. be
found. | |

The value of k varies by more than a factor of
10 between'metals.‘This means that if a given laser
~can just melt the surface of silver, it will have
no trouble inzmmglting tungsten,'be just able to
reach the boiling temperature of aluminum, and with
out difficulty reach the boiling temperdture of steel.
It is assumed that b0111ng occurs at one atmospaere
pressure. |

As far as the effect of vaporization is concerned,
the evaporization.rate is the most important factor.

"This would be

B= @/A; %’22

Y
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therefore, boiling cannot begin until kgg equals Q/A.

- In the range of concern, erf (w) ié neariy equal
to w. This means that that the time to evaporization
is nearly
' 2

m
(T, kA)

e e e

.*:q Q 2
and the depth at which material is melted in this time
is approximately

(Tb—iTm)Ak
2Q

or more exactly for large depths

- -4C
201+-1 1-4 1

where . .

To illustrate the significance of all tuhis, con-
sider four metals; aluminum, brass, steel, and silver.
The steel would vaporize after 10 microseconds and be
melted to a depth of 2.5 microns. The brass would
vaporize after 25 microgeconds and be melted to a
depth of 10 microns. The aluwinum would vaporize after
25 microseconds and be melted to a depth of 1% microns.
The silver would vaporize after 50 uicroseconds and be
melted to a depth of 25 microns. The temperature dis-

trivution at the sufface of the four metals is shown

~in figure 1.
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These figures illustrate qualitatively rather than

quantatively the behavior of various metals. With & real

laser beam both Q and R vary considerably during a pulée.
The output power roughly proportional to the input
power once laser action begins;-howevér, the spot
radius is & function of the degree of coherence between
various parts of the ruby, and can vary considerably‘
during a pulse. This woilld acrount for the large vari-
ation in results obtained when Q/R is near its critical
value., _ ’ |

‘Tor efficient material removal it is desired to

to use a high quality ruby (to reduce the variation

in R) run at a Q/R just below critical and a increase

in Q/R at the very end of the vulse. A circuit for
doing this is shown in figure 1-€. |

There are several limitatioms on the above andlysis.
The first is that it does not necessairly apply to a
giant laser pulse, although some correlation may be
obtained for simple conductors by correcting the boil-
ing temperature to the increased light pressure. The
second is that it does not apply to materials that
have a very long absorption depth. The third is that
it does not apply if the material thickness is nos much
greater than the mélting depth.. .

The analysis may be extended to thin materials by
at the surface ard using the standaprd sol-

T
' b
utions for thin slabs.
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Probanly the easiest method of fﬁpding the temper-
ature distribution after the laser pulse has ended . -
would be to adapt the equation for a unit heat source.

: gy F'ic,
-2 = 1
T = ¢, (e+T) o 14E®

- wnere the constants Cl’ 02, and T are chosen to most

closely fit the distribution at the end of the pulse.
© In the following experiments the ability of a

laser to generate almost ahy_temperature necessary to

melt materials Willlbe used as a tool to form sufface

alloys.
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silver

L NP ) .

2.5 microns

Figure 1 (a) Temperature distribution
near the surface of 4_dif£erent metals at

the time evaporation begins.



‘Pigure 1 (b) A°rough approximation of lines

of constant r. These were made from ob-

servations of holes produced.
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Trigger 1

_ o —%—=  Tlashtubes
vrij\fu A,w.\ul” ~ - .

R "R “e—Trigger 2

Flash Intensity

!

Time

Figure 1 (c) Circuit for producing deep holes

with a laser. Trigger 2 is fired with the
necessary time delay with respect to trigger 1.
It is desired to keep the output power just

below critical for as long as possible.
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- EQUIPMENT

The laser used was a 23"X3I" .04% crromium 60 growth

angle ruby rod with uncorrected flat ends. The ends
were coated with 99% and 80% reflective dielectric

monolayers. Six series conrected EGZG FX 100 flash

lamps were used as a pump source. The power supply con-

sisted of a 5 kv source, a 90 mfd storage capaoitdr,

and a limiting inductor. The inductor was 100 turns of

number 16 wire at 2 inohes in'diameter. The flash tubes

are triggered with a 30 kv pulse. The laser, power

supply, and schewatic are shown in figures 35 4, andxsg
The laser beam was focused with a 1 inch focal

length microscope objective. It was necessary to remove

the bottom lens of “the ohjective in order to avoid its
being damaged? This was found by experience. The focus

was adjusted by focusing the light from a flashlight

through the center tube with the ruby'removedQ

The ruby was mounted on the end of a brass rod
%. by means of'anTaluminumfaollar in order to facilitate
? handling. When the ruby is placed in the center tube

care should be taken not to scratch the reflective

coating.

The flash energy may be calculited from the formula

E 072

and should not go much over 800 joulss, since there is
& rapid decrease in flashtube life with increased power.

* The power density is sufficient to blacken the cement

b ] .-
between the lens sectiouns.
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‘It should be noted thaf the flashiubes are polarized
snd the end with the red dot is positive. The flash-
Tuhes méy.sometimes fire spontaneously, usually when a
charge is leflt on the reflector. The ruby should be
cooled &g much as possible between firings. This may be
done by washing it ‘with alcohol. |

The laser wes mounted on & milling machine so that
some fine control could be obbained in the positioning

of the work,
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Experiments

A number of experiménts were performed in line
with the overall objecfive of demonstrating the usé of
the laser as & research tool in material processing.
These experiments related to the technique for altering
the surface composition and the formation of metasfable
alloys.

The small areas involved were a severe handicep in

making quantitative measurements. The only easily meas-

rured quantity was hardness; however, some very rough

surfaces prevented even hardness measurements. In some

‘cases 1t was possible to meazasure composition with an

electron probe microanalyzer. A good deal of work was
confined to visuazl observation of the result.

| The first experiments were with plating gold onto
a steel surface. This experiment was to determine the
feasibility of several methods of bonding sueh netals
together in the simplest mannef’pgssible. It was also
hoped that a sufficient area could be covered without
excessive surface roughness in order to ualke coefiicient
of frlctlon and wear tests.

The first method tried was to simply place sone
gold foil against the steel and hit it with a laser
beam. A hole could easily be melted in the foil, how-
ever, no trace of gold could be found on the sheel.
Since the goid was being scattered, it was felt that

sandwiching it between the steel and a coverglass would

contain i1t. This resulted in a few specks being deposited




on the steel. The steel was then given a Simicroénrthick
gold platé. The laser beaum removed all traces of gold
where it hit. Finally, gold foil was saﬁdwichéd between
gold plated stee1 and a coverglass. In this case it was
possible to melt the steel and yet leave some gold where
it was melted. Suitable specimens could not be produced.
- Arnumber of experiments were run on altering the
carbon content of steel. The rapid cooling that occurs
after a laser pulsé ends will bring steel to a fully
hard condition. Since the maximum hardness is @ function
of carbon content, it 1s possible to reasure changes
over some range'of cafbon content with a small hardness
tester. Unfortunately it is impossible to measure the
carbon content of steel with an eléétron microanalyzer.
Several comunon types of steel were tried under
different conditions, It was found that mild steels
‘could be fully hardened when coated with a carbon con-
taining fluid, such as nineral oil or rubbef cement.
The carbon penétrated up to 20 micrans into the steel.
No change in carbon content‘could be obtained by coat-
ing the surface with a thin film of powdered carbon.
When a colloidial graphite suspension was used, the
steel appeared to have a large amount of carbon depos-
ited at the grain boﬁndaries; With a nigh carbon alloy
steel the maximum hardness could be achieved with no
carbon addition, and the addition of carbon also pro-
~duced carbon at the. grain boundaries.

The steel hardness that was mezsured with a 50

18
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gram load on a Durimet small hardness tester went as
high as 1500 HV. However, this could not be consis-
tantly duplicated and neasurements of 1000 HV to

1200 HY appearzd to be more typical. The maxinum hard-

ne@s seemed 10 occur several micrdns below the su”;ace,

but this was somewh. .t difficult to'judge as the sur-

face was not very smooth. Figuré 5 shows the change in
hordness.

" The strﬁctures produced were a fine grain (ASTM
size 14 to 15) martensite over most of the area. There
was a band about 25 microns wide around fhe periptery
in which the carbide and ferrite portions of the pear—
lite grains recorbined,and vet th grain boundary with
the ferrite matrix was unchﬁnged In some cases & series
of concentric rings were observed. This is believed to
be the result of the ligh pattern from the luser. At
a depth of around 25 microns the siructure appeared
to be a teupered martensite as shown in figure 6.

At ZJirst some difficulty wus encountered in trying

to see the grain structure of the martensite. It was

found that a long etch with 5% pieric acid, a high

magnification, "and & relatively low level of illum-

ination in the microscope is required for seelng the

microstructure. It may also be seen by & slight anneél-v
ing wrich will allow some carbide to precipitaie at the

grain boundaries. Before the zrains were seen, a back



Laue pattern was nmade of the affected wurea of an oil
hardenable steel. Since the X ray beam was .05 inches

in diameter, it was necessary to prepare the area by

repeated shots. e Do oo thowvn o oo on o Dhoe

Another experiment was run to determine if larger

~atoms could be diffused into the steel in order to alter

it$é  properties. Tungstén was chosen, becausge it was
thought that its high melting point znd high strength
might impart some unique surface properties. The first
method tried was to coat the surface with potassium
tungstate and cover it with a coverglass. There was no
appearant effect on the steel, possibly because the
powder was not fine enough aé-well as there being too
much energy'reQuired to brealk the cuemical bords. The
second methbd tried was the use of pure powdered
tungsten. This was held against rmild steel with a
coverglass. The result is shown in figure 8 . 1t was
thought originally that the black area wis rnowdered
tungsten fused to the steel and the white islands

were plain steel. However, this area was analyzed
with the electron microanalyzer, and it was found

that there was no tuncgsten in the black area and that
sections of the white area were almost pure tungsten.
with various intermediate comuositions in the rest of
the area.‘The.x—ray intensity from the tungsten along

ey

the line in figure § is shown in fizure ¥ . Careful

examination shows that the pure tungsten may be

20



s

e

A RS

S

.

e,

21

distingu ‘"hed from the surrounding matrix, because it
is ll&htef in color. Unforvuztely this difference did
not photograph well. The layer was tooJ%h1n>for;the
hardness measurements to have any Aeanlng

Several experiments were run on methods of forming
surfaces with carbides of tungsten and titanium,since
they are quite hard. It was found that with the sand-
#ich method mentioned abhove, carbides could be fused
to a wmild steel zurface. The titanium carbide forued
& continuous so0lid more readily than the tungsten
carbide. Proto raphs of some of these attemps are shown
in figures 10 and 11, and the electron probe outputs
for tungsten taken wlong the lines indioated are shown
in figures 12 and 13 . .

Titanium carbvide was also formed directly‘on ti-

tanium by coating the metal with a colloidial graphite

‘suspension. The layer of carbide appeared to be covered

witlr a layer of carbon.

It was found that with 2024 T3 aluminum, it is -
péssible to determine where the laser beum struck by
etching with 1% NaOll or .5% HF. The area affected will
turn darker. The materi 21 21s0 exhibited shrinkasze
cracks; see figure 14.

The experiments in forwming wetastable compounds

- were with an alloy of copper and silver. Fron the

theoreticall gtandpoint conper and silver should form a

continuous so0lid solution¥ however, in practice they
* That is the Hume-Rothery criteria are satisfied.




have a éuteotic. In recent years tre solid solution
has been reported by Duwez et al. It was formed by
shooting a_small_drOp of molten metal agaimst a large
bheat'sink forming a film 1 to 50 microns thick. Cooling
rates huave been estirated at two m11110n degrees per
ﬂecond2

The first attempt was to plate silver with copmner
and hope for sone :LntermedlwtG alloy being formed.
This method did not appear to be satisfactory when
inspected with a microscope; therefore,’.it was not ana-
lyzed with the electron probe.

The second aftempt used & copper-silver alloy. At
one poirt it was cooled to nitrogen temperature, bﬁt
this caused more problens than detectable improvement
and was abandonned.

The effect of the laser beam was to produce a
tlnted circle 300 microus in diameter with a small
very 1rregu1ar area of dark cruters and a few suattered
craters around 1O microzns in diameter, see fl SUre 15
The electron probe was run across three of tnese areas
and the results are shown in figures 16 and 17 . The
rel@tive'composition may be very roughly calculated by
taking the ratio of copper in ity (bottom tfaoe) t0
the total intensity of both traces. This may be done,
because the standerd intenzity of the two metals is about
tiie sane and the oharacteristic lines are_far apart. This
indicates a nour\oDlt:Lon of 25 1o 35 weignht percen t copper

which is 35 to 50 atomic percent.

22




Discussion

Although these éxperiments did not deal directly

with temperature measurements, the observations made
concerning relative effects on different metals were
in close agreement with what the theory perdicts.
The importance of the temverature theory in these
experiments is that almost any temperature necessary
for melting a material méy be generzted by means of a
laser beam. The only experiment in wnich the power was
less than adaguate was the attempt to form a metastable
copper silver alloy. Arcensiderable improvement could
be made with a more versital laser and power supply.

Another problem was the difficulty in analysis of
the specimens; espetially when only a very thin surface
layer was involved. The small hardness measurenents
are meaningless.fof'small layers. The electron micro-
analyzer requies the material to be uniform 1 micron
in diameter and several micfons deep, depending on the
material, for the measurements to have any’meaning.'

If the desired specimen could be produced on a
thin film, a transmission Kossel pattern may be made
the electron microanalyzer. Reflected Kosselipatterns
could be made with a spécial adapter, however, one was
not available. TG

X-rays may be used to distinguish amorphous from

crystaline ﬂaterlals by means of a reflected Laue

pattern. With a single crystal a Laue pattern is a




achieve the desired effect. For these reasons a cover-
glass 1s always necessary for tungsten, tungsten carbide,
and titanium carbide on steel; however, iﬁ theory it |
is not necessary for gold on steel. 4

The bonding of gold to steel experiments could be

very much improved with more control of tue laser output.

STA

The therwal ahalysis»shbws that theﬁfécal”length of the
lens should be gbout 10 times as long and the laser o
output pulse around 400 microseconds to melt to 2 microns
the steel. These numbers are only intended to indicate
the right balipark.‘ The exact fequirements depend onu
a nunber of variables, such as pulse shape, and should
be determined by experiment. In nis case the area
covered in one shot would be 100 times as great and a
surface suitable for friction and wear measurements
‘could easily bhe produced.

- It was nofed that the ﬁitaniﬁm carbide fused into
a more continuous lump than the tungsten carbide. This
may have been the result of a higher thermal diffusivity
of the titanium carbide,_The'melting temperatures are
almost the same. The tungsten carbide in one case did
distribute itself in a reasonably flat surface. It is
believed that this was & combination of coverglass

pressure and beam pattern.




The electron microanalysis of the copper-silver
alloy indicated that the sample had less copper than
intended. It seems tbat the £ phase formed only a thlp
film at the K grain boundarles. Visual observations
hzd heen somewhat confusing. This would make'it im-
possible to get a pure B phase indication and would
account for-thé small spikes in copper coaceﬁtratioﬂ
which go above the amount ekpected in tbe d(ohase.

When the laser béam q1t, some of the oL 2raing
were melted from the surface, thus the # ph se was ex-
posed de melted. ThlS woqu account for the oellular
pattern in the affected area as well «s the increaseq
CODPET concentrat1on.>

It is suﬂﬁestea that if the experiment were re-
veated, a fine graln euuectlc compos;ulon be used to
start with. In order to increase the cooling rate,

a shortér focal lerngth lens should be used and the
laser should be ooerated at lower power This would
reduce the area, and reduce the error caused by
vertical segregation. |

The pressence of a metastable solid solution coulg
be vefifiedkwith a reflected Kossel pattern or by
eiamination of the microstructure with an electron
microscorpe. The expected grain size is less than 1
micron. Unce the grains are observed, the speoimen
could be anxn ealed slightly to see if the specimen rew

verts to a normal_eutectlc structure.

25



In the present case it is possible that there was

a thin layer of # phase over &« phase,

also produce the intensity pattern o
did not appear as red as § phase Would”‘a( > been ex-c
pected however, looks in this case could b

leadlng.

A number of other metastablguaii6§; h§§e4been
reported by Duwez. Some of these are easier to form
than the copper- silver solid solution. Once the tech-

niques for producing and analyz;ﬁg‘thé‘éllﬁyé ig de-

veloped, there should be little trouble in testing a
large number of possibilifies. Also reported are
amorphous structures in such materials as Au-5i, and
very fine grain sizes (ASTH 21 in copper).

Another line of research could be directed to the
changes in aluminum alloys sucu as 2024 T3 when hit
~with a laser beam. These changes were evidenced by
the reactlmn of the srea %o 1% NaoOH or 5% HPF. The

?005" into tao the metal.

deternining the critical
S well as lines _t___of constant r.

ey

Y+ There aié many ot ﬁlioations4for the employ-

ment of lasers. Fo e:tney co11d be uoed for the

removal of the,surface 1uyer of ce51um from tungsben

in thermionic emm1831on experlﬂents. At tae present
time a good deal of work has to be done on establishing
the relationship of various parameters on the control of

’¥fhe'laéer bezm
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‘1n:giloy‘steél. The

indentations are about

g e ——————

1018 steel 50 microns below

1site surrounded with
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Figure 11 Titanium carbide fused to a steel

surface.

e 14 Aluminum area hit with a laser beam
and eteched with 1% NaOH. Cracks are about

100 mierons deep.
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Picure 12 Tungsten trace in f
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Pirure 13 (o) Tungsten distribution in figure 10 (D)
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. Pigure 15 X
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Appencix A

Developrent of Temperature Egquationsg

Assume that no seltiing occcurs, constant prouerties,
and a pointrheat source of strengtn Q(t). It has been
shown by othersbthat the temperature at the present
time t due to the source at time t1 is

g
Qe dx e 4T
Pe [4ra¥e-t)]3n

where Q(ti) to the amount of heat emitted by heat source

Q(t) in the time interval (tl, t1+dtl)

If the source is a step function starting at t

0
. -t ' - *l
+. & Qegle TERT o
S [unaiemoPa
0o

This may bve evalu.ted uy a chunge in paranmeter

Yﬁ.
gy (T

St =

. =3
s = ;éf :i er‘Tah * dfC}

»

40



41

Since as r -0 the temperature—so2, it would be
advisable to modify this equation. The first thing
would be consider the tenperature response of a seni-
infinite body exposed t0 a comstant tenperature. This

wotild be

T- 1.3 (2- 1.) erfo( 2’;&.{)
The maximumnm Tf cQuld be is the boiling temerature.
Consider that the spot the energy is distributed
- on ié roughly a hemisphere; then use the spot radiﬁs
in equation to calculate the surface temperatureq

Only if'it is less than T, should it be used.vThe

b
result is
T= 8'?\' rEe ) orre 5’1‘_@%)
or T.:§Eir erfe ( 5%5%)
= o < SSrkR

The distance parameter r is the distance in fron
the surface for small r and the radius from the center
of the laser spot for large r. Lines approximating

constant r are shown in fizurel b,
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Appendix B

The Ruby Laser

The ruby laser was the first and is the most explored
N

laser system. The ruby is a single crystal rod of A1203

doned with aboﬁt .05% chromium. The crystal is placed

in anIOptical cavity. This cavity may be formed by
reflective coatings on the ends or it may use external
mirrors..Sometimes one end is a total internal reflection
wedge. The output end is around 80% reflective.

There are three energy levels of importance with
4this system. The pumping light is absorbed by t.e Cr
. between 4000 and 5500 A. The electrons decay very rapidly
from thié upper braead band to an intermediate very
narrow metastable level. The average life time in
this state is .003 seconds. The radiation emitted by
décay to the ground staté is 6943 A (see figzure 18).
 Some of the first photons emitted enteract with other

atoms and stimulate emission. If the initial direction
of a photon is paralliel to tiie ruby axis, oscillations
of the stimulatéd emissions will ve obtained in ti.e
tlie resonunt cavity. These ossillations form in
filiments with & diameter of around 10-4 meters and
and lifetime of .1 nicroseconds. The diaeter, number
of filiments, and alignment bétween between filirents
depend on the on the quaiity of crystal and the pum?ing
energy abové threshold. A large digmeter and low thres-—

hold are very desirable.
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- Under ordincry conditions the laser emitts a series
of pulses for a period of several hundred microseConds,
depending on input energy. It is possible, Lowever,
to get a single very high power pulée;(the total
energy in less than a microsecond) by superchargingwor'
Q spoiling. There are several techniques that may be
used. '

l. By rotating a mirror at the non-reflective
end of & cryStal. When the mirror is parallel to the
other end of the crystal, resonance is established and
radiation may occur. |

2. By plaéing a mirror, a Kerr cell, and a fixed
polarizer at the non- reflective end of the laser.
resonarnce is established when the Kerr-cell is ener-
gized so its plane of polarization is the same as that
of the fixed polarizer. If the c auis of the crystal
is paréllel to the laser axis, the output is polarized
and the fixed polarizer is not needed.

3. By placing a thin film in the bavity. The
film is suddenly exploded, thus permitting resonance.

The effiéiency of a ruby laser is greatly increased
by cooling, and for this reason lasers are freguently

COOIeH to liguid nitrogen tenperature.
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Appendix C

Optics

The laser beam is frequently assumed to be dif-
fraction limited; however, this is not the case with
real lasers. The important considerztion for these-
experiments is just how small an area the beam can be
focused onto. One of the =wain problems in lauser re-
search is to approach the ideal case.

Figure 19 shows the radiation pattern from an
ideal laser. Nearly =211 the energy is in the main bean.
The angle of divergence ® is about /D radians. For
a quarter inch dianeter rcd, would equal

6943 X 10°°_ _ -4

-7

Practical lasers at best have beam spread angles

= 10 radians

of .005 radians. This is because the output is fronm

a nuwber of separate filiments of small diameter. The

average diameter depends on the gquality of the crystal.

The beam spread angle of the laser used in this exper-
iment is .0l radians. The laser may be improved by
optically correcting the ends rather than leaving

them flat.

Figure 20 (a) shows ideal laser bean collimation
and figure 20 (b) shows the collimation of the beam . -
frOmva‘réal laser. In the practical case d equuls f
In other words the spot diameter is just proportional

to‘focal 1ength.
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