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ABSTRACT

The laser induced vaporization of iron was studied using a

quadrupole mass spectrometer detector. Neutral atoms emitted by

thermal processes at the surface were of interest; energetic ions

produced by a.plasma near the surface were not. Conventional mode
la er pulses served as a heat source and the characteristics of the
pulses of Vaporized atoms reaching the mass spectrometer were

determined by time—of-flight analysis of the output Signal from

' this device. The data agreed reasonably well with the predictions

of an equilibrium model, in which transient surface vaporiZation
is treated as a sequence of equilibrium stages at each of which
Langmuir vaporization w1th unit condensation coefficient occurs.
Agreement betv.een theory and experiment failed at high laser
energies because of the outward flow of molten 1ron from the spot

struck by the laser. ThlS cratering phenomenon 1nva11dated the

temperature calculation from which the vaporization rate was cal-

culated. . ' !
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I.  INTRODUCTION

‘The principal effeét of a laser striking a solid is heating
of the surface. Because heating is sharply delineated in space
and time,-mahy practical uses of the iaser-solid inferaétion have
| been investigated. These abplicationsiinclude.welding and cutting
of metéls;vsampling of micronjsi;e surface areas for- analysis by
optical, mass or nuclear spectroscoéy (1) and thin film deposi-
tion (2). I

- “Honig (3) has surveyed the”mechanisms of the laser-solid

interaction. -In materials which are opaque to the.incident radia-
tion (which is 0.69 um for a rﬁby laser), the laser beam acts as a
'lsurface!heat,source and.the temperature—time history of the solid
during a pulse may be computed by solution of the tranéiént.heat
conductioh’eqﬁation. The firgtfmanifestatiOns of the surface tem-
peraturelriée are vaporization andéhelting.l.Neutral atoms or mole-
~cules ére emitted_into.the gas or vacuum around the solid by Langmuir
Vaporization.. If the surface temperature excéeds the melting point
of the substrate, rapid vaporization from the melt occurs and the
~escaping vapor exerts a recoil pressure on the liquid which causes
it to flbw.outward along the surface. This mdvement of liquid is
observable as'a crater at the point of‘impact'df the laser.v The
- recolil pressure may even be large enough to ejéct'sm511»glbbules
of the molten material into the gas space‘(4).

At highe1 témperatureé, emission’of thermiOnicvelectrons and
thefmalvions becomes significant. When the ién and electron cloud
near the surfece_becomes'dense enough to remove energy from the

laser light before the latter reaches the surface, a plasma with
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temperatures measured in the tens or hundreds of eV is formed.

The energyvof the plasma as parfially COnvertéd to di;ected-kinetic
energy of thé constituent ions, which are theh.observed-as high
velocity, multiply charged particles emanatin§ from the laser-
bombarded spot on the solid.

The'present‘study is concerned with the phenomenon occurring
in the low surface temperature range describedﬁabove; where emission
consistsfneéfly'exclusively of neutral atomé‘bfgmolécules., Laser
power is purPoSely’kept low enough td avoid formation of a plasma
and the accompanying energetic ions. Our aim is to determine
whether ihe'properties of thebemitted particles (composition,'ehergy
and rate of'véporization) can be explained by-application of.equi—
librium thermodynamics to fhevsurfaCe temperature transient induced
by the-lasérvﬁulse, The question of vapor composition vis-a-vis
the solid composition is important in the usefof.laser bombardment
as a_sampling technique. Baldwin (1), for exdmble, found that the
deposits collected from laser evaporation of brass contained a
higher zinc content than the substrate. However, the zinc concen-
tration of the vaporized samples was that'of'thé liquid in equili-
brium with'the solid, and' not that of the vapor in.equilibrium with
a condensed phase as might be ekpected. ‘Other. studies have shown |
that the vapdfized material has the same.composition as the sub-
strate (5). The noncongruency of the vaporizatidn process appears
to be greatest for low incident laser power densities (4), and this
is just the région in which the laser pulses pr§ducé temperature
transients akin to flashing a filament electrically. It is in this
region of low surface temperatures where thefvaporization process may

be reasonably described as a sequence of Langmuir vaporization steps.



In the present paper, the vaporlzatlon of pure iron by con-
ventional mode ruby 1aser pulses is described. 1In the follow1ng
 paper, we report the results of-the evaporatlon'of the»binary com-
‘pound z1rcon1um hydrlde by Q- sw1tched pulses. Iron Vaporization
was studied flrst because this process is con51derably 51mp1er than
vaporlzatlon of a compound, where comp051t10n as well asvtemperature
changes in the_solid during the laser pulse must be considered.
Comparlson of theory and experlment for iron vaporization permits
the valldlty of certaln aspects of the equlllbrlum model to be
assessed and provides a firm foundation for the study of compound

- vaporization.

.II. .EXPERIMENTAL APPARATUS
. The apparatus shown in Figure 1 consists of three principal
‘components:. | |
(a) the laser and equipment for measuring‘laser_power and energy.
(h)-the vacuum sYstem containing the target and‘the mass spectrometer.
(c) the:signal processing equipment. VV |
The targetbconsists of the machined end of a 4.8 mm diameter
rod of high purity polycrystalline iron mounted on a linear feed?
through. The end of the rod is located at the focal planevof the
laser, which enters the vacuum system through;the window shown in
Figure 1. The surface'ofvthe target is normal to the axis.formed
by the mass spectrometer ionizer and the collimating aperture separ-
ating the target chamher and the mass spectrometer chamber. The
laser strikes the target at an angle of 45° to the surface normal.
Since the laser spot is vl mm in diameter, several shots'on frash

~surface of the target can be made before repolishing is required.
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The target chamber is maintained at’lO'-7 Torr by a 500 lit/sec

0il diffusion pump. The mass'spectrometer-cnamber is evacuated by
a 200 lit/sec ion pump and a titanium sublimation pump. The pres-
sure in this chamber is n 19—9 Torr.

As a result of heating by the laser pulse, the target emits
atoms or melecules, a small fraction of which pass through the
3.2 mm diameter collimating aperature between the target and mass
spectrcmeter chambers and enter the ionizer cage of a quadrupole
mass spectrometer. The flight path between the solid target and
the mass spectrOmeter 15'40 cm., The diameter of the coiliﬁator
between the chambers (3.2 mm) is selectedvso'that the pnlse of
ﬁolecules from the target does not strike the walls of the ionizer,
'ordthe ioniZer acts as a "once through", density sensitive detector.
A small percentage of the neutral particles reaching the- mass spec-
trometer are ionized by electron bombardment, mass analyzed and
those of the-pre-selected mass number are detected by an'electron
multipiier;_ The electron multiplier output current is displayed
. on an OSCilloscope, the x- and y-vaxes of which represent time and
Signal amplitude, respectively. This Signal trace chtains infor—‘
mation on tbe amount and the velocity distribution of a particular
species emitted by the target solid due to the‘incident 1aser7pulse;
A brief description-of the components of the apparatus'is'given_

below. Additional details are available in reference 6.

A. Laser.
The laser consists of a 4 in x 9/16 in ruby rod pumped by a
helical xenon flashlamp (KORAD KQ-1 system). The optical elements

following the output reflector shown 'in Figure 1 are a beam splitter,
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a celi containing an aqueous solution of copper sulphate ana a
lens with a focal'length of 20 cm. |

The beam splitter (a glass 1abora£ory slide) reflects a few
percent of the iﬂcident radiation_ento a magnesium oxide block
. which serves’as a diffuse reflector for providing a photodiode
(KORAD KD1) With_ap input signal. from which the laser power and
tqtal_enefgy in the puise are eetermined. The energy signal is
observed on a Tektronics Type 585A oscilloscope. The power-time
shape of the pulse is deterhined either by differentiating the
energy signal or directly by displaying the'power pulse on e
Tektronics type 519 oscilloscope. _The;energy°signal oufput of
the photodiede ie calibrated using a manufacturer-supplied iaser
calorimetef (KORAD KJ-2). The power output in:the convenﬁional
mode consists of a series of ériangular'spikes each about 0.5 usec
wide and eeparated by no1.5 usec. ?The average power, output (as
'determined from the derivative of ﬁhe energy trace) is approximately
triangular with the peak occurring at 0.15 meec‘and ending at 1 msec.
 Approximately.l0 J of energy is contained in the conventional mode
pulse. |

The copper sulphate cell attenuates the laser radiatioh-and
thereby permits variation of the energy incident on;theltarget.
The transmissivity of the cell as a function of copper eulphate
concentiation was -calibrated for this;purpose; g

The focusing lens determines the spot size, and hence theA
energy per unit area reaching the target. Based upon measurements
of the anguiar divergence of the laser made by the manufaeturer,

the intensity of the beam as a function of angle 6 from the beanm



axis is GaﬁSSian of the form exp(—92/62), where § = 2.6 mréd.‘
.This intensity variation.iﬁ terms of angle'évmay be cén&erted to
one in tefms of radial distance r from the beam axis at thé focal
plane of the lens. The time and radial dépendence of the pdwer

density I at the plane is found to be:

Zg exp (- £§) £(t), watts/'cm2

mo"T o
2

(1)

: I(_I,t) =

where E is the total energy (in joules) in the pulse after,atteh—
uaﬁion by the copper sulphate cell, the lensland the window. The
fadial spread is givéh‘by'o = fG,thére f is the focal 1éngth'of
.thé lens. Fo:'f =20 cm and 8§ = 2.6 mrad, QU#,§.052 cm, SO ﬁhat
‘the incident laser beam is épproximately 1 mm in‘diameter as it

. strikes the target. f(t) in Eq. (1) represents the‘triangﬁlar
temporal shape of the conventional mode pulse averagéd-bver‘thé

spikes which constitute this form of lasing:’

4 %— for .0 <t < Ty
1 K
\. 0 for t > T,

Here,-Ti = 0...5 msec is the time at which thé-peak energy density

occurs and T, = 1 msec is the total duration of_the pulse.
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'B. - Mass Spectrometer Calibration

Since our aim is to compare duantitatively the equilibrium
.>theory of vaporlzatlon durlng the laser pulse with measurements,
absolute callbratlon of the mass spectrometer is necessary.' When
tuned to a convenlent isotope of iron (inass 56 was used), this
instrumentfproduces an output current pulse S(t) as a consequence
of a laser pulse which first impinges oh thevtarget at t' = 0. We
have chosen'te compare theory and experiment by converting the
"output-current S(t) to the.density of iron atoms in‘the-ionizer
of the mass spectrometer h(t) and calculating the latter quantity
"theoretically fromfthe known characteristics:of the laser pulse;
the vapor pressure of ‘iron and the‘geemetry of'the flight path
between the target and the ionizer. |

Two steps are involved in obtalnlng n(t) from the data.
F1rst the 1nstrumental constant relatlng S and n for a steady
- state 51tuatlon must be determined. Second, the time lags inherent
in the mass spectremeter and its associated electronics must be
~accounted fcr. |

In order to determine the instrumental constant,

= S/n : ' | (3)

the target was replaced by an iron disk heated to a’knOWn-temperature
by electron bombardment and the mass sbectremeter ~output was mea-
sured. The disk was masked by a tungsten sheet w1th a hole of

known dlameter in the center in order to fix the area of the vapor-



iZingQiron{‘ According o the theory of Langmuir vaporization, the

density of iren atoms in the mass‘spectrometer ionizer is*:

n =B - . N
4mLTKT ' '

where P(T) is the vapor preséure of iron at ﬁhe target temperature

T (7), A is the area of the iron and & is the distance between the

disk and the mass spectrometer. o is the condensation coefficient

of iron atoms on an iron surface, which is assumed to be unity (8,9).
By measuring the mass spectrbmeﬁer output cﬁfrent S at various

~iron temperatures, calculating the atom density n from Eq. (4) and-

dividing the two according to Eq. (3), a value K = 2.8 x 10-;6

~

amps/(atom/cm3) is obtainéd. This constant can also beﬂcalculated
- from the characteristics of the quadrupole mass spéCtromefer;  It.
is the product of the ionization cross-secﬁionﬂfor iréh atbﬁs.by_
'~ 70 eV electrons, the length of the electrbﬁ sheet in the ionizer,
the eléctron ionization current, the extractiohvandvtransmissionv
efficiencies 6f_the‘mass spectrometer, the number of secondary
electrons produced by impact of an iron ion at the first"dynodé

of the electron multiplier and the gain of the electron multiplier.

*In obtaining Eg. (4), we have neglected the peaking factor, which

is the ratio of the actual atomic beam intensity averaged over the
electron sheet in the ionizer to the intensity for an unobstructed
point cosine source emitting at the same rate.” This quantity is less
than unity in the present case because the collimating aperture be-
tween the disk and the mass spectrometer (Figure 1) prevents the beam
of iron atoms from f£illing the entire ionizer cage. The method of
calculating the peaking factor for the present geometry is described
in reference 6. Since the peaking factor appears in both the cali-
bration (Eq. (4)) and in the theoretical response (Section IV B), it
may be removed from both without affecting the comparison of theory
and experiment.
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_The various chpqnents of the theoretical value of K cannot be
estimated with sufficient accuracy to warrant comparison with the
vaexperimentalvalu‘e of K determined by the calibration procedure
just describéd. ‘ | | -

In order to convert trahsient mass’ spectrometer signal to

the corresponding gime-varying:atom density in the ioniier, two
time iags in~the detection proéess.must'be considered. The first
is the drift~timé of the ions down the quadrupole structure between
the ionizer and the electron multiplier and the éecond is the RC
‘time constént'df the cables, Conneqtprs and:the'OSCilloséope; The
drift tiﬁeftd‘is'eaéily caléﬁlated from knowledge of the length of
the qhadfupole'structure and the accelerating potentialé. For an
ion'qf mass 56, tq = 19 usec. The RC time. constant of the ﬁass
.'sﬁectrometer_auxiiliary compogeﬁts is measured by examining the

shapes of individual pulses from single ion impacts on the first

|
dynode’of the electron multiplier. For the\éircuitry employed,
the RC time constant is T = 30 usec. Analysis of the electrical
‘network following the electrbn multiplier for the responée due to
ions impacting on the first dynode (which impact is Hélayed by tg
from the time Qf.creation in the ionizer) sh&&s that.the.transient

output is related to the density pulse of iron atoms passing

* through the ionizer by (6):

t
St + ty) = %f exp(- £220) n(enar
| . o

where K is the instrumental constant determined by tbe steady state
method describedfearlier. Taking'the Laplace transform of the

above equation and inverting yields:
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d_ :
dt

nit) = 3 {S(t Feg) 4o

Z [s(t + td)]z (5)
The output signal recorded on an oscilloscope trace is shifted in
time by td and numerically differeniiated. _n(t) is then determined

from Eq. (5).

III. RESULTS

Pulsing of iron was restricted to conventional mode laser
pulses. The mass epectrometer signal due to iron atoms vaporized
: by Q-switched pulees could not be:observed above the background
signal at mass 56. The signal produced by £he-Q—switched pulse
is much smaller than that observed in the steady state expefiments
used to calibrate.the mass spectrometer becéuse in the former case,
-emission occurs in a time peridd short compared with the_tiansit
time of iron atoms from the target to the mass spectromefer. _To
illustrateithis point, eompare the signal arising from steady
véporizatiOn'of the target to that due to a sqdafe pulsee40 nsec
Qide in which the vaporiiatibn rate is the same as in the steady
state situation. As shall be shown later;‘the'spread of velocitiee
of the iron atoms emitted with a Maxwellian-distribution:during the
pulse leads_to a width of the deneity pulse in the ionizer, n(t),
>of ~ 400 usec. Therefore, the average signel from Q-switched
pulse vaporization has an amplitude approximafely 0.04/40}0 =10'4
‘times the signal due to the_steady state soufce. Increasing the
intensity of the Q—switched‘mode by using stronger pulses and
thereby increasing the surface tempereﬁure results in evaporation
- of energetic iron ions (v 30 eV), a phznomenon which is not of

interest in the present study. As explained in the introduction,

|
!
|
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"thése'pulses-are.formed in the plasma near the surface, whereas
- we are interested in direct thermal evaporation of atoms from

the surface.
. o ’ ' ' Y
The amplitude of the thermal atom signal arising from conven-

tional mode‘pulses'dn iron is N5103‘times thatuobtaihable-during
Q-switched pulses atﬁaining thelgame;peak temperature. In the
convehtiOnal'mode of operation, neutrai atoms of thermal énergy
could Be'observedeithout interference from enérgetic ions. Thermal
idns could:not be observed because the ionizer of the mass spectro-
 meter is.15 prositivevwith respect to the target.  The'ratio of

ion to neutral atom emiésidn is-giQén,by'the;Saha—Langmuir
‘equationk(3);f For iron at 4000°K; this rétio‘is calculated to

be 1074

,.sd that thermal ions are not expected in our‘experiments;
Figu;egz shows the output signal of the mass séectrometer

tuned to haés 56 following a conventional mode pulse on an iron

target; Figufe 3 shows the signal after‘tréafment'by Eq. (5).

vzéro time is determined by the triggering of tﬁe laéer. The

'ofdinate.ofvfigure 3 is proportional.to n(t),.:A_summary.of the

déta obtéihed for pulses,of varying energy qdntents is shown in

Table 1. Curves such as the one. shown in Figure 3 (which’repre—

éehts the nextrto the bottom row in Table 1)»we;e an@ly?ed to obtain

the salient characteristics of the atom densiﬁy pulse infthe ionizer,

A measure of ﬁhe average'tranSit_time of the'atoms frOmiﬁhe tafget

'td.the idhizet is given by: '. : - 1'

= time at which the maximum atom density is observed

tpeak
The width of the pulse is represented by:
. ) i _ |
t1_= times at which the atom density reaches one half of the
2 ' '

max.imum value on the rising (-) and falling’(+)'portions

of the pulse in Figure 3.

|



The maximum amplitude of the pulse is denoted by nﬁax in Table 1.

This quantity is dependent upon the accuracy of the instrumental

constant K. The average transit time t rand the half widths

peak
- + . :
- f -
of the pUIse'tpeak tl and{tl _tpeak are‘;ndependent ofdthevmass
2 2

spectrometer amplitude“calibration. These times depend upon the

velocity distribution of the atomsltraveling from the target to
the mass spectrometer and provide sensitive measures of the tem-
perature of the emitted atoms. The precision of the measured
= . ' ' ‘
values of tpeak’ tl and tl 1s’approx1mately 1_0.04_msec.e
' 2 2 P SRR
IV. THEORY OF EQUILIBRIUM VAPORIZATION DURING A LASERvPULSE ;

A.  Surface Temperature
Unfoftﬁnately, there iSfﬁo known method of meaSuring the
temperature:of the target surface during the laser pulse. The
sﬁrface temperature transient Ts(t) must be calculated iﬁverder
to predict vaporization rates and ultimatelY?the atoﬁ'density
pulse in the ionizer of the mass spectrometer,'n(t). |
Becauee the depth of solid.involved in heating is much smaller
than the spot size of the laser,-heet conduetion iS'aSSumed to
| oeCur only in the direction normal to tﬁe surfecei(denoted'by x);
Because metals efe opaque to visible 1ight, the,laser radiation
is represented by a surface PeatAsource; The adequacy of these two
‘assumptions may be verified ehalytically by incerporating7radial
heat flow endea voiumetric heat source decaying exponentially in
X into simplified solutions-Bf the‘heat conductioh equation_(G);
Since the surface recedes because of evapofatiOn, X ie defined

as the distance from the actual surface rather than from the original

surface. In “his Lagrangian frame of reference, solid appears to
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flow in the negative X direction and a convective term is intro-

duced into the energy equafioh describing heat transport in,the
solid. The energy equation for the temperafure distribution T(x,t)
which includes surface recession and physical,@roperty'variations
is: AU w |

2 :=
de (I (6)

dr ‘ox

;‘2‘.

—.—————-—-:au_.}.
It ) ax 2

&
L9X K

where ¢(TS) is the vaporization rate at surfaee temperature

Ts = T(0,t), M is the atomic weight of iron ahd o is;its density.
The coefficient of 3T/dx in Eqg. (6) is the surface recession velo-
city. o and k are the thermal diffusivity and thermal conductivity
bﬁ iron, respectively. ' Both are known fundtions of temperature.

"Eq. (6) is solved numerically with the following initial and

boundary conditions:

T(X,O) = TO (7)
T(e,t) = T6 . (8)
where T = 300°K is the initial temperature of(the solid; The

boundary condltlon at the vapor1z1ng surface is obtalned by a balance
of conduction in the solid w1th heat losses due to the latent heat -

of vaporlzatlon, radiation and heat input from the laser radlatlon.

3T _ _ 4 _ 4
K x)g = 7 2T M, - €0 (T »To) *+ ale) @

AHvap is the heat of vaporization of iron (v 97 kcal/gm atom), c is

the emissivity'bf the surface and 68 is the Stephan-Boltzmann con-

stant. The vaporization rate is given by:



P(T ) 2 o o
@ (T ) = 2 , gm atoms/cm“-sec ' (10)

TN
21erTSNAv

A _
The heat soutde term th) in Eq.'(9) is less than the power:

where N'v is Avogadro's number.

density in the laser because the radiation is not incident normally
upon the surface andvbecause the surface is not perfectly absorbing.
For the'geometry used in this study, the angle of incidence intro;
rduces a factor of cos45° = 0.707. Departure from black:bédy con-
ditions at thé‘surface is accounted for by ﬁultiplying Eq. (1) by

the emissivity of the surface (which is equal to the absorptivity).

Thus,

é(t) - o.7o7. eI(r,t) = q f(t) - | (1)
Qhere . . _ .

o = lji%%—ig exp (- 5;0 ’ ,watts/cmz_' . '(12)

is'thé peak heat flux, which occurs_ét‘t =1, during the laser pulée.
Because radial transport of heat is neglected in the calculation, -
the r—dependence of the power density in thé laser beam may be
treated as constant in sélving the energy équation. The radial
variation of qp is considered when the'density of iron atoms at
the mass spéétrometér is computed (next sectioﬁ). The femporal
shape of the laser pulse is given by Eq. (2). | |

Egs. (6) - (11) were 501ved'numerica11y fo:.&arious.values of
the parameter qp;
The tiﬂe’variétion_of the surface temperature for three pulse

strengths is shown in Figure 4. The maximum temperature occurs
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~after the peak of the absorbed power, but the difference in the

times of the peak temperature and thé)peakl?gwér diminishes.as

the 1attet increases. The curves tend to‘buhch together as the

peak heatlflux incfeases. This effect is due to the rééid increase
in the vaporiéationtrate with sprface temperaﬁure, which renders

the latent heat termbin Eq. (9);quite coﬁparabie to q(t). For
_exahple, at the time of the maximum suffacevtemperature.for the
strongest pulse in Figure 4, the heat input-due to laser irradiation
ié 4 x 105 Waﬁts/cmz.. The maximum temperature is 3500°K, for which
'Eq.‘(10) gives a vaporization réte of 0.53 gm atoms/cmzfsec. When
this figure is multiplied by the enthalpy of vaporiéation of iron,

5 watts/cmz,

the pbwer required to_sustain vaporizatioh is 2 x 10
which reduces‘the net surface héat flux by avfactof_of two when
_éompared £o the 1aser'power input alone. HR;diation heat loéses are
totally negligible.r. ‘

The small bump in the a, = 1.7 x 10° watts/cm® curve in
Figure 4 is due to the heat releésed by solidification of iron.
Penetration depths of the temperature pulse into the solid are
YA N 25 um foi ﬁhé pulse with qp = 3.3 x lO5 wattS/cmz.

The’caiculations upon which the curvesldf_Figure 4 ére based
do not consider the ‘individual spikes.ﬁhich ¢omprise the conventional
mode laser pulsé. This éffect was analyzed by calculating the sur-
face tehperature transient due to a series of équally spaced tri-
angular power spikesvand comparing the vaporization rate due tc
'this'input with that from a éurface subjected'td a steb heatlflux
~input equal to the average heat‘flux of the:sequence of spikes (6).

A ~
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Since the vapor pressure is an exponentially increasing function

of l/Ts, the a?erage vaporization rate'durihg:one spike is greater
‘than the véporization rate at the average‘power input. However,.

the difference in the calculated vapérization rates is only v 10%,
so that treatment of the convéntiohal modé pulse in terms of its
average power (i.e., using f(t) Of Eq. (2)) is deemed adequate.
Because of.the long atom flight times\(&_406=ﬂsec) compared to the

. width of thevindividual power spikes (O.SIusép),'the mass spectro-
\meter canndt.ﬁossibly detect the presence of Such £éﬁpora1 structufe
in the vaporization raﬁes arising from the spiked_nature of the

conventional mode pulse.

B. Atom Density in the Ionizer

An equi;ibrium model is used to describe the ‘transient vapor-
ization of iron atoms from-the-surface aréaEStruck by‘thé laser
pulse. Consider the equilibfium system consisting of solid iron
in.contact with its equilibrium vapor. The principle of detailed
balancingl(IO) requires that ﬁhe-rate'of condensation of vapor atoms
in.a.particular_velocity-range_be‘equal to the rate of v@porization‘
of the same class of atoms. In accordance with_the assumption éf
unit condensation coefficient for iron atoms{on solid iron,’the rate
ofbcondensatioﬁ is equal to the rate of impingement kaatoms on the

-surface‘from the equilibrium gas. The impingement rate is given by
multiplying the Maxwell velocity distributioﬁ by vcoée, whefe v is
the particle velocity and 6 is the angle frqm the surface normal.
For the equilibrium system with unit condenéation coefficient, the :
velocity and anguiar distributions of the Vaporized atoms are

identical to those of the impinging atoms. When applied to the
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non-equilibrium system wherein the solid is exposed to a vacuum.

and the temperature varies both in time and position in the’solid,
it is assumed that the vaporizatlon rate is that determined for .
the equilibrium system at the 1nstantaneous surface temperature.
Since our experiment measures emlSSlOn along the surface normal,

0 =0, the flux of vaporized atoms from an element of surface dAa'
‘in the speednrange v to v + dv into solid ahgle dQ about 6 = 0 is:

3/2

P(T_ )
- 'Ts , v3 exp(-

: kTs

m

2"kTs ) dvdNda’ (13)

da¢ =

2kT

where m is the mass of an iron atom.

We wish to calculate the denSity of atoms at the mass,spectro—.
meter ionizer, which is a distance £ from the target, as a function
of time durihg the laser pulse.; To do so, it must be recognized .
that faster atoms arrive at the-ionizer before slower ones and
that atoms leave the surface at different times during the tempera-
- ture. tran51ent (ll) - The veloc1ty distribution is converted to a

time-of-arrival distribution by setting:

v's” < 7 _ (14)

where 1t is the time of emission of an atom of speedbv from the
._sﬁrface_and t is the time of its arrival at.the downstreamvposition.
The difference t - 1 is the transit time of an. atom of speed v from
the target to the ionizer. " Egs. (13) ind (14) are used to obtcin
the number den51ty n(t) by the following steps. |

1) The solid angle dQ‘ln Eq. (13) is expressed as 1/22, which con-
verts this formula to one giving the flux of atoms per unit area

at the ionizer.
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2) The flux per unit area is divided by the velocity v to yield

the number dehsity.

3) The variabie is transformed from v to 1 by dse of Eq. (14) and
by replacing dv by 2dt/(t - T)?.

4) The density,of atoms of all speeds arisihg_from vaporization
from all illuminated areas on the target is obtained by integrating
over the target surface (denoted by the polar coordlnates r' and
$') and over all emission times T from zero to the arrlval time t.

The result is: -

~3/2 2m = t P[T (T,r' &')] '
) m ‘ ' s "
n(t) = = (=—) f d¢] r'drif : ¢
, k 21k 0 0 70 [I_‘S(T'or!'vlq)'»‘)']S/z (t - T)4 V
: .2
exp,g-' me 23<&r (15)

2kT_(T,r',9') (t - 1)

The derivation of Eq. (15) implicitly assumes that;the‘atoms
move in free flight following emission from the surface and are
unaffected by the laser beam through which they'must pass en route
to the ionizer. Collisions between vaporized atoﬁs in the space
~close to the surface (where the atom density is hiéh) are neglected.
Neither is interaction of the laser beam with the emltted atoms |
considered in the ana1y51s. Were these phenomena of 1mportaoce,
«the equilibrium vaporization model would incorrectly predict;the
characteristics of atom pulse from the surfacedand'the familiar
plasma plume would develop. In order to maintain a sufficieotly
low vapor density near the surface and avoid atOm—atom}or atomelaser

interactions following vaporization, the surface temperature, and

hence the incident laser pulse energy, must be low.
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- The T—dependence,of the surface temperature in this‘equation
is obtained directly from the solution of the heat conductionl
equation in’ the solld presented 1n the preceeding section. The
dependence of T ‘or locatlon on the surface stems from thelradlal
- spread of the power density of the'lnc;dent‘laser beam as expressed
by Egs. (11) and (12). The incident power denSity is circnlarly
symmetrlc with the axis of the laser ‘beam, haV1ng a functional
dependence given by exp(- r /c ) where r is the radial distance
fromvthe beam axis. However, the power dens1ty does not depend
» dpon the azimUthal angle about the beam axis, ¢;l Because of the
45° tilt of the target with respect to the laser axie, contours
of equal laser»energy absorption at théytarget are elliptical rather
than circdlar..:The angular integral in Eq. (le’can be performed
dlrectly by convertlng the spatlal coordinates from the (r s9)
system on the target surface to the (r,¢) coordlnates about the‘
laser beam axis, 'From solid geometry, it can be shown that the
COordinate conversion involves merely replacingvrddr'd¢' by
rdrd¢/0.7d7.'rnoting that T, is independent of ¢, the angular

integrationvyields a factor of 2mw. Eq. (15)_therefore simplifies to:

| 3 £ , )
, : 2 ‘ PIT_(T,x)] o

n(t) = ?ﬂ %( ? ) jr rdr er . S 573 T
) 0 0 [Ts(r,r)] (tfr)_

2 ' '
exp 3 - mi 5 dt.  (le)
2kTS(T,r)(t—T)

The calculation proceeds as follows:

1) The incident laser pulse energy E is selected and a value of the

~

surface emissivity € is assumed.



2) The peak heat flux giveh by Eq. (12) is computed for various 20

values of r and the heat conduction equation is solved for each
of the qp values as explained in Section IV A. The surface tem-

perature transients are similar to those shown in Figure 4 except

that the parameter characterizing each curve is radial coordinate
r rather than heat flux 4, and the time Variable is T rather than t.
3) The double integral of Eq. (16) is performed from the calculated
function Ts(t,r) and the vapor pressure—températqré relation.

We have-simplified the numerical work assoéiated with this
COmpuﬁation by apprbximating the r-integral iﬁ_the folldwihg manner.
First the radial dependence of the surface température is written

explicitly in terms of the Gaussian powér'intensity shape of

Eq. (12); that is, we write‘Ts(T,q; ) where:
gs = L:44 e o Can
P moTT,

is the peak laser heat flux along the beam axis.  For a Specified

value of qs, the surface temperature reaches a maximum at time

T which varies somewhat with g, (or equivalently, with r).
- ‘max 2 o P
Tﬁax(qg e-? /o ) denotes the maximum in the temperature-time curve

. for each radial‘position r. These are,obtaihed‘from'the maxima of
fhe curves representing solutions of thé heat conduction équation,
such'as those shown.in Figure 4. The time integral in Eq. (165 is
evaluated at r = O‘and the radial variation of_the heat flux input
is used to define an effective laser spot size. Eq; (16) is

approximated by:
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T Peff k|27k ov15/2,, 4 © - 2
" o [Tg(T,a3)] /; =m0 2kT(rap) (e
(18)
where the effective spot size is defined hy:
T J[ P[Tgax( ;e r°/c )]V _ .
Beff = 0,707 . [ T ,,)] - rdr (19)
R o _

Aeff may be computed from the solution to the ‘energy equation as a

dt

function of the ‘peak power alohg the axis. For'q; =1 x 105 Watts/cmz,

A gg = 0.4 x 10_3 cmz, while for q; =5 x 105 watts/cmz, A =
5.0 x 10 -3 cm?. Welghtlng by use of the vapor. pressure in Eq. (19)
;1s,_accord1ng ‘to Eq. (10), nearly equlvalent to welghtlng by the
vaporization rate. Because the vapor pressure is such a strong
function of temperature, the portion of the surface closest to the
laser beam centerline is heavily favored in the determination of
the effective spot size. The spot areas calculated by Eq. (19)
are smaller than the value of Tr(_zs)2 = 8.2 x 1073 cn? which:char-
acterizes the cross sectional area of the impinging laser beam.
Although Eqs. (18) and (19) do not constitute as accurate a
ﬁathematicalvtreathent as does Eq. - (16), the computatlons based
ﬁpon the simplified method are con51derab1y less tedious. The
accuracy of the approximate;methed is sufficient because itvem-'
phasizes the regions of greatest vaporization‘rates (i.e., at the

centerline of the beam 1n the time integral of Eq. (l6) and at the

peak temperatvre for the radial averaglng)
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The equilibrium model of vaporization by pulsed laser irrad-

iation of a monatomic solid thus consists;of daléulating n(t) for
specific values of ¢ and E from Egs. (17) - (19) and the solution
of the heat conduction equation. The latter provides the surface

' 1
temperature transient needed for Eg. (18). Typical time-of-arrival

curves n{(t) for various qg valuessare“shown in 'Figure 5. The scale
of the ordinate is arbitrary and the shapes of the curves represent
the integral in Eqg. (18). Note that the peak value of the number

density pulse occurs later than either the peak laser power or the

peak surface temperature. This delay and the width of the time-

~of-arrival curve are due to transit from the target to the ionizer

of iron atom vaporized with a Maxwell-Boltzmann velocity distri-
bution. The time-of-arrival distributions are broadened because

the pulse time T, is comparable to the transit time. n(t) repre-

sents a convolution of the function f(t) representing the temporal )

shape of the laser pulse with the intrinsic spread due to the

velocity distribution of the 'emitted atoms. The similarity between

 the experimehtal atom density pulses shown in Figure 3 and the

predicted shapes shown in Figure 5 is évident;' Quantitativé com-
parison of theory and experiment is based upoﬁathe shape, delay
and amplitude factors determined from the experimental data and

listed in Table 1.

V, COMPARISON OF TﬁEORY‘AND EXPERIMENT

Figures 6 - 8 compare the atom density pﬁlses’in_tha ionizer
determined from the data by'use‘of Eq. (S) (points) with those
predicted by‘application of the equilibrium vaporizationfmodel'

embodied in Egs. (17) - (19) (curves). Comparison is made 6n'the
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basis of the delay time (t

peak)’ the rising and falling half-widths.
» _
S |
v(tpeak tivand N tpeak) and the amplltude_(nmax) of -the pulses.

The total énergy %njthe laser pulse striking_the surface (E) is
known for each experiment but calculation of qg for the theoretical
- prediction requires specificatiqn of the surface emissivity € as
well. Values cf this parameter which are apprcXimately the same

as llterature values provide the most satlsfactory fit to the data.
Agreement of theory and experiment would be much poorer had the
surface been assumed to be perfectly absorbing (e = 1).

The calculated and exper1menta1 values of t and

peak

(tpeakg-.tl) are in good agreement for € = 0.5.. The predicted
values of %ﬁax:are larger than the experimental values‘for'emissi-

vities in the expected-range 0.4 to 0.5. At low laser energies,

the calculated5and'experimenta1-Values of nma*.are in.satisfactory
agreement, but for an incident energy of 6.5J the calculated value
is approximately-an order of magnitude larger than the measured
"ualue. There is also‘a-discrepancy'between théfcalculated:and

‘measured values of.(tI - tpeak)‘ Agreement ls'gOOd for the lowest
energy pulse (2.43), gut at higher pulse energies,,the calculated
half width is approximately twice the measured value.

‘The discrepahcies between the calculated and measured values

of n . and (tf - peak) can be attributed to the flow of lquld
iron. The cal%uatlons were made’ assuming that the surface remalned
plane, the oniy movement being uniform recession due to vaporlzatlon.
However, when the surface temperature is hlgh and there ;s_a con-
siderable depth of molten iron, the pressure exerted by-the varor-

izing atoms causes some of the liquid iron to flow to the sides
! o S A
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of the interaction area to form the craters shown in Figure 9.

The areas of the central pits measured from these photo micro-
graphs are.approximately equal to the Aeff Valuesvcomputed~from‘
Eq. (19). When the liquid iron flows outward, the‘iron-beneath
the surface at the eenter ofvthe crater is cooler than calchlated,
so that heat is removed by conduction into'the.bulk'solid'more |
guickly than it would if the radial flow of liquid iron did not
occur. This effect causes the actual maximum surface temperature
to be less than the calculated Velues, so the vaporization rate
and the amplitude of the atom density pulse ere reduced.

Crater formation also causes the_surfaCe'temperature'to de-
‘crease at.aefester rafe thanvcalculated. Since (tI _'tpeek)‘iS
largely a measure of the rate at which the surfaceiflux decreeses
from its maximum value, excessive cooling due to cratering narrowe
the half-width of the pulse following tgqy - (ti - toear) is
determined both by the duratien over which iron gtoms are‘emitted
‘and by the spread in velocities of the emitted atoms. If the
flux of iroﬁ atoms at the surface decreases more rapidly‘thenvcal-
.culated (i.e., the emission pulse becomes more like a delta
function), the half-width (tI = tpeak) will be due solelyeto-the
spread of velocities of the gﬁitted atoms. The observed value

of (t+ ) of n 0 2 msec is approx1mately the half W1dth due -

" theak
-to thg spread of veloc1t1es from an effusive Maxwelllan source,

'_whlch supports the above explanation of the effect of craterlng

on the pulse shape. ,

The measured and calculated value:s of the rising half Qidth

(t

- t7) are in tolerable agreemen:, which indicates that the

peak 1
2




rate of increase of the surface temperature (and therefore flux
of iron atoms from the surface) takes place before appreciable

outward flow of molten iron has occurred.

VI. CONCLUSIONS

‘Despite the discrepancies discussed above, the data conform
to the generai-features of the equilibrium model of solid vapori-
zation by laser pulses; the amplitude of the atom density pulse
increases rapidly with laser pulse energy as long.as cratering is
not.severe; the delay time of the maximum of the atom pulse de-
creases as the energy of the laser pulse is‘increased;vthe-rising
half-width of the atom pulse is relatively insensitive to laser
energy as predicted by the theory.

The failure of the theory at the highest energy laser pulse
used ‘in the.present study (particularly the 6.53‘pu1se in Figure 8)
can be ratienalized by the phenomenon of cratering. Formation of
a plasma plume does not appear to be significent for iron ever the
v'range of laser pulses employed here, althoughithis phenOmenon is
observed w1th high energy Q-switched pulses.

The present investigation represents an attempt to predict
the nature of thermal atom vaporization from a simple solid in
terms of transient Langmuir vaporization driven by a surface tem-
perature transient calculatedefrom the laser.input power;end the
macroscopic theory of heat conduction. The theory contains no
adjustable parameters, and our object here was to assess the accur-
acy of the theoretical predictions for a substance of known vapor
pressure. It would be of interest to apply this technique to a

solid whose vapor pressure is unknown. The characteristics of



the atom density pulse detected by the mass spectrometer could

be used, in conjunction with the theory based upon equilibrium
~vaporization, as a means of measuring £he vépor pressure-tempera-
ture relatidﬁvfor the solid. Uranium dioxide is an.exaﬁplelof a
substance whose vapor pressure in the liquid fange is imposéible
to measure by Classical methods. However, before the goal of .
utilizing pulsed laser_vaporization as a vapor pressure measure-
ment method cén be realized, several obstacleé must be overcome:
1) A quantitative model of the effect of radial flow of molten

. so0lid from tﬁe center of the laser spot on the time and radius
‘dependence of  the surface'temperature must be formulated'andbin—
cofporated~into the heat conduction equation. Alternatively, a
more powerful laser than the one used in the:pfesent éxperiments'
‘must be emplbyed. If E werevﬂ 100 J, for example, the same energy
density obtainable with the present 10 J laser could bé obtéined
over a spot /10 greater than the present requirément; Iﬁasmdch

‘as cratering is an edge phenomenon, thé center of the spot would
be less subjeét to the undesirable cooling due to 1iquidifldw |
thén was the case in thevpresent-experiment;

2) The equilibrium theory depends upon knoWledge of the magnitude
of the condénsation coefficient o and its temperature depéndence.-
For metals this quantity~is véry close to unity, but for-hoh—'
metallic solids, the condensation coefficient is often quite a
bit smaller tinan unity. It méy be possible to determine the con-
‘densation coefficient from steady state Langmuir vaporization |
studies at temperatures where the vapor présSure is known and
extrapolate'thé o (T) data so obtained to the high temperature
region where P(T) is unknown. Otherwise; only the product o (T)P(T)

can be}determined experimentally.

26



'3) 1In thé'temperaturelrange wheré the vapor pressure is unknown,
the latter must be small enouéh to avoid:fofmation of an ioniéed
plasma in front of the solid. Were this to occur, no theory is
avéilable to deduce;P(T) from the cﬁaraqﬁéristics of the;pulSe of

vaporized energetic ions.-

This work was done under the auspices of the U. S. Atomic'Energy Commission.
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‘TABLE 1

Results of Mass Spectrometer Analysis of Conventional Mode Pulses on an Iron Target

E 'tpeakv' tpeak - tI/Z 'tI/Z - tpeak Nhax ¥ 10;9
ioulaes) (msec) (msec)_ (msec) (atoms/cm™)

2.4 1.00 0.25 0.28 0.17

3.5 0.75 0.24 0.19 9.0 |

3.6 0.70 0.22 0.25 5.5

3.6 0.69 0.18 0.18 10.2

3.7 0.75 0.22 0.15 3.6

3.7 0.79 0.27 0.15 . 6.3

3.8 0.84 0.29 0.09 6.3

3.8 0.72 0.23 0.20 5.3

3.8 0.75 0.25 0.22 5.2

6.5 0.55 0.20 0.19 406

8¢
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FIGURE CAPTIONS

Schematic of experimental apparatus: The three regions
separated by the dashed lines are (a) laser equipment
for measuring laser power and energy; (b) vacuum system
containing the target and mass spectrometer; (c) the
mass spectrometer signal processing equipment.

Typical mass spectrometer: output, S(t), following a con-
ventional mode pulse on an iron target. The horizontal
scale is 0.5 msec/division. (The circle at the origin
is due to a malfunction of the oscilloscope).

Measured atom density in ionizer, n(t), obtained by
treating data such as those in Figure 2 according to

Eq. (5).

Calculated surface temperature transients for pulses
of various strengths.

Calculated atom density pulse at the ionizer for laser
pulses of various strengths. :

J

Comparison between the experlmental and calculated values
of the pulse delay time.

Comparison between the experimental and calculated values
of the pulse half-widths.

Comparison between the experimental and calculated pulse
amplltudes.

Craters produced by conventional mode laser pulse.on
iron. Top: E = 2.,2J; Bottom: E = 3.5J.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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