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ABSTRACT
Laser Produced Vaporization of Materials
for Use in Mass Spectroscopic Analysis
Terry Arthur Turner
The focused output of certain solid state lasers
can be used to produce rapid surface heating and consequent
vaporization in absorbing materials.

For ordinary lasers

it appears that the heating process can be adequately
explained on the basis of a relatively simple classical
thermodynamic treatment; however, for Q-switched lasers
it is much more complicated.

-John F. Ready has presented

a theoretical treatment for both cases, and the experi- .
mental results with metals agree well with theory.

The

use of time of flight mass spectrometer to study vaporized
material results in a useful analytical tool for study of
sample composition and provides information about laser
beam-surface interaction as well.

Employing a mass spectro¬

meter, a complete spectrum of almost any material, including
complex organic substances, can be obtained from a selected
surface area, and small chemical concentrations can be
detected.

In what follows the vaporization process appro¬

priate to ordinary lasers of moderate power output is dis¬
cussed, and experimental results in the form of mass spectro¬
grams of several substances obtained with a Bendix time-of-flight

instrument -are presented.

Also, the equipment employed

is described in detail with particular emphasis on the laser
system and experimental difficulties which were encountered.
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DISCUSSION OF LASER HEATING
Pulsed solid state lasers such as those employing
ruby or neodymium doped elements provide an effective means
for selectively heating small surface areas of absorbing
materials.

The heating process is governed by the optical

and thermal properties of the material as well as by the
power density of the concentrated beam, and with sufficient
power output levels extremely rapid surface heating and
concommitant vaporization of the material occurs.

The

ability to provide a high energy heating source which is
external to the sample makes the laser a unique tool for
certain high temperature research studies as well as many
other applications.

The existence of high speed recording

techniques makes possible the detailed study of many phe¬
nomena relate^ to laser produced heating, in spite of the
relatively short duration of the interaction process.

The

combination of the laser with the time of flight mass
spectrometer provides a useful tool for high temperature
and surface interaction studies on almost any material.

It

is this application which is considered here, and certain
basic considerations regarding the laser heating process
are discussed in what follows.
In order to obtain high power densities, the laser
output is usually focused to a small area by means of a
single lens or by some sort of compound optical system.

In

this manner power fluxes as high as 10 12 watts per cm 2 have
•

2.
been obtained from lasers operating in the Q-switch mode.
If it is assumed that the system employs an aberrationfree single lens, then the size of the minimum area of
convergence which can be obtained by focusing will be
limited by the divergence of the laser beam as well as by
diffraction effects.

Considering the problem of divergence,

it can be shown that the lateral dimension of the spot
is given by

:
s = fe

In the above relation f is the focal length of the lens,
and 6 is the beam divergence in radians.

•

of beam divergence are on the order of 10

Typical values

_3

to 10

..4

radians.

With a high quality system spot diameters on the order of
10 microns can easily be achieved.
Given the incident pulse power as a function of the
time and the thermal properties of the material, the
temperature profile at any given time can be determined in
most cases by employing a classical thermodynamic approach.
Providing that.certain assumptive conditions are met, and
the power levels considered are not excessive, the solution
of the problem is gained from heat flow equations.

It

appears impossible to treat the problem of laser heating
fully by means of a purely quantum mechanical approach;
however, it seems necessary to consider certain quantum
aspects of the problem if certain phenomena such as the
emission of ions from the heated surface are to be understood.

In the case of the transition metals a quantum analysis
of the heating process indicates that the electron-phonon
relaxation time may be of a time long compared with attain¬
able laser pulses, and the usual heat flow equations would
not apply 2) .

John F. Ready has presented a detailed treat¬

ment of effects due to the absorption of laser radiation
based on a classical model, and the approach indicated
here is based primarily on his work 3) .

Effects due to

Q-switched lasers will not be discussed, although Ready
does consider the problem.

Certainly, the validity of

the approach rests on experimental verification, and it
should be remarked that Ready has obtained close agreement
with theory.
When ordinary lasers of moderate outputs are considered,
a simple model may be used to determine the amount of material
which will be vaporized with a given deposition of energy in
the target material.

To this end it is appropriate to make

certain assumptions regarding the nature of the incident
radiation and the interaction process.

The model employed

assumes that a beam of uniform cross., sectional area is
completely absorbed in a depth small compared to the spot
diameter in a one-dimensional heat flow process.

Also, the

occurence of surface reradiation, temperature dependence
of the thermal properties of the material, and the presence
of a liquid phase are neglected.

if it is assumed that the
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material reaches the vaporization temperature in a time
short compared with the duration of the laser pulse, and
that the vaporized material is immediately removed from
the surface, then equations can easily be formulated to
describe the heat flow process.

However, due to the

difficulty in solving the non-linear differential equations
which result for an arbitrary flux F(t), a simpler approach
to the problem will be indicated.

For a constant input

flux F , the steady-state velocity of the receding inter¬
face is given by:
v = F /p[L
+ cT ]
o' H
v
In the above expression L is the latent heat of vaporization,
c the specific heat per unit mass, and Tv the vaporization
temperature.

If it is assumed that s adjusts rapidly to a

varying flux F(t), the depth of penetration of the receding
interface is given by the integral:
x

d = /
o

v(t)dt = E/p[L + cTv]

In the above relation E is the total energy density of the
laser pulse.

It should be remarked that for a laser operating

in the normal mode, the output spiking gives rise to an
average output which should be taken as F(t) in the .above
expression.

5.

In accordance with this model, it is seen that it
is possible to quantitatively determine for many materials
how much will be vaporized, providing the energy density
of the beam and the thermal properties of the material are
known.

The assumption of complete absorbtion of incident

radiation appears to be a valid assumption even for the
most initially reflective substances, providing that the
input power is sufficiently high.

For low power inputs

it may take the surface a considerable fraction of the
pulse duration to reach the vaporization temperature, and
the reflective properties of the material will be of
paramount importance.

Nevertheless, an analysis based

on the preceding formulation should indicate quite accurately
what laser energy requirements will be required for certain
applications such as the one considered here.

•8

6.
DESCRIPTION OF EQUIPMENT
A.

Mass Spectrometer
The mass spectrometer employed for analysis is a Bendix

model 14107 time of flight instrument.

The spectrometer

operates at a pulse rate of 10 kHz, and is thus capable
of providing 10,000 complete spectra (1 to 2,000 AMU)
per second.

Thus even with the short time associated

with pulsed laser heating a number of spectra can be
recorded.

The multiplier output is read out on a Tecktronix

model 545-A oscilloscope, and either complete spectra or
expanded portions of spectra can be observed.

The flight

time of the particles in the drift tube of the instrument
is proportional to the square root of the mass to charge
ratio, so the scaling factor for a spectrum follows a simple
mathematical relationship.

In the laser setup used, up to

five sweeps of the spectrum can be recorded on Polaroid type
47 (3000 ASA) film.

Also, the instrument is incorporated

with an ionizing electron gun which provides for the obser¬
vation of neutral particles.

Thus, the production of either

laser produced ionic or neutral species can be recorded.
Operating pressure for the machine is on the order of 10 ^
Torr, and the ionization chamber of the spectrometer is
provided with a direct inlet port so that the sample can be
inserted through a holder which allows for raising and lowering
of the sample plus 180° rotation; the holder is so designed

Sonera. A —— "block diagram of the system

I

f
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that either solid or powdered material can be contained.
In practice the sample is introduced to a position just
below the electron beam, and the 'focused laser beam is
fired normally incident to the sample surface through a
glass window in the top of the ionization chamber.
B.

Laser System
The laser and associated optics used with the mass

spectrometer are mounted on a rigid metal plate; a photo¬
graph of the assembly is shown in Fig. I.
consists of a 1/4 by 2 inch Nd

+3

The laser itself

: CaWO^ rod mounted-in an

elliptical aluminum cavity and pulsed by a single Pek'
XE-1-3 xenon flash lamp.

The output wavelength is 1.06

microns, and the energy input to the flash lamp is variable
to a maximum of 400 joules, provided by a 240 microfarad
bank of capacitors.

A constant voltage is maintained across

the flash lamp, and discharge is initiated by a high voltage
pulse from a transformer mounted near the cavity, and for
rapid-firing operation the laser is equipped with inlet and
outlet ports so that a stream of nitrogen gas can be used
for cooling the internal components.

The laser output is

estimated to be several hundred millijoules, although no
%

accurate measurement was made.

It should be remarked that

a ruby laser would probably be preferred for this application
because of less beam divergence; and although a ruby rod was
tried, the output power was found to be insufficient.

8.

The optical system is located directly below the
cavity, and consists of a Leitz monocular-binocular PS
microscope head with 25 power eyepieces coupled to the
objective lens by means of an extension tube; a similar
4)
optical system has been used by previous workers . The
microscope assembly is secured to the mounting plate by
means of adjustable clamps which provide for.alignment with
the laser.

Thus, the optical system provides for viewing

and positioning the sample as well as for focusing the laser
beam, and the microscope head is conveniently designed so
that when the sample is being viewed the laser light’is
prevented from reaching the objective.

The objective lens

is a compound element consisting of one divergent and one
convergent glass lens; the combination is used to obtain the
desired focal length of 65 mm, and, it is estimated that the
minimum spot size that can be produced with the system is
on the order of several hundred microns.

Although a commer¬

cial single lens microscope objective of the correct focal
length was available, it was found to be unsuitable for use
at the infra-red wavelength, apparently because of the
dielectric coating of the lens.

The focal length of the

objective is the result of a compromise between maximum
power density at the focused spot and the minimum permissible
distance of the sample from the viewing port.

Unfortunately,

the working distance of the viewing system is somewhat short
of the focal length of the objective; however, this does not

Fig. I

actual
delay
time
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pose a serious problem in operation.

The laser and optics

are mounted to the mass spectrometer by means of an L
bracket which allows for raising and lowering of the assembly
as well as lateral adjustment,, and illumination of the sample
is provided by a focused incandescent source.
C.

Associated Electronics
In order to record a spectrum, it is necessary to

gate the oscilloscope at a certain time with respect to the
firing of the laser pulse.

This is accomplished by using a

photo diode circuit to trigger an EH model 131 pulser unit;
a Philco L4501 photo diode is mounted to intercept the laser
light which emanates from the rear of the rod.

The pulser

then provides a delayed gate pulse of variable width to the
external Z modulation input to the oscilloscope.

The number

of sweeps or spectra recorded is determined by the width of
the gate pulse, and is continuously variable to 600 micro¬
seconds or six complete spectra.

The delay time is variable

to one millisecond; and since the pulse unit is not calibrated
t

accurately, photographs were taken for calibration purposes—
the curve in Fig. II is the, result of these measurements.

In

operation the beam intensity control on the oscilloscope is
turned down to eliminate the trace, and application of the
gating pulse "turns on" the oscilloscope for photographic
recording.

It should be remarked that operation in a delayed

single-sweep mode was not attempted because the proper
oscilloscope was not available.

10.

EXPERIMENTAL RESULTS

The photographically recorded output from the mass
spectrometer consists of a horizontal trace on which a
particular species appears as a sharp vertical deflection
peak, with the mass to charge ratio being proportional to
the square of the flight time.

The average flight time of

an ion is given by the following relation^:

1 02

2

2d(ko)

v- ^

I

o(ko>'

D]=a (-)'s

q

a 2s

^cA

1

In the above expression D is the length of the field free
flight tube, and kQ,

so, u^ and d are parameters depending

on the ion gun dimensions.

Determination of unknown mass

peaks can be accomplished simply by using two or more known
mass peaks to determine the scale calibration factor,

the

unknown mass deflection for singly ionized species can then
be determined from photograph length measurements.
corresponds to the length between the m^ and m

2

peaks and I

2

If 1^

known mass

corresponds to the length between the m^ and

-an unknown m^ peak,

the unknown'mass is given by the relation

m3=[— (/ir>2 - /m^) + /rr^]

The number of ions of a given species reaching the detector
is proportional to the area under the corresponding peak;
however, since only identification of various species is
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considered here, relative peak height measurements were
not made.
In order to obtain accuracy in the length measurements,
a micrometer scaling instrument was employed, and analysis
of the data was expedited by graphical plotting.

The

calibration peaks are contained in the ever present back¬
ground spectrum; the most prominent peaks being due to 1^0
(18), ^(28), and 02(32).

Due to compression of the mass

scale and deviation in the calibration constant, measure¬
ments made at the upper end of the scale tend to be less
accurate than'measurements made at the lower end.

In order

to obtain an estimation of the error, it is assumed that for
the unexpanded laser spectrum total variation in the accuracy
of peak measurements is not greater than .1 mm, and variation
in the calibration measurements does not exceed .05 mm.
With these latitudes in scale, mass determinations should
be accurate below about 50; in the range from 50 to 100
measurements should be accurate to one mass unit, and in
the range 100 to 200 error should not exceed two mass units.
Admittedly, these values may be. somewhat optimistic due to
other factors such as the wideness and blurring of the laser
produced peaks, distortion in the oscilloscope trace, and
optical distortion in the photographic process.

In addition,

the necessity of superimposing a calibration spectrum on
the laser spectrum when calibration peaks are absent in the
latter provides extra margin for error.

The above considerations

(a)

raerouric oxide

(b)

cesium sulphate

boron—potassium
(d) fluoroborate
Pig. Ill
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are applied, to the analysis of the four substances to
be considered.

A.

Mercuric Oxide
In order to test the laser system it was desirable to

choose a somewhat volitile substance which could be easily
identified spectroscopically.

To this end a red form of

powdered mercuric oxide (HgO) was selected; the vaporization
temperature for this substance is 500 degrees C., and the
decomposition reaction is easily indicated as follows:

2HgO -*■ 2Hg + 02
Spectra were recorded with a delay setting of 900 micro-

■ *

seconds, and the oscilloscope was set at a sweep rate of 5
microseconds per cm.

With the electron beam on'an acceler¬

ating potential of 50 volts was applied and a mass peak
centered at mass 200 was observed; also, an apparent
intensification of the C>2 line occured—a photograph of
the spectrum is shown in Fig. Ill-a.

Without the electron

beam on no mass peaks were observed, so that in this case
there was production of neutral species only.

The Hg line

is seen to. very wide, but this is to be expected due to
the large number of'naturally occuring isotopes.

As is

indicated by the delay time, the emission of vapor continued
for a relatively long period following the laser pulse.

In

this case as with the other substances analyzed, there is
a great deal of background noise which is produced inadvertantly

13.

when the laser fires; this noise is apparently due in
some manner to the' incidence of the laser radiation on the
internal components of the mass spectrometer and not to
external electrical pickup or interference.

Increasing

the delay time and lowering the sample tends to reduce the
spurious disturbance; however, the intensity of the spectrum
is reduced likewise by these actions, and a compromise
must be made in order to obtain the best photographic
recording.
B.

Cesium Sulphate
Cesium sulphate (CS SO ), a somewhat more complex
2

4

compound than HgO, was used in powdered form, and the
decomposition components were observed.
temperature of CS SO
2

than for HgO.

4

The vaporization

is 600 degrees C., a little higher

The spectrum was recorded with a delay

setting of 300 microseconds, and three laser firings of
three spectra each were superimposed; the results are shown
in Fig. Ill-b.

The oscilloscope was set at a sweep rate of
t

5 microseconds per cm. with a sensitivity of 1 volt per cm.
With the electron beam set at an accelerating potential of
50 volts two distinct peaks were observed—one at mass 133,
and one around mass 500.

The first peak is presumed to

be Cs , and no designation is made for .the second peak
because uncertainty in the measurement at this high of mass
makes a positive identification difficult.

With the electron

14.
beam off no'mass peaks were observed, so that as in the
case of HgO apparently only neutral species were produced.
C.

Carbon
Several different forms of carbon were used as samples,

and since carbon is very absorptive to the incident radia¬
tion and the temperature of vaporization is very high, it
makes an interesting material to study.

A previous investi¬

gation of graphite indicated a surface temperature of about
4100 degrees

.

With the electron beam turned on, peaks

were measured at masses 23, 39, 72, and 117; a second spectrum
was recorded with the electron beam turned off, and ionic species
occur at all previous masses except 72.

Typical delay

settings for the carbon samples were from 100 to 400 micro¬
seconds.

An expanded portion of the spectrum obtained with

spectroscopic grade graphite is shown in Fig. III-c with
only the peaks at masses 23 and 39 displayed; also, the
background spectrum used for calibration is shown under the
laser spectrum.
A presumed designation for the observed masses is
as follows:
23 = Na+
39 = K+
72 = possibly Cg+
117 = no designation made
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The appearance of the alkali metal impurities might seem
surprising in view of the fact that a very pure form of
carbon was used; however, the manufacturer's analysis of
the composition of the material indicated that some trace
of Na and K might have existed.

Also, it has been reported

by other workers that these two elements often appear as
background peaks in the spectra of certain substances.

Upon

first analysis of the data it appeared that the peak at
mass 23 was due to

; however, a more rigorous evaluation

seemed to indicate that the above mass values are the most
probable ones, although the production of laser produced C "1"
2

ions has been observed by Other workers in the laser pyrolysis
4)
of coal . Also, a previous investigation of graphite indi¬
cated that C

2

species from

and
to

species were most abundant, although
C^Q

were observed; however, a much greater

laser energy (three joules) was used at a wavelength of
O

6943 A.—also, in this work the investigators heated the
sample in flowing helium in order to rid it of contaminants,
and alkali metal impurities were apparently not observed*^.
Another investigation of graphite by Berkowitz and Chupka
•
*|"
indicated that species as high as
that +
was the most abundant 7) .

•{"
were .produced and

Also, these authors

noted an odd-even alternation in ion intensities up to mass
Cg

with the odd species being more abundant; and they point

out that these results are in agreement with those anticipated
by Pitzer and Clementi

'

.
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In addition to graphite, carbon black, pyrolytic
graphite, and powdered spectroscopic-grade graphite were'
examined, but a mass peak corresponding to neutral mass 72
was not observed in these instances.

However, repetition

of the experiment with the solid material failed to produce
this peak; also, variation in the observed spectra obtained
from successive laser firings made the carbon data especially
difficult to analyze.

Therefore, due to the uncertainty

in the limited amount of data available in this case, it
appears that further investigation is necessary to positively
determine whether the production of neutral species actually
occurs in the interaction process.
D.

Boron-Potassium Fluoroborate Mixture
In this case a solid sample of boron and potassium

fluoroborate (KF^B) which was formed under high temperature
and high pressure conditions was used as a sample.

This

mixture was chosen because of interest in trying to observe
the unstable boron subfluoride (BF).

The spectra shown

in Fig. 1'II-d were recorded with six sweeps superimposed
at a delay setting of 300 microseconds, and with the electron
beam on three peaks were observed at masses 39, §6, and 158—
unfortunately BF was not observed.
apparently due to Na
other two peaks.

The peak at 39 is

ions; no designation is made for the

Peaks were also observed with the electron

beam turned off, so that in this instance it appears that
ionized species only were produced.

17.
DISCUSSION OF RESULTS
It is apparent from the analysis of the data that
certain improvements in the system could be made.

First

of all, the power densities obtainable with the particular
laser and optical system used are not as great as would
be desired.

The power densities obtainable in this case

are limited primarily by the relatively high degree of
angular divergence in the laser beam output and not by
the quality of the objective lens used.

However, a high

quality microscope objective certainly gives better reso¬
lution for the viewing system as well as increased power
density if coupled with a high quality laser system.

The

use of a ruby laser appears to have definite advantages over
lasers operating in the infra-red range—the infra-red
radiation appears to be easily absorbed by the objective
lenses as well as by the glass window of the spectrometer
ionization chamber, and it is estimated that less than
half of the actual laser output reached the sample although
no accurate measurements were undertaken.

Also, the smaller

beam divergence characteristic of a ruby laser would give
rise to greater power fluxes than were obtainable here.
With sufficiently high power densities analysis of a
greater range of substances than were possible here could be
accomplished.

In this case the reflectivity of metallic

substances prevents vaporization of a sufficient amount of
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material for use in this application.

The reason why

certain species were not observed in some of the samples
tried is attributable in large measure to insufficient
power densities, and larger power would result in greater
fragmentation in addition to a larger amount of vaporized
material being produced.

It was noted that spectra recorded

from the same sample area differed, and this can be attri¬
buted in part to the variation of sample composition with
depth.

In this regard higher laser power would tend to

take deeper samples and diminish much of the contribution
of surface contaminants, also additional measures to
eliminate surface impurities might be undertaken, if surface
composition is not of particular interest.
In addition to the laser and optics system certain
improvements in the electronics and spectrum calibration
might be indicated.

The use of an oscilloscope in a single

sweep mode with higher speed film has been employed by other
workers.

However, Polaroid type 410 (10,000 ASA) film was

tried, and the reshlts were found to be inferior to those
obtained with the lower speed film—;the reasons for this are
not clear.

Improvements in the photography would make

possible measurement of relative heights of the various species
produced, and for certain substances an estimation of the
surface temperature can be made from reference to tables.
Difficulties were encountered in analyzing the data because
of the limited number of calibration lines and because of
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an apparent•shift in the lateral position of the laser
produced spectra with respect to the background calibration
spectrum.

The necessity of separately recording the back¬

ground spectrum is due to the fact that it is often absent
in the laser spectrum due to the much higher amplitude of
the latter, excessive noise, or insufficient photographic
response due to the inherently narrower lines of the back¬
ground.

In order to increase the accuracy of the mass

measurements the introduction of certain gases into the
spectrometer to provide known calibration lines would be
recommended.

In this way much of the error due to super¬

imposing a calibration spectrum on to the laser spectrum
could be eliminated.

A great deal more electronic sophis¬

tication is possible than was employed here; for example,
vertical ramping of the spectra could be accomplished in
order to display the production of the various mass compo¬
nents as a function of time.

Alternatively, some sort of

gating system could be employed to display the evolution of
an individual mass peak with respect to time.
From' a quantum point of view the production of positive
ions might seem surprising in view of the photon energy and
temperature involved; however, the existence of extremely
high electric fields in the concentrated beam should perhaps
be taken into consideration.

The use of a Q-switched laser

to obtain ultra-short pulses of extremely high intensity
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would produce even more dramatic ionisation effects, and
absorption of radiation by the vaporized material would be
of considerable importance.

Interesting phenomena involving

Q-switchea lasers such as the ejection of positive ions from
a metal surface with energies as ‘high as 1000 ev. have been
9)
observed . Much remains to be understood about the inter¬
action processes at these high energies, and the use of
the Q-switched laser certainly offers an interesting area
of investigative endeavor.

However, for sample composition

studies such as the one described here, the use of ordinary
pulsed lasers of moderate power output appears to be in
most regards preferable.

%
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