
AD AOSI •52 HARVARD UNIV CAMBRIDGE MASS DIV OF ENGINEERING AND ——ETC F/s 20/5
DIELECTRIC BREAKDOWN INDUCED BY PICOSECOND LASER ~ULSES .CU)

UNCLASSIFIED TR—665 
H BECHTEL . N BLOEMBERGEN l0001II— 75—C—QflS

u.n. U I

U I

I
• I

I~II U ~tOO~d’



:~ L~ I~ 2.0I .I~~~ IIIII-~-1ft 25 1.4 fflll-L6~II IIIII
~~~ I

H
MICROCOP’~ RESOLUTION TEST CH~~1

NATK~~AL BUREAU OF STAt ~DAR DS- I963-j ~



~~~r 
wis .t ~ ysi hur l

— ~etrast 111114-75 C-1141 11-311012
‘Miaa$sd RI SITCI Pvs~S.Sts 1~ usy irlit F 44021-714-SIN

I.tl.ul IsAisitiss lid Opu s 1diuIiIstrs~Jus .fsat USLI*1S7 117

DIELECTRIC BREAKDO WN INDICE D BY
______ PICOSECOND LASE1 PILSES

V Ls. $alth,L1 Iseltil aid N $)U IWLSS

htOsr, 117$ 

~ 
woy 11: .~~IiiUU Uirr ~Liij

Tedalsal Ispert Us $1 C

Itbie 4oC~un.at be. been appro~sd for publi c roi~~~~1
1a~4 eels; ft. di.trlb’dtbu is anli rni ted. K.produ~ticSt iu~ -

~~~~~~ or ~~ ~~~~ ~~~~~~~~~~ ~ j  
th. ~~. ~~~~~~~~~~~~~~

Divislu at En iassrhsg aid Applied Physics
NSrVIrd Univsr$ity . Casabrid s Massachusetts

v_ I
~ _S~ --~~~--  ~~~~~ - ~ — —

~~~~~ ~ ~~~ j~~ ~ ‘kThr



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ - 
~~~r ——---—-—

Unclassified
SECURITY CLASSIPICATION or TM IS PAGE (mi n O~~. Eai~r.~~ ___________________________________

• (~~~~ DIE LECTRIC~~ REAKDOWN INDUCED BY P1CC-
T SECOND LASER PU LSES ~ 

Interim Report

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —~ S. PERFORMING ORG. REPORT NuMBER

~ /
~?b~ W . L ~~~~~~ ffi ~~~\ 

Q~ _ _ _ _ _ _ _ _ _ _ _ _ _

~~~ N~~~ 1oenlberg~~ .) NASA NGL-22-007-l 17
•. PERFORMING ORGAN IZATION NAME AND ADDRESS to. P~ OG~~AM EL1MENT. PROJECT TASK

Division of Engineering and Applied Physics
Harvard University
Cambridge , Massachusetts __________________________

II COP4TRO LLING OFFICE NAME AND ADDRESS lii ~~~~~~~~~~
Oct E _ _ _ _ _

I 14 MONITORING AGENCY NAME S ADORESS(iI di11.r.nt from Ccntro1Hn~ 0111cc) II SECURITY CLASS 1IfMIf.

Unclassified

15.. DECLASSIFICATION/DOWNGRADINO
SCHEDULE

~~ 15. DISTRIBUTION STATEM ENT (of this Rip of l)

This document has been approve d for public release and sale; its distribution
is unlimited. Reproduction in whole or in part is permitted by the U. S.
Gove rnment .

17. DISTRIBUTION STATEMENT (of he abetted iftr.d in Stock 20. ii ~~1iIr.it froc~ A~~cee)

i t
IS SUPPLEMENTARY NOTES

4 15. KEY WO RDS (ConUniro m~ teVetI • .Sd. ii n.c..omy ,d Id. nISfr by block Oomber)

Dielectric breakdown Self-focusing
Laser-induced damage
Picosecond laser pulses
Avalanche ionization

ultiphoton absorption
20. 

~~~ t~~i~res its of inve igation carried
out in the period ~~a~~Try 1974 - June 1976 on the damage th hold rans -
parent optic aterials . Single picosecond pulses at 1.0 m 0. 53 p and
0. 35 crc obtained from a mode-locked Nd-YAG oscilla -ampli r-
freque y multiplier system. The pulses are Gaussian in space and time and
permit the determination of breakdown thresholds with a reproducibility of

: ~ DO ~1s 1473 EDITION OF I NOV S$ II OUOLCTI Unclassified
S/N 0102 0

•
~~~~~~~~I 

75ØccumYv cLAssI FecaT*OW OP THISPAG ~~~~~~~~~~~~~~~~~

— ~. ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ — sm~~~~.~~_1 ~~~ _ ~. .., — 
_- -~—~~~

_ _4g_c. —~
..--—- __

~
—_ - _--~ -.~.—4~. ~~~~ ~~



..—.,, 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘-~~-‘-—-- —.._.- 

~~~~~~~~~ 
“

~~~~ 
. 

~~~
‘ 

____________
Unclassified

~.LLUmTY CLASSIFICATION OF THIS PAGE(1Tha, Dale Ziuts’e4)

~ifteen percent. It is shown that the breakdown thresholds reported here are
characteristic of the bulk material , which include nine alkali halides , five
different laser host materials, KDP, quartz , sapphire and calcium fluoride.
The extension of the damage data to the ultraviolet is significant, because
some indication is obtained that two- and three-photon absorption processes
begin to play a role in determining the threshold. . Throughout the visible
region of the spectrum the threshold is still an increasing function of frequenc r ,
indicating that avalanche ionization is the dominant factor in determining the
breakdown threshold. This is confirmed by a detailed study of the damage
morphology with a high resolution microscope just above the threshold. A
detailed discussion of the influence of self-focusing is given, and evidence for
beam distortion below the power threshold for complete self -focusing is
presented, confirming the theory of Marburger.

This report cons th terial of the Ph. D. thesis of
Walter Le , submitted in partial fulfillment of the requirements for the
degre Doctor of Philosophy in the subject of Applied Physics , Harvard
Univ sity, September 1976.

Chapter I describes briefly previous work on laser induced breakdown
and the relationship of the present work to that described in technical report
643, Laser Induced Damage in Solids , May, 1973 , by D. W. Fradin. Chapter
.11 gives a description of the picosecond laser system. Chapters lu-V give the
experimental results of the breakdown at three different wave lengths , in the
near infrared, the green and the near ultraviolet. This material is presented
mostly in the form of reprints , or of preprints of papers submitted for
publication.

The fI~ appendices include reprints of papers on two-photon absorptior
Lt 3 in semicondudtors and multiphoton photo-electric emission of metals , which

have also been\nade possible by the existence of the reproducible picosecond
pulse gene rator\

V Afl this ma’~çrial is assembled in the present report because of its
relevance and pote~ tial usefulness for high power pulsed laser systems,
including damage c~~~eria for windows and other components in the ultraviolet

I ,

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(IN,.e bat . Ent.r.d)

_-_, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —. ‘- —-~~~~~~~
._

~~~~~~~~~~
- — —



-, -~~~~~~~~~~ ——-.~~~.-. .- . —. - .- - .— - -- - _.- -_— - _ -“rn. - .-

Office o~ Naval Research - .

Contract N000l4-75-C-0648 NR-372- OlZ

Advanced Research Projects Agency Grant F 44620- 75-C-0088
National Aeronautics and Space Administration Grant NGL-22-007- 1l7 

DIE LECTRIC BREAK DOWN INDUCED BY

PICOSECOND LASER PULSES
3

By , . -

( W. Lee Smith, J. H. Bechtel and N. Bloembergen

Technical Report No. 665

This document has been approved for public release
and sale; its distribut ion is unlimited. Reproduction in
whole or in part is permitted by the U. S. Government.

October , 1976

I’

¶ The research reported in this document was made possible through
support extended the Division of Engineering and Applied Physics ,
Harvard University by the U. S. Army Research Office, the U. S.
Air Force Office of Scientific Research and the U. S. Office of

F Naval Research under the Joint Services Electronics Program by
Contracts N000 14-67-A-0298 and N000 14-75-C-0648, by the Advanced
Research Projects Agency under Grants DAHC l5-73-G-16 and
F 44620-75-C-0088, and by the National Aeronautics and Space Ad-
ministration under Grant NGL-22-007- 117.

Division of Engineering and Applied Physics

Harvard University Cambridge, Massachusetts

j

I.

~
I.

..— .— —  ~~~~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~ . ~~~~~~~~~~~~ ~~~~
-
~~~- _ .. - ‘

~~~~~~~
- - -

~~
- .  -_- -.



_ _ _  -_- ~~~~~~~~~~~~~~~~ -~~ — 

~~~~~~~~~~~~~ 
-

~~~~~~~~~~,

~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DIELECTRIC BREAKDOWN INDUCED BY

PICOSECOND LASER PULSES

W. Lee Smith, J. H. Bechtel and N. Bloembergen

ABSTRACT

This report contains the consolidated results of investigations ,

carried out in the period January 1974 - June 1976 on the damage

threshold of transparent optical materials. Single picosecond pulses at

1. 06 pm, 0. 53 pm and 0. 35 pm were obtained from a mode-locked

Nd- YAG oscillator -amplifier -frequency multiplier system. The
11 

~ pulses are Gaussian in space and time and permit the determination

of breakdown thresholds with a reproducibility of fifteen percent. It is

shown that the breakdown thresholds reported here are characteristic

I of the bulk material, which include nine alkali halides, five different

laser host materials, KDP, quartz , sapphire and calcium fluoride .

The extension of the damage data to the ultraviolet is significant,

because some indication is obtained that two- and three-photon absorption

processes begin to play a role in determining the threshold. Throughout

— 
the visibile region of the spectrum the threshold is still an increasing

function of frequency, indicating that avalanche ionization Is the

dominant factor in determining the breakdown threshold. This is

confirmed by a detailed study of the damage morphology with a high

resolution microscope just above the threshold. A detailed discussion

of the influence of self-focusing is given, and evidence for beam distortion
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below the power threshold for complete self-focusing is presented,

confirming the theory of Marburger.

This report constitutes essentiaUy the material of the Ph. D.

thesis of Walter Lee Smith, submitted in partial fulfillment of the

requirements for the degree of Doctor of Philosophy in the subject of

Applied Physics, Harvard University, September 1976.

Chapter I describes briefly previous work on laser induced break-

down and the relationship of the present work to that described in

technical report 643, Laser Induced Damage in Solids , May, 1973 ,

by D. W. Fradin. Chapter II gives a description of the picosecond

laser system. Chapters rn-V give the experimental results of the

breakdown at three different wave lengths, in the near infrared, the

~~
‘ 
.~~ green and the near ultraviolet. This material is presented mostly in

~~ the form of reprints , or of preprints of papers submitted for

r 1 publication.

The four appendices include reprints of papers on two-photon

absorption in semiconductors and rnultiphoton photo-electric emission

• of metals , which have also been made possible by the existence of the

reproducible picosecond pulse generator.

All this material is assembled in the present report because of

its relevance and potential usefulness for high power pulsed laser

systems, including damage criteria for windows and other components

in the ultraviolet.
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CHAPTER I

INTRODUCTION

The inves tigation of the properties of matter as a

function of the intensity of electromagnetic fields at

optical frequencies has been stimulated by the advent of

lasers , notably of pulsed lasers with high peak powers.

Many non linear optical proper ties hav e been studied , but

the ultimate nonlinearity of any condensed phase is a

breakdown process , which transforms the material into a

plasma. The damage threshold of optical components is an

important limiting factor in the design of high—power

laser (HEL) systems. The incipent processes of plasma

form ation are res ponsible for the establishmen t of damage

thresholds in transparent optical materials.

-
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The process of irreversible structural alteration of

an ini tiall y transparen t material subs tance , upon exci tation

from a sufficiently intense li ght wave , is known as laser—

induced dielectric breakdown.

Although the firs t pulse d laser operation was reporte d in

1960 by Maiman,1 no observations of breakdown processes were

-~ 
made. The early pulsed ruby lasers of 1960 operated in a “burs t

-‘4 p
mode,” wi th an optical output consis ting of a collec tion of many

relaxation oscillations of the system. It was not until the

2technique of Q—switching , which allows temporal concentration

of all the stored optical energy into a single output pulse of

about io 8 sec duration , was implemented that breakdown was in—

duced by a laser. At the Third International Quantum Electronics

Conference in 1963, Maker et al.,3 who used a Q-switched ruby

laser of about 10 MW peak power, made the f i r st communication

of laser—induced breakdown. They reported the breakdown of air

by focuse d pulses with an estimate d breakdown fiel d strength of

io8 V/cm. In addition, they reported (without elation) the first

laser-induced breakdown in solids, relating that the “experimen tal

f actor causin g the greatest difficu lty was break down or burnin g

of the sample ” used for their third-harmonic generation experi-

‘4’ ments. 1965 brought a great improvement in laser peak power

production , as Mocker and Collins 4 demonstrated the first simul—

taneous mode-locking and Q-switching of a ruby laser by use of

a saturable absorber. Mode-locking techniques resulted in an

~~

~ ‘-U. - ~~~~ ~~~ ~~~~~~~~~~~~~~~~~~ ~- - : ~~~~~~~~~~
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-

~
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immediate hundred-fold advancement in the peak power obtainable

from a laser oscillator. Power levels exceeding the gigawatt

mark were then obtainable with modest amplification. Again the

blight of breakdown was noted in an original paper, as Mocker

and Collins repor ted that “ considerably higher mirror damage was

found” when the laser was mode—locked .

Throu ghout the remainin g years of the 1960’ s, laser-induced
F- -•‘

breakdown (or laser-induced damage) thwarted laser experimentors,
L

in particular those involved in the development of high--power

laser systems. The reason for such longevity of the - state of

confusion concerning laser—induced damage was the complexity

and variety of the involved processes. During those years,

progress was slow and inves tigations were lar gely empirical in

U. nature. But by 1970, the elements of laser—induced damage prob-

lent were being unraveled , due in large par t to improvemen ts in

laser system mode-control and reproducibility. Laser-induced

• 

. 
damage due to absorbing impurities5 had by that time lar gely

been relegated to a quality control production problem. It was

realized that self—focusing of powerful pulses leads to inten-
x,.

sifica tion of the light wave in a material , but it was not under—

stood whether self—focusing caused the actual material disLuption,

as well. Indeed, many differen t processes were still being dis-

cussed as possi ble breakdown mechanisms , among them photo-exci-

tation of populous impurity levels ,6 stimulated Mandel’shta m-
7 8Bri llou in Scat terin g, bulk multiphoton ionization, and electron

_ _ _  _ _  _ ..
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avalanche ionization.9

In 1971, several advances were made. The introduction of

short-pulse TEA CO2 lasers 1° enabled Yab1onovi tch~~ to present

conclusive evidence that avalanche ionization is the intrinsic

physical mechanism which conveys disruptive quantities of in-

frared light energy to the transparent crystal lattice in laser-

induced breakdown. His experiment was conducted with a wave-

length (10.6 pm) long enough that self-focusing and multiphoton

ionization were absent. Impurity effects were minimized by

L - 
tight external focusing and further eliminated by microscopic

L 
observation . With the identity of the intrinsic breakdown

mechanism in hand, further progress in understanding the inter—

play between self-focusing and breakdown was rapid. Guiliano

12
-‘ 

and Marburger repor ted direc t streak photography observation

of pairs of moving self-focal spots in sapphire, verif ying the—

oretical interpretations 13 of time-dependent self-focusing theory.

In 1972 Yablonov itch and Bloember gen14 explained the ubiquitous

diameter of the filamentary self-focusing damage track, which is

formed by the moving self-foci, wi th an argument based on ava-

lanche electron production. Fradin et al. in 1973 demonstrated

that intrinsic laser-induced breakdown at 1.06 pm15 and at

6943 ~16 is also an avalanche ioniza tion process , and they17

measured the laser pulse duration dependence of the breakdown

threshold in NaC1.

The experimen ts lis ted above (beginning with Yablonovitch)

-i



______________________ — — • .
~ 

_••___“ • ‘_‘?•___•_—,_ - —-— - ——_ - ---. - -_ —,--—•-—‘ -—-——.——— . — —  ~~
___ 

•

‘
~:

placed laser-induced breakdown on a firm experimental footing

for the spectral region (10.6 pm to 6943 ~) and pulse duration

region (—80 nsec to 5 nsec) investigated . However, other areas

of research remained uninvestigated and many questions were still

unanswered. Laser-induced breakdown in the picosecond pulse

regime was not yet studied , except for Fradin ’s NaCl datum, and

it was not known whether avalanche ionization would in fact be

effective for such short pulse durations. It was argued that

submicrosco pic inclusions would dominate the breakdown process

for picosecond pulses. And , most intriguing of all , it was not

known what would be the li ght frequency dependence of the break-

down processes. Although avalanche ionization was established

as the intrinsic low-optical-frequency breakdown mechanism,

mul tiphoton ionization 18 was known to be an additional intrinsic

process in matter that was expected19 to influence the breakdown

process as the light photon energy increased beyond 1.7 eV (the

ruby laser value) toward the material optical band gap. These

- - - questions addressed the basic physical behavior of transparent- j
matter under intense illumination , yet they also derived con—

siderable practical importance from various high-power laser

projects underway then and now. This report recounts

three years of experimental effort to answer them.

It is appropriate next to describe the avalanche ionization

process that was introduced in the above chronology of laser-

induced breakdown . Avalanche ionization breakdown may be 

- - -
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separated for discussion into three stages: 1) initiating

electron production ; 2) avalanche ionization plasma production ;

3) transfer of a damaging quantity of energy from the light

wave to the material lattice by the dense, absorbing plasma.

The first stage, at low photon energies (~ 1 eV for a typical

insulator) , relies on the presence of shallow electron traps

(color centers, inclusions, etc.) to yield starting electrons

early in the laser pulse. As the photon energy is increased ,

such shallow traps may be ionized by a single photon, or direc t

interband multiphoton transitions may be invoked to supply the

initiating free electrons. The second stage of the avalanche

break down process concerns the evolu tion of an ini tiating

electron in the strong optical light wave. Energy is supplied

to the oscillating electron by the optical field. At the same

time , the electron undergoe s inelas tic collisions with the

lattice at a rate of roughly io15 sec~~ . If the light

field is sufficiently strong, the elec tron will succee d in

at taining an ener gy that will allow it to produce a secon-

dary electron by impact ionization of a lattice atom. The

two electrons then may repeat the ener gization process to

produce four electrons , those four may produce eight, and the

avalanche has begun. The growth of the avalanche is described

by an avalanche ionization coefficient ~:r 1
N(t) = N0 exp J n{E(t’)} dt’ . (1)

L — ~ J

H .
‘I

I .~~~I. ~~~~~~~~~~~~~~~ 
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4 1
Here N(t) is the number of free electrons per unit volume ,

N0 is the starting density of electrons, and E(t) is the

laser pulse electric field distribution. The function r~ is

highly nonlinear in the electric field E ( t )) 4  Fig . 1.1

illustrates this point. This graph displays E(t), the quantity

log [N(t)/N0] computed using experimentally derived data for

-
• r~ in NaCl , and also the computed lattice temperature T(t) for

a typical pulse from our experiments in NaC1. One observes

that the electron distribution is formed predominantly at the

peak of the laser pulse , indicating strong nonlinearity and

-

~~ 

the threshold character of avalanche ionization. The quantity

N0 typically has the value 10
10 cm 3 (discussed in Chapter III ,

Part C, in detail) and it is of ten observed that breakdown

occurs if N(t) exceeds .,,l018 crn 3.

The production of the plasma at the very peak of the pulse

serves to separate, for purposes of discussion, stage 2 from

stage 3. In stage 3, the plasma absorbs energy from the fina l

portion of the light pulse. The rate of energy absorption by

the plasma at a time t, W(t), may be approximated with the

Joule heating expression of

W(t) = 
e2 r~ I E ( t )  I

2
~~1( t ) 

. (2 )
m* l + w T

Here e and m* are the electron charge and effective mass ,

is the electron momentum relaxation time, and w is the light

angular frequency . As described in Part C of Chapter III ,

— 
. -~~ —- - ~~-• 

•——- —
~~~L~~~~~~~~~*; ~~~~~~~~~~~~~~~~~~~~ - T .  
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Fig. 1.1 Time dependence of the plasma
growth (N(t)/N~] and lattice temperature[T(t)] during breakdown induced by a pico-
second laser pulse with a Gaussian electric
field distribution [E(t)J.
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with a simplifying neglect of diffusive or radiative thermal

loss during the picosecond heating , the temperature of the

~ I 
lattice may be calculated by performing an integration of Eq.

(2) over time and using the heat capacity of the material. The

- 
T(t) curve of Fig. 1.1 is the result of such a numerical cal—

- culation. Although the calculation is not accurate above the

sample melting temperature (800 °C), it nevertheless illustrates

-
• -
. the manner in which lattice heating occurs subsequent to plasma

production at the laser pulse peak. If the lattice heating for

a given pulse succeeds in melting the lattice over a material

- volume sufficiently large to be observed under a high—power

r 
microscope (as related in Chapter III), then production of

- breakdown would be recorded for that pulse.

The qualitative picture of the avalanche ionization process

given above will serve to acquaint the reader with the basic

characteristics. The notions that were introduced will be
~‘
. _
i

discussed in detail in following chapters.

~
-
- .4 The most recent review article on laser—induced breakdown

is that by Bloembergen19 in 1974. That review and references

- - therein , the preceedings20 of the Conferences on Laser Damage

of 1969-1975, and a paper by Hoiway and Fradin21 will introduce

• the reader to the published literature on the subject . References

to several other relevant publications which have appeared since

1974 are included in the bibliographies at the end of each of

the chapters in this dissertation . For information on DC

- 
.

-
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breakdown , the reader is referred to the book by O’Dwyer , 22

and to a recent experimental paper23 and its references.

Chapter II of this report describes the mode-locked

laser oscillator—amplifier system which was constructed in

our laboratory beginning in late 1973. Construction details

which contributed to the stability of the system are reported .

A full discussion is given there of the employed techniques

for characterization of individual laser pulses. These tech-

niques enabled us to measure optical frequency electric field

distributions in absolute units with an accuracy of ± 15%.

Several new observations were made during the calibration of

our laser system. They were subsequently published and repro—

ductions of those publications are included here as appendices.

Appendix I describes the effects of laser pulse depletion, by

linear and nonlinear absorption , in the common two—photon

fluorescence method of measuring the duration of picosecond

laser pulses. If not properly treated , depletion effects

lead to erroneous pulse duration measurements. Appendix II

describes a nonlinear optical method - the tA technique - for

the extraction of an individual picosecond laser pulse duration

with only the use of two detectors , an oscilloscope, and a

harmonic generation crystal. This technique offers important

advantages over other picosecond pulse duration schemes in—

cluding streak camera photography , two—photon fluorescence , etc.

Using the tA technique, we measured the degree of fluctuation

— —~~~~~ -~~~ —~~ -~~~ — ~~
—- ‘•

~~~~
•,——- ‘
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in the pulse duration of our laser which is mode—locked

by a saturable absorption dye. That experiment is recounted

in Appendix III. Such fluctuation is intrinsic to the sat-

urable absorber mode-locking process , 24 but it had not been

considered as a source of error in experiments prior to ours.

As demonstration of the utility of the laser system and the

characterization techniques described in Chapter II, papers

concerning two topics other than breakdown are included as

Appendix IV. Part A of Appendix IV describes the observation

of a nonlinear photoelectric emission effect from a tungsten

metal surface which involved two-photon absorption by the

photoelectrons. Careful measurements of the two—photon

absorption coef ficient in several semiconductors are related

in Part B of Appendix IV. The experiments of Appendix IV

derived important benefits from the use of low—energy but

• high—peak—power laser pulses.

The description of the central experiments of this

research begins with Chapter III. That chapter describes

our research at the 1.064 pm wave length, and it is composed

of three parts. The first (Part A) is a paper recounting a

measurement of the breakdown threshold, with our nominally
U. 30 picosecond pulses , in fourteen transparent solids. These

solids include several practically important optical materials

(KH2PO4, a laser glass, a laser crystal, Si02 and CaF2) in

addition to nine alkali-halides. The data for the alkali— 

. .  - 
- - I
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halides is compared with previous data taken with nanosecond

laser pulses by Yablonovitch11 and Fradin ~~ ~~~l5,l6 to

show that avalanche ionization of electrons is indeed the break-

down agent at 1.064 pm , even for picosecond pulses. Simultaneous

measurements of the nonlinear refractive index are obtained and

compared with other published values, to demonstrate that our

experiment accounted properly for self-focusing . Part B of

Chapter III is a follow—up experiment in four additional state—

of—the—art laser component materials. Part C of Chapter III

describes one final aspect of the 1.064 pm laser-induced break-

down study , its morphology. It was discovered that the pico-

~~ 
~~~~

. second breakdown morphology consists of a collection of micron-

sized , spatially distinct sites, localized along the focal axis.

Each of the microsites is the vestige of a tiny plasma which

grew from a small number , perhaps only one, of electrons which

were present in shallow traps when the laser pulse traversed

the focal region. Because of the short laser pulse duration,

the plasma sites did not grow to the point of overlap. The

observed density of sites allowed us to measure for the first

time the actual density of free or slightly bound electrons

which may serve to launch an avalanche inside a transparent

dielectric. Photographs of the damage sites are presented in

this part of Chapter III.

Chapter IV recounts our effort to extend the work of

Chapter III  to a shorter wavelength than had been studied
‘p

_ _ _ _  -_ _- -_ _ _ _  - _ _ _ _ _ _
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previously . By frequency doubling the 1.064 pm pulses in a 
j

nonàritically phase-matched crystal, we obtained 5321

- pulses with a spatio-temporal waveform as noiseless and re—

- 
producible as at the fundamental wavelength. Self-focusing

constraints in this experiment were severe. Nevertheless, 
- 1

breakdown thresholds were obtained in six materials. Compar-

ison of the thresholds at the two wavelengths showed a most

exciting result: for the small band gap material KH2PO4,
the threshold at 5321 was less than the infrared threshold,

- - 
I
f 

indicating for the f irst time a quantitative observation of

( 
multiphoton (three—photon , in this case) absorption assistance

to the avalanche. For the other mater ials, the 5321 ~~ thres-
~P l )

hold equaled or exceeded the infrared threshold , in a systematic
- 

fashion , providing conclusive data also for the first time for

a frequency-dependent increase in the threshold of avalanche

19ionization. This increase was predicted for some time, as

was the effect of multiphoton absorption on the threshold.

• 
I Morphology of this breakdown showed consistently that the

1 operative process at 5321 ~ is avalanche ionization for the

large band gap materials. Even for KH2PO4, the morphology

confirmed that an avalanche dominates the breakdown process

in stages two and three, as discussed earlier. The exper—

imental results concerning the frequency dependence of the

two intrinsic breakdown mechanisms constitute the highlights -•

of Chapter IV.

I
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Chapter V describes our investigation of breakdown at

V 3547 ~ in the ultraviolet wavelength range. For the necessary

frequency summing process to produce this wavelength , no material

is known which allows noncritical phase-matching to be achieved.

Severe difficulties were therefore caused by pulse spatial dis-

tortion due to walk-off, and by self-focusing, in the nonlinear

generation crystal. These distortions , time— and power-dependent,

coupled with the smallness of the critical power for self—focusing
-• in the samples , did not permit precise breakdown threshold inter-

pretation to be made from the data at this wavelength, as discussed

~ / 
in Chapter V. Nevertheless, the data obtained at 3547 R verified
qualitatively the frequency dependent behavior first discussed

& in Chapter IV.

*1. -
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CHAPTE R II.

- I LASER SYSTEM
‘-I

• 1 A. Introduction

This chapter contains a description of the diffraction-

• limited, mode-locked Nd:YAG laser system which was constructed

I in our laboratory beginning in late 1973. The heart of this

1.064 pm laser system is a passively Q-switched and mode-locked

Nd:YAG oscillator , which produces a train of roughly 20 optical• / pulses, each of 30 picosecond duration . A single pulse is

separated from the pulse train by a fast Pockels cell electro-

optic shutter. The use of a single picosecond pulse optical

source , rather than an entire pulse train, is greatly preferred

for straightforward data analysis and attainment of conclusive

results. The final ele~uents of the laser system are two single-

pass , Nd :YAG amplifiers. These amplifiers provide an energy

boost of up to roughly 100, enabling a peak power of 3xl08

watts to be achieved in a single pulse. Peak powers of this

magnitude make possible the efficient conversion of this 1.064

~
‘ pm light into the visible and ultraviolet harmonic wavelengths.

We have observed power conversion efficiency of —50% to 5321 L
—20% to 3547 L and —15% to 2661 ~ , limi ted by the damage prop-

erties of the nonlinear crystals. Because both the spatial and

temporal profile of these optical pulses is Gaussian (with some 

- • ~ • . - 
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reservation at 3547 R ) ,  calculations for extraction of results
from data, whether analytic or numerical, are often simplified.

The Gaussian spatial profile is convenient for focusing the

• light pulses to achieve higher intensity since the spatial profile

remains Gaussian while only its width changes. The focused

J pulses from this laser system make available intensity levels

higher than that sustainable by any solid, liquid , or gaseous

form of matter: all are converted to the plasma state at such

excitation levels. However, the utility of this laser system

stems not from the available raw power , but from the ‘ reproduc-

ibility and careful characterization of the waveform. These

two qualities will be discussed further in the last section

of this chapter and in later chapters as well.

The following sections of this chapter contain details

of the laser system components , operation, and performance.

-~ 
• B. Mode-locked Laser Oscillator

1. Resonator Design

The Brewster configuration resonator is diagrammed

schematically in Fig. 11.1. Between the two reflectors are

positioned the laser rod , mode-locking cell, and spatial mode
I

selecting aperture. The front and rear reflectors are di-

electric- coated glass substrates with reflectivities of 46%

and 100%, respectively. The ref lect ing surface of the rear

mirror is concave with a 3 m radius curvature. This

— — ~~ , ~~~~~~ 
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curvature relaxes appreciably the alignment tolerances found

in a flat-flat resonator configuration and reduces the need

for frequent realignment.

- 
2. Oscillator Head

The oscillator head design is a simple single 63°

ellipse configuration . A cross—sectional drawing of the

head is shown in Fig. 11.2. The single flash lamp is posi-

~1 tioned at one focal axis of the ellipse and the laser rod

at the other. The elliptical cross—section has axes of 2.750

and 2.450 inches, and the cavity is 2.0 inches long. The head

~ / 
pieces were machined of brass and the inner cavity surfaces

• • were then hand polished with successive grit sizes down to
— jeweler ’s rouge, until a mirror smoothness was obtained. The

cavity pieces were then electroplated with electroless Ni

and then with Au. Gold was chosen over Ag because of its

greater durability and slightly higher reflectivity for li ght

in the absorption bands of the Nd active ions. In addition,
3-

the slightly lower reflectivity of the Au compared to Ag in

the ultraviolet reduces solarization of the laser rod .

The laser rod itself is a Yttrium Aluminum Garnet rod

doped with Nd, purchased from Allied Chemical Co. The laser

wavelength is 1.064 pm. The rod ends are cut at Brewster ’s

~ 
angle with respect to the rod cylindrical axis, for three

. 4 ~~1 -

reasons. 1. The Brewster configuration alleviates the fre-

quency—selective properties of pairs of parallel, normal
I I

~ - i _

I-
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Fig . 11.2 Illustration of
the single-ellipse configu-
ration of the laser heads .

b

rn 
_ _ _ _ _ _ _ _  

- - — ~ -~~ ~~~~~~~~~~ ~~~~~~~~ 
~~~~~~~~~~~~~~~~~~ ~

•-• ‘

~~~

-

~~~

-

~~

--- 

~~~~~~~~

-

~~~~~~~
- 

~ 
—.-—---

~ ~~~~ T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -



—- —--U.--- ~~~~~~~~~~~~~~~ ~~~ U.U.~~~~~I,~~U.• —----U. ~~~~ 
• - -

11-6

I’ -

I- 
-

surfaces inside the resonator. Frequency selectivity would

be deleterious for the production of bandwidth-limited output

pulses. 2. It removes the need for low—reflectivity dielectric

coatings, with their attendant damage susceptibility , on the

rod faces. 3. It results in 100% linearly polarized output

radiation.

The laser rod is surrounded by a tightly fitted Pyrex

glass tube, or cladding , which serves to increase the pumping

efficiency. The Pyrex glass also absorbs ultraviolet light

and reduces rod solarization, thereby lengthening rod lifetime.

An explanation is in order for our choice of Nd :YAG as a

laser material rather than less expensive Nd—doped glass. As

mentioned in a previous paragraph, our emphasis in this work

has been on pulse reproducibility and characterization , in order

to maximize control in our experiments. Nd:glass mode-locked

lasers are now well known to be less suited for that class of

application , for the following reason. Because the Nd+3 ion
-~ •~~

fluorescence linewidth is broadened substantially more by host
- -4

interaction with glass than with crystalline YAG, the Nd:glass

oscillator is capable of producing pulses correspondingly

shorter in duration than a Nd:YAG oscillator . The Nd:glass

pulses are typically , in initial states , shorter even than

~~~~ 

I 
the response time of the dye used to mode-lock the laser. This

response time is reportedly about 7 psec. Therefore the Nd:

glass pulses are not smoothed and transformed, by the many

I 
_ _ _ _ _ _ _ _  
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L successive passages through the bleachable dye, into a

standard final waveform to the degree of Nd:YAG pulses. The

result is that the temporal waveform of Nd:glass mode-locked

laser pulses generally is not smooth but has noise-like

structure of picosecond scale which fluctuates from shot to

shot. Further problems of Nd:glass involve temporal broaden-

-- —- •~~ ing due to self—phase modulation which progressively increases

- the width of successive pulses in the same pulse train. These

factors render Nd:glass markedly unsuited for our purposes. A

further inconvenience of Nd :glass is that its lesser thermal

( 
conductivity limits the firing rate to about 1 pulse per second,

whereas our Nd:YAG system can be operated at 30 pulses per

second. This fast rate is beneficial for alignment procedures,
- 

as well as for data recording .

- 
• Our Nd :YAG rod is cooled by distilled H

20 which flows

-

• 
through a 1 mm thick annular space between the cladding and

U 
an outer Pyrex glass tube. The flow velocity is approximately

10 cm/sec and the H20 temperature is maintained at 20 °C ±

0.1 °C by a Lauda—Brinkman K2/R thermo-regulating circulator.

No other elements are cooled with this circuit. This minimal

thermal load allows the thermo-regulator to operate very sen—
- 

sitively to control the rod temperature for increased stability .

The Pyrex glass tubes were bonded to the gold—plated brass end
t

pieces with a transparent epoxy (Eccobond 24).

The oscillator flash lamp, and those for our amplifier

L - I J~2~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~
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heads , were manufactured by ILC Technology (#L-l419) and are

xenon-filled. Xenon lamps are superior to krypton-filled lamps,

an alternate for pumping Nd, for use in high-current, pulsed

operation .23 They also offer longer lifetime, approaching 106

shots. The lamp dimensions are 4 mm inner bore diameter and

2.125 inch cathode-anode separation .

The oscillator flashlamp and both the rods and lamps of

the dual amplifiers are water cooled by a circuit entirely

separate from that for the oscillator rod, as mentioned

above. A high-capacity industrial water cooler (Blue M #PCC-

3455C) maintains a 20 °C temperature . This cooling system

has the capability to service several additional amplifier

stages or adjacent lasers.

3. Mode-locking Dye Cell

A schematic illustration of the construction of the dye

cell is shown in Fig . 11.1. The cell is of so—called “contacted ”

design , m eaning that the flowing sheet of dye is in physical

contact with the rear , 100% reflective mirror . This arrange—

ment3 is optimum for the suppression of satellite structure in

the mode-locked output pulse train . The sheet of dye solution

is pumped upward against gravity and flows in a thin (0.5 mm

thickness) sheet between the two confining surfaces of the rear

I reflector and the other uncoated substrate. The dye solution

itself is Kodak #9860 saturable absorber diluted with laser-

grade 1,2-dichioroethane . The dye has a relaxation time of

- ~~~~ ~~~~~~~~ 
• •  
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7 picoseconds and a saturation (bleaching) intensity of 60

MW/cm2 . The proper concentration (22 ml of dye with 100 ml

- dichloroethane) results in a low intensity transmission factor

(through the cell) of about 0.7 at 1.064 pm. The other elements

of the dye circuit, which are not included in Fig. 11.1, are

the dye pump , dye reservoir , filter, and flow lines. Black,

opaque polyvinyl flow tubing was used to shield the dye from

ambient UV room light which would hasten its degradation . The

Milli pore teflon filter , installed in the circuit just before

L the dye cell, removes particulate matter from the pump gears,

~ 
( etc. Without the filter, the 0.5 mm channel in the dye cell

p 
is the most restrictive part of the circuit , and the light—

absorbing , particulate matter collects and leads quickly to the

damage of the dielectric coating . The stainless-steel reservoir

is never completely filled, allowing the air volume to act as a

cushion to damp fluctuations in the flow velocity.

4. Flashlamp Pulsed Power Supply

The two power supplies including the pulse-forming net-

works used to fire the flashlamps in our laser system were

manufactured by ILC Technology . This supplier also makes our

flashlamps , and in fact, the power supplies are designed from

• the beginning for the exact firing characteristics of the L-l4l9

xenon flashlamps. Two power supplies are used here, one for the

• oscillator lamp and one for the series pair of amplifier lamps.

The maximum repetition rate is 30 pulses per second, limi ted 

- • - - - - U.-

~

k .  • - - •  
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by the onset of “latch—on” or faulty continuous lamp ener—

gization. This rather high repetition rate is made possible

by special recharge delay circuitry designed to inhibit “latch—

on”. The circuitry begins recharge only after a sufficient time

- 

has elapsed for the ionized gas in the lamp to recombine to the

neutral state. The oscillator (amplifiers) power supply charac—

teristics are a maximum energy per pulse of 20 (50) joules, a

pulse width of 150 (200) psec, a maximum continuous power of

- 1500 (2000) watts, and a charging voltage of 0 to —2kv.

I
C. Pockels Cell Single Pulse Selector

As mentioned in the introduction to this chapter , in

order to use mode-locked lasers for many applications, it is

desirable to employ only one of the pulses from the charac-

- teristic train of pulses. If the entire train is used in an
I
I experiment, the output signal is usually an average or accu—

mulation over the many pulses. Unambiguous and precise con—

clusions are at least more di f f i cu lt,and of ten impossible to

draw from such data. Therefore we employ an electrooptic

shutter after our oscillator to extract from the pulse train

a single picosecond pulse.

The general technique for single pulse selection makes

use of the different transmission factor of an optical polar—

izing element for the two orthogonal polarization states of

the laser light. An electrooptic device is positioned between 
- -

• 
-

-

U. - 
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a pair of crossed polarizers. Unless a proper voltage is

applied to the electrooptic device, no li ght passes through

the second polarizer. When given the proper voltage pulse,

the electrooptic element rotates the light polarization by

A/2 , allowing it to proceed through the second polarizer

unattenuated .

The electrooptic device may employ either the Pockels

electrooptic effect or the Kerr electrooptic effect. Because

of the toxicity of the nitrobenzene fluid normally used in

a Kerr cell and the excessively high required voltage, we

have employed a Pockels cell electrooptic shutter in our

o apparatus.

H The Pockels effect is a linear electrooptic effect that

occurs in all piezoelectric crystals. The ideal transmission

T of a Pockels cell is given by

. 2  3T = T0 sin (-rrn0r63V/X) . (1)

~

Here n0 is the ordinary refractive index of the electrooptic

material (in our case , KD2PO4), r63 is the material linear

electrooptic coefficient, A is the light vacuum wavelength,

and V is the applied voltage. From this expression, one

observes that the condition for full transmission (that for

X/2 polarization rotation) is obtained with an applied voltage

of

VA,,2 = A/ 2n~r63 , (2 )

- - 
~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
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I,

known as the “half-wave” voltage. This quantity for KD2PO4

(KD*P) at 1.06 pm is approximately 6000 volts.

The Pockej.s cell shutter used in our experiments is

illustrated schematically in Fig. 11.3. A high voltage power

supply (HV) charges a transmission cable (Cl) through a

charging resistor (Rl) of 1.1 x 106 ohms . This voltage V

(~ 12,000 volts) is applied to one side of the electrode pair

in the spark gap (SG), the other side of which is at ground

potential. High-pressure nitrogen gas was used to increase

the dielectric breakdown voltage limit of the gap. When the-

focused initial pulses of the pulse train enter the shutter ,
I -)

their polarization is rotated by A/2 by the half-wave plate

(WP), allowing them to pass through to polarizer P2. There

the pulses are deflected and focused into the electrode gap
I-

region where they initiate breakdown. A voltage pulse of V/2

then travels through cable C2 for a duration 221/v , where

is the length of cable Cl and v is the propagation velocity

F of the cable. (Cl, C2, C3 are all 50 ohm, RG-8/U cable.)

-

- 
St While this voltage pulse is traveling across the Pockels cell

-‘p1
PC, itself a 50 ohm impedance, traveling—wave device, the

polarization of any light passing through it is rotated by

A/2. The length of the cable Cl is made so that only one

pulse can be switched out from the pulse train, as expressed

by the condition 2R 1v~~ £ 2L/c. Here 2L is the optical round—

trip path length of the laser oscillator, and c is the vacuum

- .  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ ~. _1_~~!~~~~~~~~~~~~~~~~~~~~~
_ _
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i INPUT :PULSE TRAIN

4-4

flHV E~~~Jw P

C3 R2

- 
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L -
~~~~~~~ L!~~~~

2 

-

\/ OUTPUT :SINGLE PULSE

..
,
~~~

4 -
4

Fig. 11.3 Schematic diagram of the Pockels cell single pulse
selector used in the laser system . Notation : WP, half-wave

I
. pla te ; P1 and P,, Glan prism pol~ rizer ; PC , traveling—wave

k configurat ion Kb2PO4 Pockels cell; Cl-C3, 50-ohm coaxial cables;
-

- 
- Ri, io~ ohm charging resistor ; R2, 50 ohm load resistor ; SG, high-

- pressure, N2—filled , laser—triggered spark gap; PD , photodiode
detector; HV, high voltage supply .

I’
~
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speed of light. The right side is the temporal interpulse

- spacing in the pulse train (7 nsec here). This one pulse

with polarization now rotated back to its original state is

then transmitted through polarizer P2 and constitutes the

selected single pulse. Subsequent pulses on the train are

still focused into the spark gap, but no voltage is present

-~ then , due to the long recharge time of cable Cl as guaranteed
- 

- by resistor Rl. The cable C3 conveys the voltage pulse to

the 50 ohm grounding resistor R2, and C3 is long enough to

disallow voltage reflections at the C3-R2 connection from

reaching PC while light is still passing through it.. The fast

(<0.5 nsec rise time) biplanar photodiode (ITT F4000) PD is
I 

~ised to monitor the entire pulse train, and conveniently dis—

- plays which pulse in the train was selected and excised by the

• shutter. A typical oscillograph of the laser pulse train minus

the selected pulse is shown in Fig. II.4a, along with the actual

switched—out single pulse in Fig . II.4b. It was found that the

N2 pressure in the spark gap (nominally 160 lb./sq . in.) could

be varied sufficiently to allow the selected pulse to be taken

- from any position in the pulse train. In normal operation the

I - 
pulse in the train center was selected . However , the N2 pressure

could be used in some cases to make adjustments of the single

pulse intensity level. Cihis technique would not be possible

with a Nd:glass laser because pulses in different positions in

the train have widely different duration and substructure.)

I
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- a. Oscillograph of mode-locked
pulse train after switch-out

4 (2 nsec/div.).

,-

b. Oscillograph of single selected
- 

- 

pulse(O.5 nsec/div.).

Fig . 11.4

Temporal Waveforms

- 
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r. -

The jitter, or f luctuation , in the selection position of our

shutter was typically 15-30 nsec, or 2 to 4 pulse positions.

The actual Pockels cell used in our system is a product of

Lasermetrics Corp. (Model 1071), and has a cylindrical ring

electrode (CRE) geometry, as indicated in Fig. 11.3. This

configuration provides a more uniform transmission across

the electrooptic crystal face at a given voltage than does

the more conventional end-plate electrode geometry . In

addition , the CRE geometry reduces the cell capacitance and

yields a faster cell response time (in our case, —l nsec),
t I

important for clean switch-out of a single pulse.

- _-p 
-

~

D. Dual Amplifiers

The final stages of our laser system are two Nd :YAG,

single-pass, travel ing wave amplif ier s. These ampl ifiers

provide a maximum power gain of about 100 for the single pulse

which is selected by the Pockels cell. The amplifiers have

operated at this excitation level for a period of almost three
‘ - -I

years without suffering any damage.

The amplif ier heads are different from the oscillator

head in only one respect. The Nd :YAG rods (from the same

supplier and of the same size as the oscillator rod) have

• 
- 

faces cut, not at Brewster ’s angle , but at a small wedge angle

of 60. Because the amplifiers are single—pass devices, the

loss from the face reflectivity is not important compared to

the alignment ease of the wedge cut over the Brewster cut.

h i -  -

_ _ _  - ~~ - 
,
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I
The faces are cut at 60 rather than 00 for two reasons. The

small angle eliminates problems caused by back propagation of

intense reflections into the Pockels cell , etc. And the 6°

wedge angle was calculated to be just large enough to suppress

low-order parasitic modes which would otherwise be able to

oscillate inside the rod between the faces , thereby decreasing

• useable gain.

The cooling system and power supply systems were described

in previous paragraphs. Although it was not necessary for any

exper iments undertaken thusfar , a dif fe rent arrangement of

~ / 
these amplifiers could be introduced to provide an additional

p gain factor of perhaps 8 to 10. Because the first amplifier

is not at all saturated by the single pass of the single pulse,

it could be used instead in dual—pass mode. The second am-

plifier would remain in single—pass formation. This overall

triple-pass amplifier chain would then provide over l0~ watts

H- in a single 30 psec output pulse.

E. Laser Pulse Characterization

For a laser pulse which is both spatially and temporally

Gaussian , the intensity waveform I(r ,t) in a plane normal to

the propagation direction is expressible as

—(r/ )2 — ( t / T ) 2
I(r,t) = 1~~ e e . (3)

Here r is the radial coordinate of distance from the

- —  — 
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propagation axis and t is the time variable. Thus the

intensity waveform is specified entirely by the three param-

eters 1
~
, p, and t , which are the peak intensity,  the spatial

radius, and temporal radius , respectively . This condition is

true for focused, as well as for unfocused , Gaussian laser —

1 pulses. Therefore the task at hand in order to specify quan-

titatively I(r,t) is to record I , p,  and T values for each
-~~~~~~~ o

laser pulse. The techniques for these three measurements

which we have developed and employed in our experiments are

I described in the following paragraphs. Because the physical

processes studied in our exper iments (as discussed in later

chapters) are highly nonlinear , even exponential ly nonlinear , -
:

c.
~ 

in the intensity, prec ise knowledge of the pulse parameters

is a solemn necessity . The unusual care that was exercised

in the accurate determination of the individual pulse pararn-

eters in our experiments was of fundamental importance for

- our observations .

1 1. Measurement of Pulse Spatial Dimension, p
-
. ~ 

- The measurement of the un focused pulse radial dimension

- offered the least difficulty of the three parameters. In

initial experiments , measurement of the spatial profi le was

- made with a multi-lens camera photographic technique4 which

is independent of all film exposure nonlinearity . Photo-

densitometric analysis of the data f ilm yielded the parameter

p. As one would expect, f luctuations in the spatial prof ile

~f_ ~~~~~~~ ~~~~~~~~~~~~~~ ~~
—

~~-~~- ~~~~~~~~~~~~~~~ ~~~~~~~~~~ 
-
~~— -~ .~— — -

~~
--
~~~ — ~ _ __

~~Ai_. _
~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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4
and thus the area A ( = -rT p 2

) were small (unobservable at 1.06 pm),
-1~

- 
.as the amplifier stages were not used in the nonlinear, saturation

r - range. Therefore , a measurement (or rather , the average of
1

several measurements) of the pulse area needed to be performed

only once for an experiment, rather than for every shot. This

was fortunate, considering the time involved in the photographic
— 

- recording and analysis.

In later experiments, far greater accuracy in the measure—

ment of p was made possible by the purchase of an electronic

device, a (Reticon) self—scanning photodiode array . This

,

~~~ f monolithic integrated circuit linear array is composed of 256

P individual Si photodiodes, each of area .001 in. x .001 in.,

spaced by .002 in. (50.8 pm) . Associated circuitry repetitively

- 
- scans the 256 diodes (at 10 kHz) in order and processes the 

- 
-

— individual diode light signals into a serial output format.

This serial output signal is fed into an oscilloscope and - I

provides a direct display of the distribution of light illu-

minating the array over the scanning period . The array is in

practice illuminated with a single pulse and an oscillograph

is made. The pulse area is obtained immediately and to an

- accuracy of better than 10%. The spectral response of the

device is such that it is useful at 1.064 pm and at the second- ,

third-, and fourth-harmonic wavelengths. The photodiode array

has been invaluable in another respect in experiments using

the harmonic wavelengths , especially the third-harmonic. The 

U.- -- - -  -- - - - -  —--~~~~-—

I ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - 
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array was used to phase-match the KH2PO4 third-harmonic

generation crystal to the particular angle which yielded the

smoothest ultraviolet spatial waveform.

2. Measurement of Pulse Temproal Duration , -r

a . Measurement of Average Duration , <t >

A major series of experiments in our characterization

of the laser pulse output concerned the measurement of the

average temporal duration, r. Specifically , t is the l/e

half duration of the intensity . Two techniques were used for

these measurements: i) a second—harmonic autocorrelation

5(SHAC ) technique, and ii) a two-photon fluorescence (TPF)

technique. 5 Fig. 11.5 illustrates the optical arrangements

for the two techniques. In both techniques, the incident

1.064 pm pulse is split into two equal parts which are then

recombined to interact in a nonlinear medium . In the SHAC

technique, Fig. II.5a, an optical delay is imposed on one of

the separated pulses by a movable mirror in one arm of the

interferometer . The two pulses then travel collinearly through

a nonlinear second-harmonic generation crystal (KH
2PO4). There

the two infrared pulses produce 5321 ~ light with polarization

orthogonal to the infrared light. In addition to a constant

background signal due to the individual pulse harmonic gener-

ation , there is a correlational contribution which is propor-

tional to the temporal overlap of the two pulses . The amount

of second—harmonic light produced is measured by detector D.

_ _ _ _ _ _ _ _ _ _ _



11-21

I.. -
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~~~~~~~~~~~~~~~1DPF D

- - 
a. SECOND HARMONIC GENERATION AUTOCORRELAT 1ON TECHN IQUE

- 

A-’-. 
_ _ _ _ _

b. IWO PHOTON FLUORESCENCE AUTOCORRELA IION TECHN1QUE

DELAY OR
DISTANCE

c. AUTO CORRELAT ION DATA 
-

k.

Fig. 11.5 Schematic diagram of two - -

conventional experimental methods for
measuring the duration of picosecond
laser pulses, and an illustration of
their autocorrelation output data.

~~~~~~~~~ ~~
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If the detected harmonic light is plotted versus optical

delay , a curve as shown in Fig. II.5c is the result. From the

width of the peak, one extracts -r. In the TPA technique, no

delay is necessary . The two pulses are directed anticollinearly

through a two—photon absorbing medium , such as Rhodamine 6G,

and the fluorescence spatial pattern is photographed by a

camera. Photodensitometric analysis of the film again yields

a curve as shown in Fig . II.5c, and again t is extracted from

the peak width. An important consideration of the contrast

ratio between the peak height and the background height is also

necessary in these experiments. Because both experiments require

many tens or even a few hundred shots , each produces a measure

of the average duration , <-r > . The significance of that obser-

vation will be mentioned below. The result of both experiments

~zas that for our laser <-r > = 1 8 . 0  ± 1.8 picoseconds and the

full—wid th-at-half-intensity duration is 30.0 ± 3.0 picoseconds.

This result has been confirmed by more recent, direct experiments6

using streak cameras.
~~~ 1-1

In Appendix I, we include a paper which was published as

a result of our TPF investigations . In the work in that paper,

account for the effects on the contrast ratio from one- and/or

two—photon attenuation of the laser pulses in the TPF medium 
—

was included for the first time. These observations were

important for the extraction of accurate <-r > values from the

data. 

- -I- - 
- 
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b. Measurement of Individual Pulse Duration , r

The previous section described our measurements of

- 

I 

the average duration < T> . For a laser that is mode—locked

with a saturable absorber , knowledge of < T >  is insufficient

for many purposes because the single pulse duration , -r , fluc-

tuates substantially f rom shot to shot. Saturable absorber

mode—locking is intrinsically d stochastic process. Letokhov

and others developed a successful model7 of the process by

beginning with the realization that, pr ior to absorber bleach-

ing. the radiation in the laser resonator is well characterized

as a narrow—band Gaussian random process. This behavior results

from the beating of the many modes which are brought above

lasing threshold and which lack a deterministic phase relation.

The well developed formalism of Gaussian random processes8

then immediately yields probabilistic expressions for the

parameters of the noise radiation, such as the most probable

F noise spike duration , the spread therein , etc. It is the

distribution of probabil ity for the temporal width of the most

intense noise spike , in the initial stages of pulse development,

which results in a distribution of duration for the output

pulses.

Thus one must detect and account for this variation in

duration from shot to shot if he is to arrive at accurate

knowledge of the single pulse intensity distribution. Prior

L to our experiments, the only way in which this fluctuation

~~~~~~~~ -- --~~~~- - ~~~~~~~~
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had been considered was by direct observation with streak

photography . Only large laboratories have such equipment.

Therefore we developed a nonlinear optical technique for the

indirect monitoring of the pulse duration , which requires

minimal equipment and has several advantages over direct streak

camera photography for experiments such as ours. This technique,

called the TA technique , is described in a published paper

which is included in full as Appendix II. The TA technique

involves the simple measurement of two energy signals with

photodiodes for each pulse. One signal is the energy 
~~ 

in

a sample of the laser pulse , and the other is the energy êsh
at the second-harmonic wavelength which was obtained by sending

a second sample through a KH2PO4 crystal. It is shown in

Appendix I that the ratio of ef / ~sh is proportional to the

individual pulse duration T and to the pulse area A . Fortunately ,

for our laser we could treat A as a constant in most cases. By

recording the signals / e h for each of the shots in an
5

experiment and forming their average, one may renormalize that

data into invididual pulse duration data , in units of pico-

seconds. This tA technique was invaluable for obtaining

accurate single -pulse intensity data in all our subsequent

experiments, and is mentioned further in later chapters .

To make use of the TA technique itself to investigate

the statistical nature of the pulse duration , an experiment

was performed to measure the pulse duration probability function

of our laser. This experiment is also described fully in a

b

• ?l -

-1
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r

paper, presented as Appendix III. In that experiment the

pulse duration probability function was found to be approx-

imately 20 picoseconds wide, indicating pulses of about 20

to 40 picoseconds are produced by our laser. This degree of

f luctuation has been since verified directly with streak

photography by workers at the Naval Research Laboratory .9

It is evident that such wide variation in one of the three

pulse parameters (p , T , I )  must be taken into account if

-
- 

accurate experiments are to be performed .

3. Measurement of Individual Pulse Peak Intensity, 1~
Present optical detectors do not have sufficient

P frequency response to monitor the instantaneous intensity

of a picosecond laser pulse. They must be used in the

- 

- 
integrating mode. Furthermore, the large surface area of our

detectors performs an integration over the spatial coordinates

of our laser pulse. Expressed more concisely , the signals we

record are energy ( e )  signals according to the relation

= J dt J 2-rir dr I(r,t) = -n 3’~
2I0p

2-r , ( 4 )

—
~~~ 0

where I(r ,t) is the Gaussian intensity function for our pulses

as written earlier in Eq. 3 of this chapter. Yet, intensity

(I ) values, not energy values , are needed for our data evalu-

ation. Therefore we are forced to measure p, t , and E for each

pulse in order to arrive at I
~ 

for each pulse. The techniques

_ _ _ _ _ _ _ _  
-- - -— 
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for measurement of p and T were discussed in the previous

-
~~ sections of this ohapter. It remains only to outline the

k 

- 
relatively simple procedure used to measure the energy of

- 
each laser pulse. In almost all of our exper iments, biplanar

photodiodes , which have characteristics of high linearity of

-~ response , stable sensitivity over long periods of time, and

- 
large photocathode area , were used as the optical detectors.

t They were generally fitted with narrow-band dielectric

interference filters. These detectors were always calibrated

with the same procedure , using the same two thermopiles as

-. 
- 

standards. The thermopiles are products of the Eppley Lab-

oratory (Newport, R.I.), and were calibrated in absolute units
7. 

~~~~

-

by the manufacturers using National Bureau of Standards reference

-; 
- 

light sources. Our calibration procedure involved firing the

laser at a non—damaging level at 7 pulses per second into the

thermopile and recording the signals from the thermopile and

the photodiode. The calibration figure of the thermopile was

then used to determine the photodiode absolute sensitivity .

The high repetition rate was necessary for two reasons: i)

the thermopile is too insensitive to respond to single pulses;

ii) the thermopile is calibrated with a continuous light source,

meaning that our repetition period had to be less than the

instrument response time by at least a factor of 10 to enable

us to use the calibration figure.

Therefore, the typica l pulse intensity measurement involved

_ _ _ _ _ _ _  T~~y ~~~ ~~~~~~~~ - 
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-

~~ i
recording the pulse energy with a calibrated photodiode, and

dividing it by 7t 3’
~
2

p
2

T , where p is the essentially constant

spatial radius and i is the individual pulse duration obtained

I ~~~- with the TA technique (Appendix II). Our procedures yielded

intensity values with estimated accuracy in the unfocused case

of ±20% (±10% in electric field), and ±30% (±15% in electric

-
- - field) in the focused case. These uncertainty figures were

- substantiated by the reproducibility of standard measurements

performed at different times.
A

F. Additional Applications of Laser System

-- fr To indicate the utility and versatility of the laser

system and characterization procedures that were discussed in

this chapter , in experiments other than those constituting the

remaining chapters and principal theme of this thesis, papers

concerning two different research areas are included here.

Part A of Appendix IV contains a paper published on the subject

~~~ ~~~ of laser-induced photoemission from a metal surface caused by

multiphoton absorption. In particular , four-photon photoemission

was observed from a tungsten surface , using 1.064 pm light over

8 2 10 2an intensity range of 5 x 10 W/cm to almost 10 W/cm . The

photocurrent density varied over a corresponding range of

slightly more than 4 orders of magnitude. The careful control

of the picosecond laser pulses permitted the elimination of

lower-order therrnionic heating effects, a necessity for the

_ _  

_ _ _

_ _ _ _-

~ 
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observation of such a high—order nonlinear process.

- In Part C of Appendix IV, we include a paper published

on the different subject of two-photon absorption in semi-

conductors. The two-photon absorption coefficient at 1.064 pm

was measured in five semiconductors . The coefficients we found

were among the smallest ever reported, and were in surprisingly

good agreement with theoretical extimates. The reason for the

- systematic smallness of our coefficient values, as compared with

— those from previous experiments, is again the degree of charac-

terization and control permitted by our experimental apparatus

j and techniques in determining the intensity distribution of our

laser pulses.

-
~r~~

_ _ _ _ _  _ _  i: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ____________
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-* I CHAPTER III.

- STUDY OF PICOSECOND LASER-INDUCED BREAKDOWN AT 1.064 pm

-p

- This chapter is composed of three parts. Part A (pages
- 

- 111-2 to 111—10) describes the first systematic study of pico—

second laser-induced breakdown , and the major results and

conclusions of this chapter are presented there. Part A is )
-~ 

- 
a reproduction of a 1975 publication. In Part B (pages Ill-li

to 111-12) the experimental techniques developed in Part A are

used to study several new laser—related optical materials.

Part B is also a reproduction of a published paper . Part C

(pages 111-13 to 111-26) describes an additional aspect of

the 1.064 pm study , the breakdown morphology , which was not

- 
- included in Parts A or B. Part C is in the form of a manu-

script wL~ch is to be published in Optics Communications

( 1 9 7 6 ) .

- I
1 .1

I 
_
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,- - Dielectric-breakdown threshold and nonlinear-refractive-index measurements with picosecond
Laser pulses*

W. L. Smith, J. H. Bechtel , and N. Bloembergen
Gordon Mckay Laboratory, Har vard University. Cambridge. Massachusetts 02138

(Received IS February 1975)
Single pulses from a well-calibrated mode-locked YAG:Nd laser have been used to study the dielectric-

breakdown properties of 14 transparent ‘olids. Results are presented for the breakdown threshold electric
f,e1d~, accurate to an estimated l57~. The expenmentai technique permits simultaneous measurement of the
nonhnear susceptibility x...,”3 (— w,w,w, —oi), via the nonlinear refractive index. Susceptibility results with
estimated accuracy of 50% are presented.

I. INTRODUCTION 
~~cr k2/32~~~2 . (2)

It is well known that damage to transparent opti- In the above equations, ~~ is the linear refractive
- ft - -~ cal components in high-power laser systems con- index, c is the speed of light , and A is the vacuum

stitutes a limiting factor to their performance. In wavelength. Wagner ci a!. discuss the deforma-
- 

- 
- many practical cases the damage threshold is set tion of a Gaussian light pulse by the self-interaction

by the presence of absorbing inclusions, or by the represented by Eq. (1). Let u- , be the beam waist,
occurrence of self-focusing. It has, however , been i. e., the radius at which the intensity drops to l/e
established that an intrinsic damage threshold, of its on-axis value, at low power levels . Then the
characteristic of the bulk transparent material, can low-power focal area rn-f is reduced by a factor
be defined. If the effects of inclusions have been (1 — 

~
/P

~
) due to self-action . The niaximuni inten-

eliminated, and if one has corrected for the effec ts sity is consequently increased by a factor (1 —P/
-r i of-self-focusing, tile threshold is determined by the “~~

) ‘ . Zverev and Pashkovt and Fradin7 have sug-
onset of avalanche ionization, in a manner which is gested how this effect may be used to determine “Cr’very similar to low-frequency electric breakdown.’ and consequently 112, by measuring tile damage
Since the conduction-electron density has to build threshold as a function of focal length, utilizing dif-
up from the initial density of about 108 to 1010 elec- fere nt lenses .
trons/cm3 to a critical value of about iO~ electrons/ Consider a low-power diffraction-limited Gauss-
cm3 during the duration of the laser pulse, the ian pulse with an initial 1 c intensity radius p. A
damage threshold has a characteristic dependence lens , without spherical aberration and with local
on pulse duration. Most available experimental data length f , will produce a focal spot with a radius (to
were taken with pulses of nanoseconds or longer the 1/c intensity point) of
duration. In fact , heretofore, there was only one 

- 

~ /2 (3)quantitative datum point taken with a picosecond - 
-‘ ~~~

pulse. 2 The reliabilit y of that point has been ques- If the pulse total power is P and we define an area
tioned on the grounds that, for picosecond pulses. A = iru-~, the focal plane intensity distribution is
impurities of submicroscopic size may play a donii- given by
nant role and that no morphological study of the 

~~~~~~ (P/A ) .~~,,= (4)damaged region had been made. The purpose of -

this paper is to provide systematic picosecond data For high-power pulses where sell-focusing tenden-
on the damage threshold in 14 transparent mater,- cies cannot be ignored, the relationship between the
als. The data obtained are characteristic of the max imum intensity and the power becomes
material and are very reproducible. 

— 1~~~ ti
~ 

0j J) I i  5)It is necessary to take into account the effects of max — ‘  I ’ i
~ 

— Cr !

self-focusing in this experiment, even though the or
maximum pulse power was always less than the 

~~~ (6)critical power for self-focusing. ~~ This power - Cr

~ ‘ ‘)‘ - “Cr is relatet~ to the intensity-dependent contribu- If one plots , therefore, ue reciprocal measured
tion to the index of refi-action ‘~2• where powe,- , Ile -~-~~-u-y to produce the value of ‘ma. re-

2 quired for breakdown, as a funct ion of the recipro-= n o + n2 E , (1) - , -
-

- - 
- cal local area ~1 - 

- one should obtain a straight line.
by The slope of this sti-aight line gives the breakdown

12 706
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-I—

rrns electric field strength

Eb = Vmas/C?zo o)”2 , (7)
- 

1~~~~~~~~~~~~~
T

~~~~~~~ 
YAG: Nd ULO

1

where e~ is the free-space permittivity. The in 

-

______

LTSGtercept with the vertical axis determines “cr axsd n2. 
______

sion concerns the response time of the sell-focus-
One restriction implicit in the preceding discus-

der of iO 8 sec for electrostrictive and thermal A MP2 Ifocusing exist,3’8 with response times from the or—
ing mechanism. Various mechanisms for self- h r~ i1
sell-focusing, to the order of iO ’~ sec for self - PD 1 PD-3
focusing originating in the electronic hyperpolar- 

JJ~ 
F ‘—rr’ A L s

izability. For picosecond-pulse experiments in 
____________________________________

solids, the only mechanism fast enough to reach its N 
r

steady-state value is the electronic hyperpolarlz- BS-I BS-2 BS-3

- 
-

- 
ability. That mechanism follows our laser-pulse FIG. I. Schematic diagram of the experimental ar—
intensity essentially instantaneously, and so the rangement. MLO, mode-locked YAG Nd oscillator; PC,
assumption of a steady-state nonlinearity is a valid Pockels cell; LTSG, laser-triggered spark gap ; AMP ,

provide results free from ambiguity introduced by biplanar photodlode; CR0, oscilloscope; KDP, second-

slower contributions to 7Z~, an ambiguity which may 
harmonic generation c rystal; A , Double Glan-prism
variable attenuator; L, focusing lens; S, dielectric sam—

hinder Q-switched laser-pulse experiments, pie.

) 

one for our experiment. Indeed, picosecond pulses YAG : Nd amplifier; BS, beam splitter; F, filter; PD,

The method described above has been used to Fig. 111.1
measure the rms breakdown field strength E5 and
the critical power for sell-focusing P~ in several ond-harmonic generation channel, ending withtransparent solids of interest. Section II describes photodiode PD-2 (S-20 response), is used with PD-3

to obtain single-pulse values of the product of the- p 

I 

the experimental apparatus and procedure, includ-
ing a technique for measuring the product of the pulse duration and pulse area, as will be describedlaser-pulse duration and pulse area on a shot-to- later. CRO-2 is a Tektronix 555 dual-beam oscil-shot basis in a simple manner. Results are pre- loscope. In Fig. 1, L represents the focusing lenssented and discussed in Sec. III. and S the sample materials tested in the experi-

II. EXPERIMENTAL METHOD ments.
A. Laser system

B. Pulse characteristics
A mode-locked YAG : Nd laser system generated I. Spatial cha, ’actensncs

the picosecond pulses used in these experiments.
The experimental arrangement is illustrated in Fig. Since precise measurement of threshold optical
1. A 6-mm-diam by 3-in-long Brewster-ended electric fields requires an accurate knowledge of
YAG : Nd rod supplies gain . Mode locking is both the spatial and temporal pulse shape and the
achieved by a contacted dye cell which confines a pulse energy, great care was taken toward those
0. 5-mm-thick sheet of flowing Kodak 9860 saturable measurements.
absorber . TEM~ transverse profile is established At the actual site on the optical table where the
with an intracavity aperture. Single-pulse switch- focusing lens was later placed for the breakdown
out is effected by a cy lindrical-ring electrode potas - measurements, three scans across the beam were
sium dideuterium phosphate Pockels cell, positioned made with a 50-Mm pi’ihole to determine the trans-
between crossed polarizers, and pulsed by a nitro- verse intensity distribution. The results of one of
gen-filled high pressure laser-triggered spark gap. the scans is shown in Fig. 2. In addition, pictures
A selected pulse then propagates through two single- were taken of phase-matched second-harmonic light
pass YAG : Nd amplifiers for augmentation of ener- with a multilens camera9 (MLC). The result of
gy. A repetition rate of 20 pulses/sec is available, each of the above tests was that the intensity dis-

- ~~~-‘ • and an amplified single-pulse peak power exceeding tribution is of Gaussian form to at least the lie2

300 MW has been measured. CR0-I is a Tektronix points, and that the average l/ e  intensity radius
519 oscilloscope used in conjunction with high-speed (p) is 1.1±0. 1 mm.
biplanar photodlode PD-i (ITT F4000, S-I re- 2. Temporal charac teristics
sponse), for single-p ulse monitoring. Two Glan
polarizers form the variable attenuator A in Fig. In order to determine the temporal pulse profile
I. The calibrated photodiode PD-3 (S-i response) of the output, two techniques’0 were used: a sec-
measures the energy incident on the lens. The sec- ond-harnlonic-generation autocorrelation method

~ --- - - — -

- = - -~ _ # ‘ w.~~~~~. ~~~~~~~~~~~~~~~~~~~~~~~~~ -- -h- -
_ _ _ _ _ _ _ _ _ _ _ _ _  ,- ~~~— -~~~~~~~~
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and temporal distribution of the pulse intensity. Let

. mental pulse that is measured by photodiode PD-3
in Fig. 1, and 8,~ be the energy content of the sec-
ond-harmonic sample that is measured by PD-2.
Then, for small harmonic conversion efficiencies,

U, it can be shown that

o - 

/m

~~

”

\

~~~~~~~~~~~~~ 

8, be the energy content of the sample of the funda-

/ 15 =qTA , (8)82/8
I

where q is a collection of constants for a given ex-
a - ~~~ periment. If, in the course of an experiment,-
~
-2

I I 
enough data points are taken so that the average of

-3  -2 -1 o I 2 3 the ratio values given above is meaningful and rep-
— DISTANCE FROM PULSE CENTER ( m m )  resentative, then that average value can be set

FIG. 2. Intensity distribution of laser pulse at loca- equal to the product of the known, previously mea-
tion of focusing lens. The solid line is a Gaussian fit to sured average values, (r) (A), thereby calibrating
the data , yielding a l/e intensity radius 1.1 m m . absolutely the individual pulse values of the ratio

given by Eq. (8). Using these individual-pulse val-
Fig . III . 2 ues of TA , one obtains individual-pulse intensity

(SHAC), and two-photon-fluorescence (TPF) photog- values from the easily measured pulse-energy val-

raphy. The two methods are formally equivalent, ues. This simple scheme is useful in obtaining ac-

both providing 1 +2G 2(r). In either method, a single curate data for processes which are highly nonlin-

~ 1 pulse is split into two pulses of equal amplitude ear in the intensity, such as laser-induced break-
(any disparity in the two amplitudes degrades the down or multiphoton photoemission. ‘~
contrast ratio). In the TPF arrangement, the two c. Focal consideration -,
pulses are then redirected by mirrors  to overlap
in a precisely collinear fashion within a two-quan- As discussed in Sec . I, a p lot of the reciprocal
turn-absorptive material such as Rhodamine 6G, breakdown power versus reciprocal focal area
and the dye fluorescence is photographed. In the yields the breakdown field and the nonlinear re-
SHAC method the beam splitter is part of a Michel- fractive index. For each material tested in these
son interferorneter . The pulses are recombined experiments, the breakdown power was measured
collinearly, after one has been delayed by a ~- ari - for three different lenses. The focal lengths were
able amount, and directed through a potassium di- 0.5, 1.0, and 1.5 in. All were of proper shape to
hydrogen phosphate (KDP) crystal. One plots sec- minimize spherical aberration. i3 In the absence of
ond-harnionic output as a function of delay. The all aberration, the intensity distribution in the focal
result of one of the SHAC runs is shown in Fig. 3 plane inside the test material would be the Fourier
The enhanced scatter of the points near the center
of the graph is due to interference effects in the Fig . 111.3

~~ interferometer . The curve is a four-parameter - - - -

least-squares fit to the function K, +K 2 exp[— 2(z
— ~zo)2/c 2r2I. It shows a contrast ratio [equal to

) 
(K , -K 2) / K ,1 of 2.7:1. The results of TPF traces , -

each one the result of many laser shots, agree with ~
the data of Fig. 3: the average full-width-at-half- 21 

...

~ S CM.- 1  -maximum (FWHM) temporal duration of the laser 
- 

/ 

- 

~~5AT ON

output is 30.0 ±6.0 psec, implying an average 1/c ;/“ ‘N__
- - - , -half-duration (r) of 18.0± 3.6 psec.

3. Indh ’ldual.pu lse r . A measurements~~
ring the course of the laser calibration, a nar-

row distribution of individual pulse durations was ~° 
-
~~ 

- - 
0 

- - 
5 10

actually observed, the average of which is the val- 
-

ue stated above. In order to investigate the pulse— 1- R;. l(cs,i f t s  o f measurement of the Laser pulse

~~~

_ width statistics further , and to be able to obtain in— a eragc temporal (lu l -at lo n , using a sec’ond-harmonic—

dividual 7 measurements , a simple pulse-duration— 
generation technique . The enhanced s c at t e r  of the points
in the middle of the data ~s d u-  to interfere-nc- c -I I - ~- t ~- in

pulse—area monitor system was devised and added the inte rfe-rometer . The sol,d curve is a (east- sqtci!es

to the laser system. ’’ The rationale of this monitor fit to the d ; i ) : , yic)~) ing a l- WIIM I i i r a t , o n  of 30 . 0 psec
system follows from tt~e proven Gaussian spatial and a contrast ratio of ;? . 7:1 .

— -

~~

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~
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F

t,-ansform of the distribution in the back focal plane being identified as that requiring the least irradi-
of the lens. The Litter is of do- to,.,,, 1(r) =10 exp ance to produce a spark on the blade sui-facc. T~.
— (ri p) 2 , and so the focal-p lane distribution would blad e was then swept in increments ic ross the
be 1~(, -)  i~exp — (i- /~ P ~~

- - - -~ ~ ~it-c’ n in Eq. beam, and the li-action of the incident pulse energy
(3). Sech performance would be diffraction limited. (as measured by a reference detector) that was not
In reality, however , contributions to the focal radi- blocked by the blade was measured as a function of
us due to spherical aberration by the lens and by position. Several shots were taken at each posi-
the planar surface of the test material must be con- tion, and the irradiance was always maintained be-
sidered. The radius that would result from the low the blade damage level. A simple calculation
first of these two aberrations a’2 is given by” shows that the transmission function T(x ) should -

w3 =4s~p’/ f
2 be of the form

‘5 a —
- 

- where K is a function of lens refractive index and T(x ) = (ru g) ’  I I e~ ”2 ”  dx’ dy
has the value 0.069 for the 0.5- and 1.5-In, focal- J-m J... —

length lenses (quartz, a0 = 1.4498) , and 0.0455 for
the 1-in, focal-length lens (glass, n0 =1.6667), at = - ~[1 -~-erf(x/u’)1 . (12)
1.06 tim. Equation (9) was derived for the case of
a plane wave incident on the lens, but it is still use- The experimental data conformed well to a curve )
ful here in a manner to be described below. The of the above form if a’ was given the value 3.3 pm.
focal radius that would result from spherical aber- Microscopic examination of the blade edge after the

~ f ration by the planar test material surface’4 ~-, is experiment verified that it had not been disfigured.
given by Therefore, the value of 3. 3 pm for the focal radius

- - I - —D e n’ 1) ‘/ 2 ~~ 
for thef=0. 5-in. lens was used in all data analysis -

( - 

U 3 - — p ~Z~J ‘ ‘ in this report, and it appears in Table I.
where D is the distance between the interface and Finally, aberration due to decentration and tilt ’5 

- 
-~

the focal point and, in the experiments here, was of the lens must be considered. In these experi-
always 2.0 mm. The effective focal radius u- is ments, such further contributions to u were ren-
related to the above constituents by dered negligible by the following alignment pro-

~ ,/2 cedure, which was used for every experiment.
r - 

a = (u-, +u 2 + u ,) . (11) Firstly, in order to deal with tilt, the lenses were
In Table I, the quantities introduced above are tabu- mounted in holders which allowed the attachment of - 

-

lated for the three lenses used here. Because of a microscope slide in front of the lens in such a
the shallow depth of focus D maintained here, the manner as to be parallel to the plane of the lens.
contribution to a- from a-3 is seen to be less than 1% Next the beam was apertured so as to allow only a
in all cases. The contribution from 0 2 is also seen small (0. 5-mni-diam) central section to strike the - -

to be less than 1% for the f= 1-in. and f=1,5-in. attached slide. The lens was then adjusted to be
lenses. Thus, in these two cases, the use of Eq. normal to the propagation direction to within better
(9) to compute a’2 is acceptable. For thef=0. 5-in. than 1.0 by adjusting the holder so that the reflec-
lens, however, the spherical aberration contribu- tion was collinear with the pulse propagation direc-
tion to i, as calculated from Eq. (9) is nonnegligible. tion. Secondly, decentration was made negligible

- - It was felt necessary to perform an experiment to by two operations. Before the lens was placed in
determine the focal distribution for this lens. To the system, the position of the center of the laser

4 that end a chromium-steel razor blade was mounted pulse at a point past the lens site was located by a

~~ 

on a two-dimensional precision translator with marked phosphorescent card. Then with the lens -
0. 13-pm resolution. The front surface of the blade inserted, and corrected for tilt as discussed above,
edge was then positioned precisely in the focal plane it was translated so that the center of the trans-

~ 
,‘-

~~~
. 

- of the 0. 5-in, focal-length lens, the focal plane mitted light was coincident with the position pre-
viously located. Additionally, the reflection of the

Table III . 1 pulse from the curved, first face of the lens was
I ~ TA BLE I, l ocal parameter s , observed with another viewing card and when align-

— ment was obtained, the reflection was symmetrical-
Focal length f ‘~

-
~ 

-~
- .- A = .~~~ ly distributed about the propagation direction. The

— -- llnJ  (p0’) p n i)  (pm) (pm) (p,~p) lenses could be centered to within 0. 1 mm easily,
0 5 1 9 5 a  4 ~~~ (4  2 making associated aberration negligible . The re-

(I I MI) II j 7 ) ) 94 -
~~~ 2 producibility of lens positioning afforded by the

.3 3~ 55 I) , .~~ .01 3,53 107 .9 above simple techniques is necessary for accurate
— -~~~~~~~-~~— -—-- - ______ — -- — — - absolute breakdown field measurements over a

I t*~~t ‘~C( U ( large series of materials

—
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U. Prw edure observed damage was confined to a cylindrically

To begin each experiment, the sample was opti- shaped volume typically 2 pm in diameter and 25—

cally polished and blown with dry nitrogen to re- 50 pm in length, and therefore occupied a small

move any residual abrasive particles from the sur- fraction of the focal volume, just above threshold.

face. The sample was then clamped onto an x-v The reproducibility of the data when probing dif-

~~ 

translator, and the entrance surface was aligned ferent specimens and different volume elements

normal to the propagation direction. It was neces- within the same specimen indicate that a property

sary to maintain a hot-air stream over the most characteristic of the bulk material is observed.

hygroscopic of the materials to retain surface qual- Only a few isolated cases of inclusions were ob-

ity. The amplifier gain and the variable attenuator served under the microscope, and they were elimi-

were then adjusted so that the approximate break- 
nated. A further detailed account of the morphology

down irradiance entered the material and so that of the damage will be given elsewhere. Typically,

sufficient signal was available for the rA m easure- 50 shots were used near the threshold region with

ment devices, as discussed earlier. Thereafter , each lens for each material. The data were then

the attenuator was left unchanged in order that Lime 
plotted as shown in Fig. 4 for KCI. The sharpness

ratio values of Eq. (8) retain their usefulness, ~ 
of the threshold is typical of the behavior encoun-

noted earlier . Any further fine adjustment of the tered in these experim ents. The uncertainty in the

input irradiance was done with the amplifier gain breakdown energy was generally less than I0~ .

control, The material was translated between The three encircled points were associated with

pulses so that a new portion of the material was pulses having unusually short rA values, and did

- 
I probed by each pulse, and the coordinates of each cause breakdown even though their energy was be-

probed location were recorded. A fast photodiode/ low the threshold energy evident in the ligure for

Tektronix 519 oscilloscope combination (PD-i,’ pulses with -i-A nearer to (T ~KA~ . The damage ener-

CRO-l in Fig. 1) was monitored du~~ng each firing gy was determined in this manner in each case , and

lites. At each firing, the fundamental energy and A pulse energy 81 is related to the pulse power a°
in order to eliminate data from pulses with satel- then (r~ was used to convert the energy to power.

the harmonic energy were recorded. Loss of eli- by P = S, / ( r) ”2 r . The reciprocal damage-power

ergy by reflection from the lens and material sur- values were then plotted versus reciprocal focal

face was taken into account in each experiment, area as discussed in Sec . I. An examp le, that of

The fundamental energy was measured with a photo- KCL , is shown in Fig. 5. A least-squares fit to the

d.~ de calibrated with am, Epp~ey Laboratory thermo- three points then yields the desired quantities—the

pile. Breakdown sparks were initially detected with breakdown field Eb, independent of self-focusing ef-

well dark-adapted eyes operating in a dark room fects , and the nonlinear index of refraction a2, via

shielded from laser flashlamp light. Later , using the critical power for self- locusing.

the recorded coordinates of the probed sites, the ILL RESULTS
crystal was observed under a microscope to verify In this section results are presented from tests
breakdown at any visually uncertain points. The on 14 materials. All samples were obtained from

~ 
__________________________________________________
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z Fig. 111.4
l.—3.l 5~~J BREAKDOWN THRESHOLD
I ENERGY (98.8 kw) lIt . 4 . lU-suits of0

I ’ ~ w I 

breakdown ex pel,mvnt

~ ® . . . . • in KCI for ( 1.5—in, lens.
‘[he average pulse dora-
tim (r) was  used to con—

PULSE ENERGY (UJ) vert efl -ri~\ in power V ia
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three circled points re-
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commercial sources , and all excep t S102 and ED-4 , id2 
~~~~ 

- - -

were niomoocrysLillimme. All results are for a ge- 
-

• 0 0414 FROM REF. 17

• ometry with the propagation direction along the K I
[OOl j axis and electric vector along the [lOO j axis, 

/
t except for the YAG: Nd material, in which the . K C I

U 1 
_/ 

I
• I propagation direction was along a [Ill] axis. This (0 NoBr

sample orientation was chosen in order to measure NOCI

the same quantities that are operational in YAG: Nd £ NOF

laser rods.

A. Pulse-duration dependence of the breakdown threshold ~~‘O 
-

in NaCl
2 - -

I—
4

Graphs such as FIg. 5 yield the breakdown- - +
Dthreshold electric field according to Eq. (6), as

discussed previously. Field values so obtained 
--Jare independent of all self-focusing effects. The

field values obtained by us are all absolute, and -

-Ithe experimental uncertainty, estimated by repro-
ducibility and by calculation, is ± 15%.

- 
- In this section we examine the pulse-duration de- 

+pendence of the breakdown threshold in alkali
halides probed by pulses of 1.06-pm radiation only.
Measurements have been made in NaCl for four dif-
ferent pulse durations, from 10 nsec to 15 psec, by

10~
previous investigators. 2 Those data are reproduced 

__________________ _______________

in Fig. 6, along with the datum point for 30 psec 0.1 to io ioo
measured by us. The solid curve in that figure is rms OPTICAL ELECTRIC FIELD (MV/cm)
the result of an approximate theoretical calculation FIG. 6. Functional relationship between the break-
discussed in Ref. 2. The previous investigators down threshold electric field strengt h and the pulse dura-
described the pulse duration dependence of the tion. The solid curve is a semiempirical prediction for

NaC1, discussed in Re f . 2.

Fig. 111.5 Fig. 111.6
30.C I

DAMAGE INTENSITY -1.35, lO~ wfc m 2

DAMAGE FIELD - 5.86~ .88 MV/C m rate a(E), inversely proportional to the pulse width.
SLOPE l~~~ 

threshold in terms of a field-dependent ionization

25.0 - ______

duction electrons and time was obtained

J 20.0 N(1 ) = N0 exp 

~ 
a[E(( ’)} dl ’~ N0 M (I ) , (13)

where M ( t )  describes the evolution of the initial
5.0 -

-322~~~I6I kW 

An exponential relation between the number of con-

number N 0 (— iO~ to lO~ per cm3). As mentioned
earlier, because M(f ) must reach — io’° during the
presence of the laser pulse, stronger fields are

-
4

I
0.0 - necessary as the pulse duration is decreased.

KC1 Therefore the field dependence of the ionization
rate, as well as the pulse duration dependence of
the threshold, is displayed in Fig. 6.

In addition to data for NaCl, the data now avail-
able at 1.06 pm for five other alkali halides are

- - 0 0 0.01 o.o� 0.03 illustrated in Fig. 6. The three Na halides display
4 a (~~m 2 ) a similar relative dependence of threshold on pulse

duration, which appears to be somewhat different
R ; . 5 . Itesu lts ( breakdown experiments in tsl’l for  

for the K halides. In combination with de measure-
~~ three lenses, flit- solid line is a leaSt—sC) IIa reS fit to the

( , i t a . [he slope equals the reci proca l threshold break— ments by others , ~ the data of Fig. 6 make available

tim n intensity :usI the ~-ertica l-a~ is intc-rce pt equa ls the the approximate field dependence of the ionization
reci procal cr i t ica l  IonI-r lot’ se 1l—focus in~. rate in six materials .

_ _ _ _ _ _  

_ _ _ 
-= -1~~~~•~ 5~~~~~ - — —i- 
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-
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2.5 + .06~ m , psec (Present Work)  the materials tested. KDP possesses .t threshold
x L06~~m ,ns ec so high as to approach the level necessary to makeA .69~~m nsec - ‘ ‘ ‘ ‘ -multiphoton ionization probable. Figure 7 displays
~lO.6 nseC the trend of our threshold measurements across the

Periodic Table for the Na and K halides. For corn-
~ ‘,5 parison, previous data from dc, 16 and Q-switched

co2, ‘~ ruby, ~ and YAG : Nd, 19 laser-damage studies

-
- .~~ 

are presented. Note that all the data for a particu-
lar combination of pulse duration and frequency are

x normalized to the NaCl threshold of that same data
- 0.5 . set.

- C. Third-order electronic susceptibility
- 

Nol NoB’ Nod NaF The critical power for self-focusing, as given by
— (0) Eqs. (2) and (6), is obtained in these experiments

- as the inverse of the intercept of the fitted line with
the vertical axis, in graphs such as Fig. 5. The

— -
- +J nonlinear index n2 and x~ (— ~~ w, w, — u,) are re-

• - Z~~~ tO lated by

- 

- n2 = 12ir~~
31 (— 

~~, 
u , w, — ~. ) /n0 , (14)

‘
~~? o.~ 

S 
The experimental condition that the laser-pulse
duration is much shorter than the electrostrictive

I I I response time (— i0•~ sec) and that the materials
SI KBi <CI SF investigated are ionic solids, indicate that the val-

(b( ues of ncr, n2, and x t31 obtained in these experi- -

- A lko ll-ho llde Thresho lds NormalIzed to NoCt Threshold ments are those of electronic (E) origin only. Sev-
t 

~1 FIG . 7. Experimental trend of the breakdown field eral techniques have previously been employed to
through (a) the Na halides and 1W the K halides. Shown measure x’3’° . among them third-harmonic gener~i- -
for comparison arc data from previous studies: (SC ), tion 20,21 three—wave mixing, 22,23 intensity-depen-Pef. 19; (is ) , Ref . 18; ( .) , de data from Ref . 16 , 10.6— dent ellipse rotation 24 nonlinear birefringence 25

I’ 
~zm data from Ref. 17. In the figure nsec denotes a - - - -and time-resolved interferometry.pulse duration the order of nanoseconds and psec
picoseconds . Each set of data is normalized to the fieLd The values obtained in the present experiments
for NaCI of that same data set . Error bars for the pres- for the critical power NCr , the nonlinear refractive
ent work are shown displaced to the right. index, and the third-order electronic susceptibilit y

Fi III 7 x~~~(— w , ~t, w, _ w)  are presented in Sec~ A o f
- 

g. Table Ill . Also tabulated is the linear refractive
13, Variation of the breakdown-threshold field through index used to convert Jl2 into X

t3
~~~~, The experimen-

F the Periodic Table tal accuracy of 15cr, and of )E
, is estimated to be

- - We now consider the variation of the breakdown ± 50%. Section B of the table lists previously ob-[ t threshold among different substances for picosec- tam ed values of x t3
~ for comparison. The smallest

ond pulses at 1.06-pm wavelength. The results of 
~~~~ value was registered by NaF, a factor of al-

our measurements are presented in Table II. The most 18 less than that of KBr. Agreement with
threshold is observed to vary from a minimum of previous values is substantial, except for LiF,
3.4 MV/cm to a maximum of 22.28 MV/cm among given the rather large experimental uncertainties

L ~ Table 111.2
TABLE II. rms breaksown electric field strengths ~Eb uncertainty, ± 15%;

- field ratio uncertainty, ± 10%).

- - 
- NsF Nail NaBr KF hi! KBr K!

‘~- ~ F9 (MV/ cm) 10.77 7.34 5.67 8, 34 5.86 5, 33 5,87
- E9/F~1ct 1.47 1 .00 0.77 1.14 0.80 0.73 0,80

ED—4 ’ Fused I 
-

LW Rh! glass YaG : Nd SW 2 C al- 2 ND!’

F9 (MV/cm ) 12 .24 3.40 9.90 9,82 11.68 1 4.44 22 .28
1.67 0,46 1.35 1.34 1.59 1.97 :1.04

~Owens-IIiInols (Toledo OhIo) undoped i~ ser ghss

~

-
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~
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— TABLE Ill . Results for x~ lf(~~w,w,w ,—w ) .

A. Present work B. x~ f (10’~
4 esu) , other work

-4 - 
x~~?~ 

Experiment’ Theory9

~ ~er n2 (10~ esu) 1 1! 111 Other I 11
Material (MW ) n0 (1I)~~ OSU) ±50~ ± 300% ±20%

~ 
NaBr 0.111 1.62 96,15 4,13

-:- - NaCI 0. 166 1.532 64.66 2. 63 1.2 1.7 0.8 2.0
Ti’ - NaF I , 13 1 . 321 9, 45 0, 33 0. 25 0, 13 0,3
;~ . KI 0.095 1,638 112 .35 4.88 3.1 9.0

KBr 0,075 1.544 142.31 5,83 2,8 3.0 1.3 3.7
NC! 0.322 1,479 33.15 1.31) 1.2 1.9 0.9 1.9
LW 0.438 1.387 24.37 0.90 0,3 0,2 0,34±0 .06 0.28 0.3
CaF2 0.389 1.429 27 .70 1. 05 0.35 0,43 ± 0 ,13 0. 4 0.4
fused SW2 0.783 1.450 13.63 0.52 0.7 0.70 ± 0, 12 0.38 ± 0, 03~’ 1,4 1. 1
KDP 0,295 1,494 36.18 1.43

- -
~ ED—4 II, 503 I • 550 21 .22 0,87 1,07 ± 0,08 0. 71 ± 0 051V

- 1 I 98±0 141V
YA C:Nd5 11 .3112 1 .52 :) :(5 . :l4 1. 71 2 . 1 8 ± 0, 13 t1 :53 ±0 : 3~v 0.62

— ~~~ Va lues froni t hird—hal- nlonic generation, Wang and Bardeen , Ref . 20. II . Values from three—ivave mixing, Maker
and Terhune , Ref . 22 , Ill . V a let-s from three—wave mixing, Levenson and B1oemhergen. Ref . 23. IV. Va lues from in—

-

‘ - tens ity— dependent ellipse rotation , Owyoung, Ref. 24 . V. Va lues from time—resolved interfez-ornotry , Bliss e/ ci . , Ref .
26.

~!. Calculatt-d froni -~~~
- r . t l i i - (  51 l(e r ’~- . ~~~~ I~~

O 1~4 
~ 1Ii~~ CSLI , Wang, Ref . 27 . Ii. Calculated from Wa ng ’s rule ,

• Ref . 27 ,
5AII ‘XIlI ri Ill II V I I  III - i n  thi - , with one exception . -Ir~ for pulse propagation along a 1111) direction, the usual

I - laser rod configuration . In 15,-sc - c: is i-s , t l t e u Ic ’a ~-u1’ t- I l  susceptibi lity is ~(x~ff +x r +2 ~~~~ ). The value in the column
- I k V IV I i at t ’ ( I  III lot’ LI I - r~ingh- element 

~~~ 
however. The present work investigated a YAG : Nd crysta l;  all other values

~ i n  the t’,)e pertain to undoped 5 ,-~ ( - - rvs ta l  -

Table 111.3

listed. The on ly serious ~Uscie pancy oc curs for well-calibrated pulses and focal geometry, in a
LiF. The difference betwt -~-n our value for LiF and manner allowing elimination of any inclusion effect
those obtained by others ~s c factor of approximate- and measurement of intrinsic processes charac-
ly 3. We tested t wo different samples of L iF, a teristic of the bulk. A simple technique was re-
tota l of three times, and our results wer e repro- lated for the measurement of (individual picosec-
ducible. Therefore , we know of no reason to sus- ond pulse ds’ration)-~pulse area) products. The
pect that the error in our value for Li F exceeds the values of x13

~ (— -i’ . ~, ~, — 
~~

) presented here are in
stated uncertainty of V 5O~~. The expected trend of reasonable agreement with those of other investi-

~ 
the third-order susceptibility eLement through the gators . The measured breakdown field strengths
periodic table is displayed for the Na and K halides, have been shown to be those of an avalanche ioniza-

-~ 
- 

IV SUM~,F’tRY 
tion process. Further picosecond experiments at

- - the second-harmonic frequency are in progress to
• The method of controlled dielectric breakdown6’7 investigate the onset and properties of dielectric

- has been demonstrated to be a useful way to mea- breakdown driven by multiphoton ionization.

I sure simultaneously the two intrinsic parameters
I which must be known to enable propagation of max- ACKNOWLEDGMENTS

-~~ 1 imum picosecond-light intensity through :t material
I 

- 
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: :- Laser-induced breakdown and nonlinear refractive index
I measurements in phosphate glasses , lanthanum beryllate ,

~; ~ 
and Al203t

j  
(Received 2 Februa~ 1976)

w_ Lee Smith and J. H. Bechtel
.4’ Gordon McKay Laboratory. Harvard Univers ity. Cambridge. Massachusetts 02138

— •:
- ; We present results of measurements of the laser-induced dielectric breakdown threshold in two phosphate

I composition laser glasses, in lanthanum beryllate:Nd, and in A1203, The nonlinear refractive indices for

~ 
these materials are also presented. The measurements were made with single 30-psec I .064-tam pulses, The

I ~ results are compared with those for other laser materials in the I .06-~im spectral region.

PACS numbers: 7910,Ds, 77-50-+p, 7&20,Dj, 42~65, — k

I • The properties of two recently Introduced Laser spotted. A threshold power for breakdown was thus
materials which operate n ear 1 , 06 pm have attracted determined for each of the three lenses. The desired

-
-
‘ 

- considerable interest. The prospect of a smaller non- quantities , the threshold (rms) electric field for break -
linear refractive index but larger gain coefficient than down, Eb, and the critical power for self-focusing,

- ‘- offe red by familiar silicate glasses has created inter- P 0~, were extracted using the operative equation3

laser material , neodymium-doped lanthanum bery llate 2 reached at the focal point. This equation describes the
- est in new phosphate composition glasses ,’ Another new 1ma P[ A( 1 PP~~) I ’ , where ‘m~~ 

is the peak intensity

clinic (C 2h )  struc~~re which results in plane-polarized and assumes that the pulse Gaussian spatial profile it-
(La2Be2O, : Nd) is of interest due to its biaxial mono - mild reduction of the pulse area due to self-focusing

$ 

output radiation, We report here measurements of the self does not become distorted . It may be rewritten into
threshold electric field for laser-induced damage and a more useful form as

- / L rials , and also in a carefully grown sample of Al203. ~~~~~~~~~~~~~ ~ P ’ (1)
the nonlinear refractive index in these two new mate-

Cr ’
- These new results will be compared to measurements This equation is valid if only minor self-focusing oc-

I from a similar study at 1.064 ~im,3 which included curs , that is , for pulse input power less than a critical

~~~ 

- YAG :Nd and ED-4 laser glass. power P c,,. which is defined as

The experimental technique and apparatus used in P ,, = cX 2/ 32 i r 2n2 . (2)
this experiment have been described previously, and
will only be outlined here. A saturable absorber (Kodak Here n2 i s the nonlinear refract ive ind ex , X is the opti-

cal wavelength, and c is the vacuum speed of light.9860) mode-locked YAG :Nd oscillator , constrain ed to Noting the linear form of Eq. ( 1), the reciproca ls ofthe TEM~ mod e, produced the picosecond , 1,064 -~Lm the three threshold input power levels are plotted ver-laser pulses. A fast Pockels cell/spark gap combina- sus their respective reciprocal focal area. A Lineartion excised one single pulse from the oscillator pulse
train , and it was amplified as needed by two single- least-squares fit to the three data points then yields

pass YAG :Nd amplifiers. Subsequent detectors nioni - 
the experimental values of ‘m~~ 

and P~~. E b and 112 are

tored the energy content and the temporal duration,3 immediately obtainable using Eq (2 ) and the relat ion

and identified pulses with satellites or bad switch-out Eb =(I m~~/flO EO C) , where a0 is the l inear  ref ract ive index
and e~ is the free-space permittivity. The real part of

structure, The pulses of this laser were determined the e lectronic third -order nonlinear optical susceptibil-previously to be of 30-psec average duration. Three ity, x ’3 1 ( — w ,~ ’ , t~
,
~, — w ) ,  which is associated with 

~~ ~~precision lenses of the proper shape to minimize spher- this experiment may be obtained via the relationical aberration , with focal lengths of 1,0, 1.5 , and
3.0 in. , were used with each material, The calculated 

~2 = (12i~/no)~~~, (— Ccl , w , w , — Cc’), (3)
focal area A (defined as the area in the focal plane where the f requency degeneracy factor of 3 has beenwithin which the intensity exceeds e 1 times the peak inc luded in the factor 12,
axial value) for the three lenses in this experiment was

• , 31.0 , 50.8 , and 180.5 ~im
2. These values include the Table 111.4 small effects of spherical aberration by the lens and the

T A B L E  1. Itreak-down (rms) I l l - e t ric f i - ht s t ren g ths  (F0 Un—planar sample surface as discussed in Ref. 3. ce rt:I int\ ’ , + IS’  : tb- Ill rat io llllcl ’ rta intv , * 10’ ),

- ‘ The experimental procedure involved the passing of 
STat ’ Ia!

focused increasingly powerful pulses each through a (51\’ cm)
new recorded position in the sample and noting the

- threshold power level Pat and beyond which breakdown l,ip;- s Nd i ’ t ,O
BET , :71d 15 .6

occurred . Breakdown was detected in situ by observa - j j jf l 1~ Nd 13,0
tion of microscopic spark radiation with well dark- \I~ i- 12 . 9
adapted shielded eyes. Subsequently ,  these sightings El ) -  I a  9 .9

- were checked by 340-power microscopic examination , ‘l A b  :Nd a

~~~iI
at which time any inclusion effects would have been a l a : ,  from Ref. 3.

‘
~~~~~~~‘~I I
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I rAB1~E II . M,’asu red 000linc -CI t’ ‘ei i’activc’ lIltk’ l’’-, (,

~, unet’ r— c rystal . The electric field direction within the normal
~ taln tv , I ;o~~). plane was not deternairied . The orientation of the

. 
.- I BEL Nd sample was not determined; however , we ex-Materia l 112- (j~ (~lI esu) pect the orientational dispersion in 112 not to exceed 20~

We now compare these measured values with thoseI 1\l~~
) I .30

available from other methods. Recently, a value ofL11(;— s ;N,l 1 .
I ~

- I.lI(;-6:Nd 1 , ~¶i0 1. 48 ± 0. 15 .10.13 esu for it, in ruby was obtained by a

~ 
B E L :  N d 2 ,12 time”resolved interferometry technique. 6 This coin -

I ED~ 1a 2 . 12 pares well with our value of l.30~~l0 ’~ esu . The two
\A G  Nd a 3 . 5~ phosphat e glasses gave identical resu lts , 1. 50 x 10 13

aflata tro m Ref . :1, esu , in our measurements , whereas measurements at
Lawrence Livermore Laboratory~ have produced valuesTab le 111.5 of l .16±0 . l2 and l,O1j O . lO - - 10 ’3 esu for LHG-5 and

The results for the breakdown rms electric field LHG-6 , respectively. The small nonlinear indices of
thresholds are presented in Table I, These values are these new materials have important implications with
independent of self-focusing effects , in that Eq. (l) regard to the propagation and focusing behavior of
corrects analytically for the present mild self -focusi1ig, terawatt laser pulses. ’ The a2 value of the other new
as just discussed. The breakdown threshold was sharp sample , BEL :Nd , along with its relatively large dam -- 
(~~ 

l0~ uncertainty in input power) for all the tested age thres hold (Table I) and output polarization charac-
- materials; inclusion effects were not observed. In this teristics , ind icate interes t ing poss ib i l i t i e s for new laser

experiment the materials KCI and silica , examined in oscillators. For completeness we note that , while our
Ref. 3 , were retested to check the accuracy of the new results gave the same value of a2 for BEL ‘Nd and

~ 
focal parameters. For both nsaterials , the threshold ED-4 , ot her techniques offering better accuracy have
values and crit ical power values agreed to better than found values for ED-4 . or its Nd-doped version ED-2 ,
l0~ with those obtained earlier. Therefore , one may of 1.52 * 0.3 ,8 1.73 ± O.i ,~ and 1.53 ± 0.15 ,6 in units of

~ compare the absolute values obtained in the present i~ -’~ esu, For final comparison , other publ i shed values
experiment with these for the various materials tested for undoped YAG in units of 10.13 esu are 3. 16± 0.6 ,8L 

j  in Ref. 3. The tested phosphate composition glasses 4 .09±0.3 ,~ and 3. 47±0 . 35 . 6
were types LHG-5 and LHG-6 of Hoya Optics , Inc.
The Al203 sample was a carefully grown sample from The authors are grateful to M,A. Gilleo and C Kass

It Union Carbide Corp. 5 All the materials listed in Table of Allied Chemical Corp. and D.K. Segawa of Hoya
I except A1203 are candidate materials for high-power Optics U ,S. A . .  for supplying samples. They also ap-
near-l .06-ji m laser oscillators and/or amplifiers, preciate the collaboration of C. F. Cline, M,J Weber.
The laser transit ion in La 2Be 3O5 :Nd (BEL Nd)  is at and D. Mtlam of Lawrence Livermore Laboratory, and
1.070 or 1.079 pm, depending on orientation ,2 while thank Professor N. Bloembergen of Harvard for sup-
in LHG-5 and LHG-6 , the laser center wavelength is port and critical review of the work,
at 1.056 Mm. The breakdown threshold values for the
new materials show considerable improvement over
those of the two more commonplace l.06-Mm materials , 

~~esearch supported in part by the National Aeronautics andYAG :Nd and ED-4 glass. The E0 value of 15.6 MV’ cm Space Administration, by the Joint Services Electronics
register ed by BEL Nd is 59~ greater than that of Program , and by the Advanced Research Projects .\ g&- ncs .I’ - YAG Nd. which represents an improvement factor of ‘Laser Focus it (No . s) , 67 (1975) ; 11 (No , 6) , -I - I (1975) : 11
about 2.5 in intensity. The phosphate composition (No, 10) , 40 (1975).

2R .C. Morr is, C. F. Cline, R .F . Begle~’, 51 , l)utoit , P,J.glasses also show a marked improvement in damage }Iar~ eI , H.P . Jenssen, T .S. LaFrance , and H. \~
‘ l’hl,, AppI,threshold. Phy~. Lett. 27 , 444 (1975); sample supplied b~’ Allied Chemi-

cal Corp. , Morristown , N.J. 07960 .Next we present the results for the nonlinear refrac - 1W . Lee Smith , J.H, Bechtel , and N, Bloembergen , Phvs.
~~~ 

, 1 tive indices. Table H presents the values obtained in Rev. B 12 , 706 (1975) .
the pr esent expe rim ent and also list s t he values for - t flova Optics USA , Inc. Menlo Park , CA 94025.
ED-4 laser glass and YAG Nd measured by the identical t t nion Carbide Corp. , East Chicago , r~ 46312 .L- - technique in Ref. 3. The experimental uncertainty in ~5l ,J. Moran , C .-Y. She , and R ,L. C a r m a n , IEEE J. Quan-

tum Electron, QE—li , 259 (1975),these values is unfortunately inherently rather large, 7D, Milam and 51.J , Weber (unpublished).± 5O~~, due to the employed slope-intercept m ethod. The 8 E.S . Bliss , IJ .R . Speck, and W .\V . Simmons , AppI. Phys.ori entation of our Al203 sample was such that the laser Lett. 25 , 728 (19 74).
pulse propagated along the rhombohedral axis of the ‘A , Owyoung, IEEE J. Quantum Electron, QE-9, 1064 (1973) .

I’
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PICOSECOND LASER-INDUCED DAMAGE MORPHOLOGY:

SPATIALLY RESOLVED MICROSCOPIC PLASMA SITES*

W. Lee Smith, J. H. Bechtel and N. Bloembergen

Gordon McKay Laboratory
- . Harvard University

- 
Cambridge, Massachusetts 02138, U.S.A.

The morphology just above threshold of damage sites caused by

-~~~ picosecond 1.06 ~tm laser pulses is shown to consist of a collection of

micron-sized, spatially distinct vestiges of individual plasmas. From

the observed site density, the density of electrons which may initiate
- breakdown can be inferred. The morphology is consistent with an

- 
avalanche ionization model, but not with absorbing inclusion damage.
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New observations are presented here concerning the initiation and

growth of regions of avalanche plasma inside initially transparent, solid

dielectrics due to the passage of intense picosecond laser pulses. These

observations provide experimental data for the first time on the question

of the operative density of electrons which may serve to initiate laser-

induced breakdown at a given intensity level. Because of the short

duration of the laser -excitation used in this experiment, avalanche growth

does not develop to the point of plasma microsite overlap and extensive

disruption of the material. The damage morphology in the picosecond

regime, induced by well controlled pulses just above the breakdown

threshold, is shown to consist of a chain of individual, spatially-resolved,

micron-sized plasma vestiges. They are limited to a narrow axial part

of the focal region, the perimeter of which is well correlated with an

avalanche ionization model.

Previously we have reported thresholds for picosecond laser-induced

breakdown in eighteen transparent materials. 1, 2 The present observations

concern the morphology of the damage produced in those studies. Single,

1. 06 p.m pulses from a passively mode-locked, TEM00, YA1G:Nd laser

system were used to cause breakdown. The average full-width-at-half-

-
. * maximum (FWHM) pulse duration was 30 psec and a nonlinear optic

‘3
technique was used to infer the duration of each individual pulse. ” The

-
~~~~~ 4

~~ 

‘
~~~ I pulse duration is known to fluctuate in passively mode-locked lasers.

* This technique allows accurate single pulse intensity measurements. The

influence of incipient self-focusing was minimized by tightly focusing the

laser pulses with an external lens and by always using incident pulse power

less than the critical power for self-focusing. Corrections for incipient

- 

I
—~iI 
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self-focusing were taken into account by a technique ’ using several lenses

— - 
of diff e rent  focal a r ea .  Any damage t r ack , which showed presence of

inclusions upon subsequent microscopic examination, was eliminated.

This occurred in roughly one percent of the shots.

- In figs. la, b, c we show photornicrographic data for picosecond

- - laser-induced breakdown near threshold in a NaC1 single crystal sample

from Harshaw Chemical Co. These damage tracks were produced with a

- well-correcte d 0. 5 in. focal length lens, resulting in an intensity 1/e
- 1  1- radius of 3. 3 p.m. Only one pulse traversed any single region in the

- crystal. The tracks were photographed with a Leitz Ortholux microscope

and blue light through a 0. 4 N. A. objective at 340x total magnification.

The calculated resolution and the observed minimum detectable diameter

:‘~ is 0. 7 p.m. The scale lines in the figure indicate a distance of 10

microns , and were transferred from a photograph made under identical

-
. “ magnification conditions of a 10 micron-spacing objective micrometer. - 

-

I - Because the photographs were made under bright-field illumination,

the damage microsites appear black in the photographs. That

k F appearance does not necessarily suggest that the microsites are strong

absorbers after creation. The same appearance would result for no

absorption, but instead only scattering of light out of the collection solid

- 
angle of the microscopic objective. The microsites do scatter light

strongly, as verified by observation with dark-field illumination. The

morphology of fi g. 1 is typical for all the crystalline materials that we

tested. 
1 ,2 The morphology in the tested non-crystalline materials

(sil ica and laser glasses) showed less distinct micros i tes , however .  Such

a diff e r enc e is to be expected due to the lack of surrounding crystalline . -

S!
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4 Fig . 1 Breakdown morphology in a NaC1 sample produced by
1.064 ~,im , nominally 30 psec laser pulses focused to an e~~rms intensity radius of 3.3 urn. The scale markers denote
a distance of 10 Mm , and the pulses were incident from the
lef t. The maximum rms electric field values reached at the
focal point in Figs. la—c were 1, 20, and 52%, respectively ,
above the previously measured threshold .

Fig. 111.8
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medium. The crystalline backdrop provides a light scattering discontinuity

between unmelted crystalline structure and melted material which re-

solidifies presumably into a disordered state.

Figs. la-c illustrate the damage morphology for three different

input intensities. In fig. la, the maximum rms electric field reached at

the focal point was 7.4 ~ 1. 1 MV/cm (corresponding to 65. 6 kW). The

breakdown threshold found previously’ for NaC1 was 7.3 1. 1 MV/cm,

and therefore fig. la illustrates damage essentially at threshold. The

damage is accordingly observed to consist of a small number of isolated

scattering centers localized on the focal axis, each of which is the vestige

of a laser-induced microplasma. Each microplasma began from a single,

or perhaps a few , easily freed electrons along the focal axis during the

passage of the laser pulse. Fig. lb illustrates the damage in the same

sample under the same focusing conditions due to an 86. 3 kW pulse with

maximum focal point electric field of 8. 7 MV/cm, about 20% above

threshold. A pulse of 127. 6 kW and 11. 1 MV/cm maximum field (52%

~,, ~. above threshold) produced the damage shown in fig. ic.

The diameter of the microsites in the figures is typically about 1 p.m.
- -I

If we assume that the microplasma began with an electron located at point

~~~~~~ 

at the beginning of the pulse and model the growth of the plasma by a

simple diffusion model, we may estimate the expected spatial extent of

the light-scattering remains of such a microplasrna to have a diameter

~ 2~
’ 

- 
‘
~~~~~ of roughly 45f~ fi~. Here T~ is the laser pulse duration

(FWHM, 30 psec.) and D is the electron diffusion coefficient, which is

b expected to have an average value for the high electric fields encountered

here of roughly 1 to 10 cm /sec. These two numbers bracket the microsite

-j-.4- -~~ ~~- ~~~ . ~~~~~~ 
£... — ~~~~~~~~~ ~~ , I ,~~~~~~ i~l:- ‘

~ I!’~~~~~4, tt~’~~’7~” ~.
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diameter by about 0. 2 and 0. 7 microns.  This rough estimate is consistent

with the observed diameter. It is evident that for laser pulses with

duration a few times longer than the present 30 psec FWHM duration, the

- . focal region would show continuous breakdown. Resolved microsites

-~ would not be observed. Such continuous morphology was observed by
- . 6 . 7Yablonovitch , Fradin et aL , and others in damage studies with nano-

- second pulses.

Jus t at threshold (2. 2 x 10
11 
W/cm2 maximum focal point intensity)

the volumetric density of microsites from fig. la is approximatel y

- 
- -

~~ 4 x 10~ cm
’
~
3
, corresponding to the observed linear density of 1. 5 x ~~ cm

4.

The maximum density in fig. lb is about 2 x 1O~~ cm”3 , for a maximum

2focal point intensity level of 3. 1 x 10 W/cm . This density decreases

slowly out to the extremities of the damage, where the maximum field

attained was the threshold value and the density is approximately equal to

that in fig. la. In fig. ic one observes along the track the progression in

density of microsites f rom approximately that of fig. la , at the extremities

of the dama ge, through that of fig. ib , into a re gion where the damage

- . 

‘

~ 

-

~ 
~~. along the focal axis has become continuous , except for short discontinuities

caused or enhanced perhaps by diffractive shadowing.

The dama ge sites just above threshold are statistically spaced and

~ symmetrically dis tributed within their re gion of occurr ence along the

axis. There is initially no shadow effe ct due to absor ption and scattering 4

~i-~’- out of the incident beam. The light dif fracts readily ar ound the damage

sites in the trailing edge of the pulse and the effective integrated intensity

on axis is hardly diminished At higher intensities the los s of incident

intensity due to damage spots creates the asymmetry noticeable in fi g. ic.I
t

‘I
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— 
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F,. - 
-

The maximum intensity reached at the focal point in fig. ic was

5.0 x 1011 W/cm
2. It is important to note that the electric field and

intensity values discussed in this paper are maximum rms values reached

- 
only instantaneously as the temporally gaussian laser puls e passed through

a given spatial point in the sample.

Much discussion
8
~~

5 
has taken place in the recent literature con-

-~ 

- 

cerning the number and origin of initiating electrons for the avalanche

- 
process , and on their influence in associated aspects such as the statistical

- 
- nature of laser- induced breakdown. In the original work by Yablonovitch6

which established 10. 6 p.m optical breakdown as an avalanche process

closely related to DC breakdown, the initial electron density N
0 

in the

avalanche rel ation

N(t)  = N0 exp [ f  ~ [E(t’ )J  dtt ]  (1)

had to be obtained essentiall y by order -of -magnitude guesswork. 16 The

resulting successes of the avalanche model have been due to the weak

dependence of most aspects on N0. However , statistical aspects of laser-
. 13-15 .induced breakdown depend markedly on N0. The microsite density

in fi gure 1 may be identified with the density N0. It is of course possible

that more than one initiating electron leads to the production of one micro-

site. Thus the derived value of N
0 is approximate , and has the order of

. magnitude of iO ’°/cm~ , in agreement wLh past summptions . 8 The

production mechanism of these electrons could be investigated in more

detail with our observation technique . It has been argued ’2 from electrical

conductivity properties that l0~ free electrons per cm 3 do not exist in

I

!- -
~
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- 

itisulating crystals , but Jiat in i tiat ing  eiec1 c-~ns are produced
9’ 

12 at 1. 06 p.m

promptly b y t w o - p hoton i on i z a t i o n  of g ronnd -sta te  F centers which may

r occur  iii c r c , - l i ra t i o r i s as h - ~~h a:~ 10 1 
,/ ~ ni 3. even in a clear crystal with

I r ~~a - -  absorption coefficient  a ~~ 10~~ crn 1 at 1.06 p .m. It is evident

that fur the r studies of thi s nature as a function of F-center concentration,

tempera ture , ambient light , etc. , would be useful in fully understanding

-~ this aspect of laser-induced breakdown. Any color center densities must

be implanted without concomitant introduction of metallic colloids which

would confuse subsequent data interpretation.

The damage microsites are clearly confined to a narrow region on

I -
- the axis of the focal spot , where the laser intensity is maximum. The

— reg ion grows both in length and in diameter , with the amount by which the

maximum laser intensity exceeds the threshold value. The region has an

- ellipsoidal shape and is plotted as the dotted line in figure 2 for the case of

1 ,,u r e  lb .  it may be roug hly in terpreted as the volume element in which

the laser intensity exceeds the threshold value. These data are testimony

-~ to the reproducibi l i ty  of the laser pulses and their effects.

~

,. - The damage is due to heating of the lattice by resistive losses of the

elec t rons  in the plasma. Since the heat diffusion length during the pico-

sQcond pals.- is much smaller than the electron diffusion length which

I.-. % det~ rn1in’s tht- s i ze  of the microsite , the temperature rise in a microsite

- located at the point ( r , z )  m a y  be calculated from

T(r, z,~~ 
_~~~~_ C_~~~~~~~~~~~~_ f N( r , z , t ’) J E ( r , z , t ’ ) J 2 dt’ , (2)

n~C( 1  -4 ,, - - )  — -
~

where  the h s er  c lect r i c  f ield d i s t r i bu t ion  is  g iven by 

- 
-

~~~~~~~~ 

- - - - - 
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2

IE(r ,z,t ) 1 2 
2

0
2 e tt’T )

2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~l+z ~~~~~~~

:- ! (3)

The electron density is given by eq. ( 1) where the ionization rate ri may

18, 1
be calculated from

log i~ [E(r , z , t)} = 3. 58 log E(r , z , t ) + 8. 62 , (4)

for E between 1. 0 and 9. 0 in units of MV/cm. For N0 in eq. (2) we use

one electron within a microsite volume, or N0 = 2 x 10 12 cm ”3. In

expression (2) above , e and m are the free-electron charge and mass ,

- 
- respectively, C is the sample heat capacity per unit volume (1 . 85 J/cm3 °C)

for NaCl , w is the laser angular fr equency, and T~~ is the effective
1 18

electron collision time which we have taken here to be w . In eq. (3)

E 0 is equal to E(0 , 0 , 0) which is the maximum rms field reached at the

focal point , occurring at t = 0. The e ’
~ intensity radius in the focal plane

is p( =  3 .3  p.m here),  and ZRE is the Rayleigh distance for the electric

field, 2 r T n p 2
/X , or 98. 5 microns here (where n is the linear refractive

index). The e~~ temporal intens ity half-duration is denoted above by T ,

I -~~ having values of 23. 2, 19.4 and 27. 0 psec , respectively, for the pulses

which produced figs . Ia , b , and c. P(t) denotes the laser pulse power.

E’cr is the critical powe r for self-focusing, taken here 1 to be 166 kW for

NaCl. Using eqs. (1-4) , we may compute the three dimensional surface on

which the maximum temperature reache d just  equals the melting temp..

erature of NaC 1 (800 C) and within which any volume element of microsite

size would be melted, if it contained an initial electron. The result of

this calculation is plotte d as the solid line in fi g. 2. The good agreement,

‘I
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especially as to the shape of the reg ion with damage sites , is strong

evidence that the avalanche ionization mechanism is responsible for

the damage.

The difference in size of the reg ion with damage shown in f igures  la

and ib, corresponding to a difference in input pulse power of only 32

percent , cannot be explained on the basis of absorbing inclu sions. These

(invisible ) inclusions would have to be uniformly distributed with a density

of iO~~ cm ’’3, and would all have to be uniform in absorptivity and size.

They would also have to vary in a systematic way to explain the observed

characterist ic threshold for each bulk material , in particula r the

~

. ] systematic compositional variation throug hout the periodic table for the

alkali halides. Since the specter of absorbing inclusions , influence of

which was carefully assessed and eliminated in the present experiments ,

was raised in a recent publication , 
19 the question of metallic Na inclusions

in NaCl is considered in fur ther  detail. The invisible inclusions are

obvious ly smalle r than the wavelength of blue light (< 0. 4 p .m), but in order

to melt a volume of this size to produce microscopically visible damage ,

they must have a diameter at least as large as about 0. 1 p.m. This number
I

• 
- , was calculated by solving the transient heat conduction boundary value

problem for the absorber-host  system , using the Mie absorption cross

section2° and the incident intensity. If the sample contains 1O~
1
/cm~ of

Na particles with a diameter larger than 0. 1 p.m, one would of course

find a linear attenuation coefficient many orders of magnitude larger than

-4 -lV the observed attenuation coefficient of ~ 10 cm in Harshaw NaCl

samples. 21

~ -
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Other experiments 19’ 22 also showed f i lamentary  damage of up to

1 mm t rack length and were carr ied out at power le vels that allow a
23 24moving self-focal spot ‘ to develop.

- In our experiments the effects of incipient self-focusing were

- carefully corrected ’ by the method proposed by Zverev and Pashkov 25

- 
‘ 

. 26- and by Fradin. Our results add further strong evidence to that of

-. - earlier papers” 2,6,
7,27 that the fundamental damage threshold is

determined by the avalanche ionization process.

The authors are indebted to Prof. L. Taylor of Harvard Universi ty

- for the use of microscopy equipment, and to Prof. F. Lat y of the

Universi ty of Utah and Prof. E. Yablonovitch of Ha r vard for helpful

discussions. The skillful sample preparation of S. Maurici is greatly

appreciated.
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CHAPTER IV.

PICOSECOND LASER-INDUCED BREAKDOWN AT 5321

OBSERVATION OF FRE QUENCY-DEPENDENT BEHAVIOR*

4-

W . Lee Smith ’- , J. H.  Bechtel1’ and N.  Bloembergen

Gordon McKay Laboratory , Harvard Univers i ty

Cambridge , Massachuset ts  02138

Laser-induced dielectric breakdown at 5321 ~ has been

L’ j investigated in six mater ia ls :  KH 2 P~~4 ,  fused Si0 2 ,  NaC 1, CaF 2 ,

NaF , and LiF. The laser pulses were nomix~ i11y 21 psec in dura-

tion and were obtained by the frequency doubling of single 1.064

ji ffi pulses from a mode-locked YA1G:Nd laser system . The fre-

quency doubling was carr ied out in a temperature phase—matched

CsH 2AsO 4 crystal , r esu l t ing  in spatial ly smooth , reproducible,

d i f f r a c t i o n — l i m i t e d, 5321 ~ pulses. Str ict  at tent ion is given

to the complications introduced by s e l f - focus ing. The new thres-

holds for  breakdown at 5321 ~ are compared with thresholds

measured previously at 1.064 ~im wi th  the same laser system .

This comparison , as a funct ion of mater ia l  band gap 
~~ G ’  char ts

exper imenta l ly  for  the f i r s t  time the t rans i t ion  of the char-

acter of laser—induced breakdown as it becomes s t rongly f requency—
~

dependent.  A frequency-dependent decrease in the threshold of

— 30% is observed for  KH 2 PO 4 ,  for  which three 5321 ~ photons

{
I

- - 
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- 
exceed eG in energy . Frequency-dependent threshold increases

of up to 4 4 % , va ry ing  smoothly wi th  are observed for  the

other mater ia l s .  These observations are discussed wi th  regard

to models for  the processes involved in the breakdown , which are

avalanche and multiphoton ionization. 
-
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A . Introduction

In this paper we present experimental results which

characterize for  the f i r s t  time the t ransi t ion of laser-induced

— 
dielectric breakdown from the fami l ia r  DC l imit into the regime

where both avalanche ionizat ion frequency dependence and mul t i -

quantum effects  are clearly observed . This study represents a

systematic frequency extension of our previous 1.06 j,im investi-

.
~ gations of p icosecond dielectric breakdown in t ransparent  solids~~~

3

Laser—induced breakdown was reported in the li terature early

in the 1960’ s. However , the earnest study of DC breakdown has

1 taken place since the 1930’ s. Indeed , it has been pointed out 4

P that laboratory observation of DC breakdown in glass was reported

as early as 1799 , by A. Van Marum in the f i r s t  volume of Annalen

der Phy sik .5 Van Maruin ’s efforts at producing high voltages were

limited by breakdown through the walls  of his storage j a r s .  Be-

ginning in 1931, experimental progress in DC breakdown threshold

1 measurement was achieved by von Hippel. 6 Theoretical developments

by Frohlich 7 beginning in 1937 and Se i tz 8 in 1947 proposed and

described avalanche ionizat ion as the basic physical mechanism

involved in the DC case . In 1971 Yablonovitch performed laser—

.

~~

‘ 

~ 
induced br eakdown experiments9 at 10.6 ~ira in which the s imilar i ty

-

, 

~~ of the threshold between the in f ra red  and earl ier  DC data , both
‘I

- in the trend with mater ia l  composition and in absolute magnitudes ,

was compelling . Avalanche ionizat ion was established as the

in t r ins ic  process whereby an i n f r a r e d  laser pulse is able to

I
— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~



_ _ _  _ _ _ _  - -

~ IV-4

~~~~~~~~ f~:

-
~ induce breakdown in pure dielectric mater ia l .  Further controlled

- laser experiments at 1.06 1im 1° again found breakdown thresholds

not significantly different from those at DC and 10.6 jim , either
- 

in trend or magnitude . At the still shorter ruby wavelength of

6943 a systematic increase over previous thresholds was

reported .11 As will be discussed in a later section, the pattern

of increase was unusual , however , and it now appears that the

threshold increase in the low band gap materials may have been

an artifact. Yet at least part of the large relative increase

in the NaF threshold reported in that study was quite probably

an observation of true behavior and therefore the first indication

of frequency dependence in avalanche ionizat ion breakdown processes .

- 
An increased resistance to surface damage in several materials

* at 6943 over that at 1.064 jim was also reported’2 in 1973.

- Because that investigation involved rather d i f ferent  experimental

conditions (sur face  breakdown , mult iple  pulse i rradiat ion of

the same sample volume ) than the present work , we will not consider

-~~ I it further .
I ,,

- 
At wavelengths shorter than 6943 ~ several experiments

13—18have been performed to date. However , in each of these

experiments self—focusing was present. No attempt was made to

extract the self—focusing influence in order to measure a break-
- ,j -

down threshold . At best , such experiments yield a measure of

the critical power for self-focusing . Further interpretive

difficulties were caused by the use of multimode lasers,
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entire mode—locked pulse trains , or harmonic generation

crystals allowing walk-off. Under such conditions reliable

breakdown thresholds are rarely obtainable .

- . Thus , up to electromagnetic angular frequencies A of

almost 3xl015 Hz, the basic behavior of bulk dielectric break-

down has been observed to be quite similar to the behavior at

zero Hertz. The concise reasons for this steadfast behavior

-; over such a remarkable frequency range are two-fold : 1) The

hot electron collision time (T
a

) in dielectrics is very fast

(<l0~~~ sec). ii) In experiments up to 6943 ~~, the phcton

I energies were not a sufficiently sizable fraction of the

material band gap,~~~. In Fig . 1 we illustrate the schematic 
- 

-

frequency dependence of the breakdown threshold EB, as has

been anticipated for some time .’9 The low frequency , pure

avalanche region (solid segment) is the range of investigation

prior to this study . As discussed elsewhere,9 the relation

r
D C ’  2 2 ’EB ( w ) = EB L1- + w (1)

“~~~~~~• - has been used to predict the frequency dependence of laser-

induced breakdown in the region of departure from the DC limit.
I

In Fig. 1 the solid segment and its dotted extension have the

form of Eq. 1. The aforementioned increase in the NaF thres-

hold at 6943 indicates that hT~~ ‘l
~

W ruby ( 1 . 7 9  eV) in NaF ,

and roughly indicates the h’t
~~

1 position on the ‘!~~ axis of Fig . 1.

• . _,. ,,_ -- - -______________ —- -
~
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- - The dashed curve outlines the frequency dependence of the

Keldysh tunneling mechanism .2° As the photon energy becomes

- sizable compared to the material band gap , this tunneling

- mechanism is described as multiphoton ionization. At some

- point in this transition the multiphoton ionization probability

becomes large enough to effectively assist the breakdown process,

still classifiable mainly as avalanche ionization. Several

- - 

I 

papers2~~
23 recently have considered aspects of this combination

process. One immediate consequence of the multiphoton ioniza-

tion assistance is the ready supply of initial electrons with
- 

which the breakdown process may proceed. For sufficiently lower
P 13

frequencies, the productions of such electrons is a subtle

- - matter .  As the photon energy exceeds 
~~~~~ 

we expect the thres—

hold to reverse its trend as the arrow indicates in Fig. 1.

As the photon energy is increased beyond eG/2 , gross two-photon
absorption (TPA) will occur . At such frequencies , breakdown

experiments utilizing an external focusing lens will be corn-

plicated considerably by TPA energy depletion and distortion
— .

of the laser pulse in the medium before the lens focal region.

One should note the manner in which the two curves in

Fig . 1 wil l  sh i f t  hor izonta l ly as the material parameters

1 1and h-ta are changed and hw is held fixed . Because hT
~ 

is
4~~~44 4

likely to be less sensitive to than is the threshold for

strong multiphoton absorption , the most demonstrative effect

on Fig . 1 from changing to a material with larger e
~ 

would be

-4

- 
-
~ 

-
~~~~-~~ 

- --  

~
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L~ 
-

~~

the s h i f t  of the dasned curve to the r ight  and creation of

a larger hump in the composite threshold trajectory. There-
— fore a comparison of breakdown thresholds at two d i f f e r en t

laser frequencies , both in the region of the transitional

hump, for a series of materials and band gap, would provide

a test of the surmised behavior which is illustrated in Fig . 1.

From our picture , one would expect from such a comparison to

see a systematic increase in [E B (w 2 ) / EB (ul l )] , where

(A)
2 

> w1, as a funct ion of material band gap . We will  present

data later in this paper which depicts jus t  such a systematic

increase.

A recent review of dielectric breakdown induced by laser

pulses is found in R ef .  19. Recent theoretical paper s which

will serve as well to introduce the reader to segments of the

l i tera ture  are found in R e f .  24 by Holway and Fradin and Ref .

25 by Sparks and Duthier.  Numerous papers concerning all

aspects of laser—induced dielectric breakdown appear in National
26 -Bureau of Standards Special Publications. The 1973 edition

27of O ’Dwyer ’ s book may be consulted for information on DC ,

as well as high frequency , breakdown phenomena .

Section B outlines the theory necessary for the evaluation

of our experiments. Section C relates the experimental details ,

k- - and we present results in Section D. Comparison of our exper—

f .  mental results with theories on multiphoton contributions to

breakdown are given in Section E .

k — — - -  ~~~~~~~~
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- B. Theory

The objec t i~re of our experiment is to obtain the

— 
high electric f i e lds  requisite for breakdown , while at

- the same time minimizing the input pulse power and thus

- 1, the ef fec ts  of se l f—focus ing . This we do by t ightly
- 

focusing the laser pulses into the sample with short focal

length lenses. In the absence of any self-focusing, we

know that a d i f f r ac t ion—l imi t ed  l ight pulse wi th a Ga ussian

spatial intensity distribution of radius p [1(r)  = I
~ exp

- ( r/ p )  ] , focused by a lens of focal length f , will produce

L an intensity distr ibution in the focal plane of

2
— 

- I f (r )  = (P/A)  e~~~~”~’~ . ( 2 )

- 

Here P is the pulse peak power , def i ned as

p = 2~ J dr r 1( r)  
- 

, (3)

~:
I - J 2 .where A = iiw , and w = Af / 2-rr p , if A is the light wavelength

w i - , 
-
‘ 

~~Ii a i r .  In addition , we know that if the power P in the l ight

pulse exceeds some f ract ion  of the cr i t ical  power value known

~~~~~~~~~~ 

‘ 28as P , defined as1
- - • 1 -

P1 cA 2 / 32ii 2n2 (4)

1~~ _ 

~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I for a Gaussian pulse . the above focusing behavior is

modif ied by se l f- focus ing. The mater ia l  parameter which

determines P1 is n 2 ,  the nonlinear r e f r ac t ive index. If

E is the rms f ie ld  ampli tude and n is the total refract ive

- index , n 2 is def ined via n = n0 ÷ n 2 E 2 
~~~~ The equations

above may be altered to account for  s e l f—focus ing  with the
- 

help of the analyt ical  “ aberrat ionless” or “constant shape ”

I (CS) approximate theory 28 3° if P is “less than ” P1. In

- - that  case , Eq. 2 becomes

- . 1 2
- I f ( r )  = (P/A) (l-P/P 1)~~~ ~~~~~~~ . (5)

Depending on whether P1 is known for a g iven material  of

interest, Eq. 5 may be used in two d i f f e r e n t  ways for break-

I down threshold measurements .

If n 2 and thus P 1 are not known , then Eq. 5 may be

used to measure both the breakdown threshold electric f ield
-‘ 

31—33EB and P1, simultaneously ,  as was done by others and

by ourselves in earlier 1 .064 ji m studies .~~~
2 In that  s i tuat ion,

lenses of d i f f e r e n t  focal area A.  are used to produce break—
1

down at the focal point , each lens requiring a d i f f e r en t

input power P . .  One may then plot the various reciprocal
- -1 I i 

1
- input powers P~~ versus the respective focal areas A~ . As

~
- long as all P~ are much “less than ” P1 (an  unknown) , the points

wil l  def ine  a s traight line , as indica ted by Eq. 5. Fig . 2
.
~~~~ - - -

—.4
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indicates these fea tures  schematically. There the slope of

the solid line is I
f

( 0 ) 1 (a nd equals the reciprocal break-

down intensity at threshold) and EB is obtained using the
1/2

relation EB = [I f ( o )  / no~oc] , where n0 is the linear

-~~ r e f rac t ive  index , c is the free—space permi t t iv i ty, and c0

is the vacuum speed of l ight .  The intercept of the line with

the P~~ axi s y ields P ]~~ If , however , n 2 is known , then the

threshold power measurement from only one lens su f f i ces  to

determine EB f rom Eq. 5. It should be stated that the slope-

- 

- intercept , controlled breakdown method discussed here and

previously is an int r insically  less accur ate way to measure

n than some other available schemes .34 39 I t is , neverthe-2
less , in the face of unknown n 2 values , the onl y known way

to obtain bulk breakdown threshold measurements in the pico-

second pulse regime which are corrected for se l f—focus ing .

Aside f rom the paucity of accurate available n 2 val ues ,

another si tuation exists which thwarts the extension of

picosecond breakdown measurements to shorter optical (UV )

-
~~~~~~~~ requencies. All the above discussion was based on input
w

pu lse power s P being “less than ” P1, the cri t ical  power for

the onset of se l f - focusing by paraxial  rays in an unfocused

geometry . The problem lies in our inabi l i ty  to ascribe more

precision to the phrase “less than ” in the previous sentence.

It is not known quanti ta t ively how , in the focused geometry

(where an external  lens focuses the light pulse into the

- ..-
~~~~‘

.-.-- - -- — - - -.-‘—-——‘-- -—_ - --——..-—— —— 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~ —~ — _ 
—-- ~~~~~~~~~~~~~~~~~~ 
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— -
- 

~1 

- - - - __—._p ___ _,_, ,_ .,.___ __ .y__ _ _ _ _____,_ __ _ ___ _ __ __ _ ____ ____ ___ .__.__ — - — — — -

- IV- 13

material sample) , the constant shape approximation breaks
— down as P approaches and , moreover , exceed s P1. Fig. 2

i l lustrates our present understanding of this  behavior .

I The cross—hatched area is the reg ion of validity of the

- CS approximation . The dashed curve is the locus of (A~~~,

poin ts defined by the breakdown threshold of a par t icular

I material .  The straight line , whi ch is asymtotic to the dashed
- 

curve in the low power limit , is defined by Eq. 5 and is the
1—2construction used in our previous papers to measure P1.

The dotted area in the f igure  is the region wi thin  which the

self-focusing behavior has departed from the CS description .

The exact functional form of this departure , and thus of the

I dashed bre akdown curve in the dotted region , is not known .

Ther efor e , th e exact l imit ing power level (indicated by

in Fig . 2 ) ,  beyond which one should not appl y the constant-

shape approximation to deduce breakdown ti-resholds , is not

known. It is indicated by careful  numerical calculation28

that the power in a Gaussian pulse must exceed P 1 by a fac tor

of 3 .7  before a catastrophic self-focus (a s ingular i ty  in

axial  in tensi ty)  will  occur , in either external ly f ocu sed

~~~~

- -

~~~~~~ 

or unfocused geometry . This intensity s ingular i ty  man i fes t s

itself by breakdown and other processes , and represents the

horizontal  segment of the breakdown curve in Fig . 2. This

mu l t ip le of P 1 leading to the s ingular i ty  is denoted in the

l i terature by P 2 .  For pulse powers very near to but less

I. - - - 

~~~~~~~~~~~~~~~~~~~~~ 
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than P2, the maximum axial intensity may be expressed then

by Eq. 5 with P1 replaced by P2.
28 And in fact, the maximum

axial intensity reached at any input power level might be

expressed by the relation

= (P/A) [ 1 - P/ { P)P1} ]  
. (6)

•
1 Here ~~P) is presently unknown and must be the result of

numerical calculation, but will behave monotonically between

the following limi ts:

-
~~ l for p < < P1,

-
~~ 3.7 as P -

~~ P2.

Data published by Marburger28 indicates that efforts may

be made to compute the function cJ (P). Such new results,

: in a form applicable to any focusing geometry, would be of

great use for experiments of many types , expecially with

higher laser frequencies considering the restricting A 2

dependence of P1. Knowledge of q (P) would, for example,

remove our present dependence on the CS approximation and

allow more than 4 times more power to be used to produce

calculable intensities for breakdown studies such as this

• one. In that case the segment of the breakdown curve

1

:~~ 

within the dotted area and down to the P~ level would be
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-
~~~~~ useable. Similar applications could be made to studies of

absolute coefficients for TJV two-photon absorption in solids

and liquids, etc. The data presented in this paper will be

tabulated so that the breakdown threshold values may be

recalculated by the reader in the future, should data on

the p (P) function appear.

C. Experiment

1. Apparatus

The experimental arrangement is shown in Fig. 3 and is

in large part the same as used in Ref s. 1-3. The YA1G:Nd
- I

laser oscillator is mode-locked by saturable absorber (Kodak

9860). It produces a train of TEM
00 

transverse mode, 1.064

pm pulses of 30 psec average duration. One of these pulses

is selected for use by a KH2PO4 Pockels cell which is driven

by a laser-triggered spark gap. The selected pulse is then

1 monitored for proper switch—out behavior on a Tektronix 519

oscilloscope (CR0 1). Photodiodes P2 and P3 measure the energy

content in two samples from the main pulse, one at 1.064 ~im

i and the other converted to 5321 ~ by a KH2PO4 crystal. From

these two signals we obtain the temporal duration of each

individual picosecond laser pulse.4° With this temporal
* 

characterization, the main part of the infrared pulse is

converted to a 5321 ~ pulse by harmonic generation cell

(11G2) containing a cesium dihydrogen arsenate crystal. The

I - ~~~~~-
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• crystal is maintained in an oven at the proper temperature

for noncritical or 900 phase—matching. Two characteristics

of the green pulse, crucial for this experiment, accrue from

90° phase-matching .41 First , no spatial distortion of the

green pulse occurs by “walk—off,” as occurs with angle—tuned

phase-matching. The 5321 ~ pulse is cylindrically symmetric,

- 
- without spatial noise, and Gaussian in shape. Fig. 4 is a

tracing of an oscillogram from a Reticon linear photodiode

array (Reticon Corp., Sunnyvale, California) of a typical

green pulse profile. The waveform was smoothed by no more

• than the width of the tracing pen. Such a distortion—free

r ~ 
profile is required for accurate calculation of the electric

field distribution of a laser pulse in the focal region of

a lens. Second, this harmonic generator produces , for an

unlimited length of time, green pulses with the same spatial

profile. Such reproducible behavior, over a period of several

hours and from day to day, is difficult , if not impossible,

to obtain from angle phase-matched crystals. A serious attempt

-
~~~~ was made by us,42 prior to the present experiment, to accurately

4 measure breakdown thresholds with 5321 ~ pulses generated in

an angle-tuned KH2PO4 crystal. The effort was not satisfactory

for the reasons outlined above. The same set of difficulties

will thwart efforts to study breakdown at the third-harmonic

frequency of the Nd:YA1G laser, unless materials are found to

provide 900 phase-matching for 3547 ~ generation.

_ _ _ _ _ _ _ _ _  - - - - --- -- - - - - ---- - - - --• - --•-— - -— ——— — -- — - ——- ••
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Fig. 4 Oscillogram tracing of the spatial
intensity profile of the 5321 ~ pulses pro—
duced by the CsH~7AsO4 crystal. The oscil-

-
• 

logram was recoraed with a commercial linear
array of 256 photodiodes with 0.05 nun resolu-
tion.

:~. Fig. IV.4
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The 5321 ~ pulse is sepax~ated from the infrared pulse by

a prism, oriented to maintain the circular cross section of

the green pulse. Photodiode P4 monitors the absolute energy

content of the green pulse just before the focusing lens L.

~•4~ Photodiode P4 was calibrated with two Eppley Laboratory
I

• (Newport , Rhode Island) thermopiles, themselves calibrated

against National Bureau of Standards sources. By using the

energy content signal from P4 and the individual pulse

duration which we derive from P2 and P3 signals, we obtain

the peak power in each individual pulse. The measured full

angle of divergence of the harmonic pulses is less than 0.9

inrad. By measuring the cross-sectional area of the pulses at 
—

the lens position with the linear photodiode array, and using

the design parameters of the lens, we may calculate the area

• in the focal plane of the lens.’ The measurements which we

report here were made with a 1.0 inch focal length corr~cted

lens, with a calculated focal area (defined as -trw2, where w

is the e~~ radius of intensity) of 14.8 pm
2. This figure

includes contributions from spherical aberration of the lens

and the planar sample surface 1 both of which amounted to a

L • calculated correction to the area of less than 2%. This

calculated focal area was checked experimentally by a scan-

ning aperture technique.1 To within the limiting accuracy of

the technique, ±20%, the experimental and calculated areas

agreed. •
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We have employed an average full—width-at-half-intensity

duration of 21 psec for our 5321 ~ pulses. This duration is

• shorter than the 30 psec parent pulse dur•ation by l/v’~, as

given by the theory for the ideal frequency doubling of

Gaussian pulses in the low conversion efficiency regime.
-

* 
Final individual pulse durations were calculated using thisI ~ 40r average duration value, the TA technique, and a computer

program to account for the temporal stretching of the pulse

due to saturation of the conversion efficiency. This last

correction is discussed in Section D.l.

•
~ 

2. Procedure

The procedure for each measurement began with the

alignment of a sample (dimensions typically 6 mm x 20 mm x

30 mm) in the x-y translating holder so that the pulse

• propagation direction was normal to the sample face. Then

the lens itself was aligned with a reproducible procedure,

discussed previously ,1 which was made easier by the visibility

of the light in the present experiment. Next the sample was

checked for unacceptable surface polishing roughness, a check

which was not possible with invisible 1.064 pm light. Shots

were fired through the sample, below the breakdown threshold,

- 
and the transmitted light was observed on a card. If the

transmitted light pattern showed a contribution due to dif-

fraction from polishing scratches, the sample was either

repolished until no surface scratch diffraction was observed,

F;- _______________ • • _______________________——- —. • - - • . ••.. —•- - — -•—-- - 
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or the sample was deleted from the experiment if sufficient

smoothness was unobtainable. The polishing was performed

-

~~~~ 
~~~~~~~~~~~ • by an experienced technician using synthetic lap material

and alumina abrasive particles down to 0.05 pm diameter.

• Several materials were unfortunately elimiated due to this

problem - the relatively soft, small band-gap materials

including NaBr, KBr, and XI. It now appears that such

surface distortion may have been the cause of the hereto—

fore unexplained rise in the breakdown thresholds, relative

to Naci, of KBr , KI at 1.064 1 and ~.694 
11 over their values

at DC and 10.6 pm. The absence of this problem in another

study10 at 1.06 pm is not understood. At 10.6 pm,9 however,

such submicron roughness would have almost no distorting effect.
-• After a proper sample and the lens were aligned, a series

of 50—100 shots were fired into sites with recorded location

in the sample, one shot per site. The pulse power was increased

throughout the series, by altering the Pockels cell voltage

which changes the position of switch-out from the oscillator

train. In contrast to Nd:glass mode—locked lasers, Nd:YAG

• 

-‘ laser pulses do not vary in duration as a function of pulse

position in the train. For each shot, signals from detectors

P2, P3, and P4 were recorded and visual observation of micro—

spark formation was used to indicate whether breakdown occured

on each shot. Such visual sightings were not used to determine

the breakdown threshold, however. If one wishes to meaningfully

J _____________________________________________________ ______________________ - p.

— —
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compare thresholds measured at different light wavelengths,

then the threshold observation mechanism cannot itself be

wavelength—dependent. The ocular observation of spark

production (with its attendant scattering of subsequently

arriving laser light) would be particularly subjective and

wavelength-dependent between 1.064 pm and 5321 ~~~. So the

threshold here was defined by the same criterion as used in

our previous 1.064 pm study, namely as the minimum electric

field value, reached at the focal point and at the peak of

the pulse, which produced microscopically observable, per-

manent damage in the material. The microscopic observation

• of the matrix of sites was performed after completion of

the laser irradiation, using observation conditions identical

to those in our 1.064 pm study3: Leitz Ortholux microscope,

340 power total magnification, 0.4 NA long working distance

objective, blue light field illumination, —7000 ~ resolution.

Although the visual sightings of spark formation were not

appropriate for identification of breakdown thresholds, the

visual thresholds obtained with the 1.0 inch focal length

lens, and also with 1.5 in. and 3.0 in. focal length lenses,

were recorded for each material. The calculated focal areas

of the two latter lenses were 32.9 pm2 and 131.1 pm2, respec—

tively. These visual thresholds were used to investigate

self-focusing behavior for pulses having powers between

and P2. Discussion of that behavior is found later in

_ _  - 

~T~I-
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• Section D.2.

At least three different experimental runs were made on

each tested material with each lens to ascertain the thres-

hold reproducibility.

• D. Results

• 1. Dielectric Breakdown Threshold Data

In this section we will present and discuss new results

for dielectric breakdown thresholds at 5321 L induced by our

nominally 21 psec pulses.
• Several general characteristics of this damage study were

• observed to be the same as those encountered in Ref s. 1-3.

The thresholds were again noted to be sharply defined.23 That

is , our resolution of  the thresholds was limited by our exper—

- 
~• 

imental uncertainty and reproducibility, which was observed

to be ±15%. Again, only rare evidence of the presence or

influence of inclusions was observed under the microscope

(.~l% of the sites). Again, the results did not vary from

site to site within a sample, or among different samples of

the same material, by amounts larger than our experimental

- uncertainty. Fig. 5 exhibits the morphology in two of the

sample materials, KH2PO4 and LiF. These breakdown sites were

photographed with blue light on a Leitz microscope at 250

~1’ power magnification and —0.8 pm resolution. The focal spot

radius to the l/e point of the electric field (I~ w) is

_ _ _ _ _ _ _  S

L ~~~~—~~ - • -- --.- - •~ 
•
~~~ ~~~~~~~~~~~ .—~——• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --~~ 
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10 pm (a)

-
•
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••

~
- .
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(b)

1~ Fig. 5 Breakdown morphology in (a) KH2PO4 and (b) LiF,
inducçd by 0.532 pm picosecond laser pulses focused to

d 
- an e~~ rms electric field focal radius of 3.1 pm. The

- • scale markers denote a distance of 10 pm, and the pulses
were incident from the left.  The maximum rms electric

- 
fields reached at the focal point for photographs (a) and
(b) were 14% and 40% above the respective thresholds for
the two materials. The mottled background appearance in
(b) is immaterial.

Fig. IV.5
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3.1 pm , and the Rayleigh distance for the electric field

(given by rrn0w2 /A ) is approximately 85 pm. The scale

markers in the figure represent a 10 pm distance. The laser

pulses which caused the damage of Fig. 5a and 5b had max-

imum focal point electric fields of approximately 14% anda - ’
40% above the respective thresholds for the two materials.

- 
• The typical microscopically observed damage morphology of

Fig. 5 is similar to that reported earlier3 at 1.064 pm.
p 

Except for rare impurity sightings, damage always occurred

within a needle shaped volume along the propagation axis at

the focal point, the dimensions of which were only —l pm

• 1 by —10 pm at thres1~oid. The perimeter of this damage was

nonlinearly correlated with the incident electric field

• strength , again as encountered at 1.064 pm. Within the

• damage perimeter occurred nucleation sites of ~.l pm diameter.

I at a density of 1010 cm 3 at threshold . No major differences

were observed, between 1.064 pm and 0.532 pm morphology , which

indicates that the f inal  stages of the damage process are

still due to avalanche ionization. A major difference in

morphology would indicate massive or dominant influence from

multiphoton ionization processes.

a Table 1 lists several material parameters for the six

tested dielectrics : KH2PO4 , Si02 (fused), NaCl , CaF2, NaF ,

and LiF. All the crystalline (monocrystalline) samples were

cut so that the laser pulses propagated along the [001] axis,

1

* 
— 
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TABLE IV.l

• Test Material Parameters

- 

Material no P2

- (eV) (l0~~
3esu) (kW) (kW)

KH2PO4 6.92 1.5316 1.00 ± 030 (a) 267 988

‘1 Si02 7.8 1.4608 1.00 ± 0.08~~~ 281 1040

NaC1 8.7 1.5491 4.20 ± 084 (c) 64 238

‘ 
- 

CaF2 
10.0 1.4354 1.13 ± Ø 3 4 (~~ 237 877

NaF 11.0 1.3269 0.94 ± 047 (e) 283 1047

LiF 12.0 1.3937 0.92 ± 016 (d) 290 1073

- 
a. Ref. 39
b. Ref. 35
c. Ref. 34

- 

d. Ref. 36
e. Chapter III, Part A of this thesis.

I.’

•%1u 
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• with the electric vector along the [100] axis. The KH2PO4
samples were purchased from Cleveland Crystal Co. (Cleveland ,

Ohio), while the other crystalline materials were purchased

from Harshaw Chemical Co. (Solon , Ohio). The fused SiO2 I:
samples are Suprasil I, purchased from Amersil, Inc. (Hillside,

N. J.). Column 2 of Table I lists band gap (eG) values, all

of which (except that for KH2PO4) were obtained from standard

reference books or manufacturer ’s data. For KH2PO4,  we were

unable to find either eG or optical absorption data in the
• ultraviolet beyond 2100 which indicates a disturbing

lack of knowledge of impurity absorption behavior of this

important material in the UV. An ultraviolet spectrogram

of our own samples indicates44 strong absorption beginning
- • at about 1800 R, or 6.92 eV. For convenience, column 3

lists linear refr active index data, which is needed to

convert nonlinear refractive index data (column 4) to thir d

order nonlinear optical susceptibili ty ( x ~
3
~

) data, for

comparison with data published elsewhere [~2 = 12irn0
1

~~~~~~~~~~~~~~~~~~ 
For KH2PO4 and CaF2, ordinary ray

values are appropriate. In column 4, we list the most accu-

rate n2 values available from the literature for our materi-

als , according to their quoted uncertainties which range

between ±8% and ±50%. The last two columns tabulate the

critical powers P1 and P2, which differ by a factor of 3.7

as discussed earlier .

— — -
. 

~ - — • 
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In Table II we present the new breakdown threshold

results at 5321 ~ along with comparison data at 1.064 pm.

- 
- 

The second column lists values of input power P at breakdown

threshold. The ratio of these power thresholds to the

respective P1 critical poker values from Table I are listed

¶ in the third column . The aforementioned focal area of 14.8

pm2 was corrected slightly (.~9%) for each material to account

for saturation45 of the conversion efficiency of 1.064 pm

light to the second harmonic. These power dependent correction

factors were computed by numerical solution of the harmonic
p

generation equations including pump beam depletion. The

actual focal area values used are listed in column 4 of Table
• 

II. This spatial broadening (the profile remains Gaussian

to a good approximation) due to conversion saturation also

lengthens the pulse temporally . All power values in this

paper have been corrected by the appropriate small factors

(,~,5%), obtained from the same numerical computation.

The values of P, P , A , and n from the tables suffice1 o

(3- to determine EB using Eq. 5. The new values so obtained

from our studies for the breakdown rms electric field strength,

at 5321 R with nominally 21 psec pulses , are denoted E~~(21

psec) and listed in column 5 of Table II. The superscript g

denotes the green wavelength. The thresholds range from a

low of 12.4 MV/cm for NaCl to a high of 26.5 MV/cm for LiF.

The discussion of the uncertainty in the E~ (2l psec)

Iu 
_ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  _ _
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values of Table II is complicated by the unavailability of

~(P) data. Our experimental conditions allow us to know the

p/ ~7~ factor in the expression for EB (Eq. 6) to an estimated
±15%. The absence of ~~P) data has no effect on the repro-

ducibility of our thresholds, of course , and our experimentally

observed reproducibility limit of “~±l5% reflects that fact.

The absence of p (P) data does, however, compound the uncer—

tainty in the absolute numbers which are listed in Table II

for E~ (21 psec). In column three of Table II, the P/P1
values range from 0.45 to 0.62, and it is plausible that they

t

are too large to permit the CS approximation to yield high

I’ accuracy for the breakdown threshold electric fields from

Eq. 5. For that reason we will later consider the full range
- -

. 
of possible modification of our results, which in the worst

case would be obtained by using P2 in the denominator of Eq.

5 in place of P1. For the present, however, we will continue

to discuss EB values obtained with P1 in Eq. 5 (~~(P) = 1) in

the CS approximation .

- - 
Our greatest interest lies in determining what effect

-

- 

- •

- 
the doubling of the light frequency has had on these thres— 

*

holds , by comparing them with the results of our previous study

at 1.064 pm) Column 6 of Table II lists the thresholds from

that infrared study [denoted E~~ (30 psec) 1.  As indicated by

the notation, the ir data was taken with nominally 30 psec

duration pulses , and it is desirable to separate out the pulse

duration dependent changes in these two sets of data so that

- - -  • 
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we may observe changes due to light frequency, or photon

energy, only. In order to convert the E~~ ( 30 psec) data

to E~r (21 psec) data, we require the pulse duration depen-

• 
I 

dence in the picosecond range of the breakdown threshold for

the six materIals tested. Unfortunately such data is known

only for NaCl 1 and, to a lesser degree, for five other

alkali—halides. We are restricted, therefore, to an approx-

imate treatment for removal of the pulse duration dependence,

based on NaCl data only. From Fig. 6 of Ref. 1, one obtains

- that the ratio of E~~ (2l psec) to E~
r(3O psec) for NaCl is

• about 11.0 / 7 . 3  = 1.51. We have used this number to convert

the entries of column 6, Table II, to those of column 7. It

is, of course, unlikely that the threshold dependence on pulse
- 

duration would be exactly the same for the dissimilar col-

lection of tested materials. However, over such a small range

of pulse duration (30 psec to 21 psec), the use of a single

renomalization factor is reasonable. In that case, the change

in breakdown thresholds due to frequency alone, denoted t ,

is the ratio E~ (21 psec) / E~~ (21 psec), and is listed in

- 

- the final column of Table II. As discussed in Sec. A, the

• systematic variation of L~ with optical band gap should indicate
- 

the presence, if any, of frequency-dependent or quantum effects.

Such systematic variation has never before been seen in experi-

ments on laser-induced breakdown. Fig. 6 illustrates this

point . In that illustration we have ordered the alkali-halides

I 
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according to band gap. Plotted along the vertical axis is

the ratio of breakdown thresholds from two previous experi—

ments, one at 1.06 pm 10 with —5.0 nsec laser pulses [E~
’
~(5

nsec)] and the other at ~~ 6 [EB (DC)]. No systematic

behavior of this ratio is observed, and the same is true

for any other pair of laser-induced breakdown experiments

reported thus far. The basis for this frequency-independent

behavior up to 1.06 pm has been discussed previously 19 and

is due largely to the two conditions mentioned in Sec. A con-

cerning the brevity of the hot-electron collision time and the
- 

-
~~ 

- 

size of the band gap in these solids. Even the smallest band

gap of 6.2 eV for the tested alkali—halides in the previous

1.06 pm experiments would require at least six photons for the

occurrence of direct multi—photon transitions, and such tran—

sitions are vanishingly small even at breakdown intensity

levels. At the ruby laser frequency (1.79 eV photon energy),

four photons are needed to directly cross a 6.2 eV band gap

and the probability is still small. At a 1.79 eV or 1.17 eV

photon energy, it is probable that the only important role in

- 

- 

the breakdown process in these insulators played by multiphoton

transitions is the supply of avalanche initiating electrons by

the two-photon ionization of defect centers.21 As mentioned

earlier , from our own work in the present and previous1 studies,

it appears now that the unexplained increases in the thresholds

(relative to that of NaCl) encountered by Fradin11 at 6943

5~ -
~ 

-

• - - • 4 5 -  - -  --
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• and by us at 1.064 pm 1 in soft, low band gap (~.8 eV) alkali-

halides may have been an artifact due to the undetected sample

~ I surface roughness mentioned earlier. Fradin also reported a

large increase in the breakdown threshold of NaF over that of

NaCl at 6943 ~~, and it is likely that most of that increase is

a true observation , indicating the condition .~ 1 as discussed

• in Sec. A. This observation indeed indicated the departure of

the breakdown process from the DC limit at 6943 ~~~~. Up to the

present 5321 ~ experiment, the NaF observation of Fradin and

Bass was the only experimental datum point available for

I ~ checking the predictions of frequency dependence summarized

in Fig. 1.

- - 
Now let us discuss the frequency-dependent threshold

changes encountered in this study at 5321 ~ (2.33 eV). We

- 
plot in Fig. 7 the values of L~ listed in Table II versus

material band gap eG. Because of the specific uncertainty

1 introduced by the lack of ~(P) data, we have plotted in

addition the i~ values obtained by using in each case P2 in

Eq. 5, rather than P1. Due to the closeness of the P/P1

values for the six materials (see Table I) , it is probable

that the true data points, were 41(P) known, would all lie the

- 
same relative distance between the circle points and the

solid points. That is, the adjustment of the circle points

to their true location in Fig. 7 due to full knowledge of

41(P) would probably result in only a small, nearly constant

I
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lowering of the circle points. (Nevertheless, all information

necessary to make such an adjustment in the future is given

in this paper.)

The variation of A , the frequency-dependent change in the

• 5321 ~ and 1.064 pm breakdown thresholds, with material band

gap in Fig. 7 is unmistakable. A A ordinate of 1.0 indicates

• no change in threshold on doubling the light frequency. The

exact position of 1.0 on the vertical axis is not known due

to the uncertainty introduced by the E~~ (21 psec) renormal-

ization. Nevertheless, the data of Fig. 7 indicates that the

band gap value for a A of unity is approximately 7.5 eV. The

energy of 3 photons of 5321 R light is 7.0 eV. Thus, for

materials with < 7 eV, the influence of multiphoton tran-

sitions dominates over the competing effect of the light fre-

quency exceeding the avalanche collision time of hot electrons:

the result is A < 1. For KH2PO4, we obtain a A of 0.70 which

is a frequency—dependent decrease of 30%. For materials with

F ~ > 7 eV, 4 or higher—order multiphoton transitions (neglecting

defect populations) are less effective against the WTc increase

at 5321 ~~ , and A values exceeding unity are the result. A

maximum A value of 1.44 is registered for LiF, a material

12.0 eV) unaffected by interband multiphoton transitions

at 5321 ~~~~.

It is perhaps instructive to consider the Keldysh model2°

for an indication of the relative strengths of multiphoton

• ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ * - —~~~~ —• -~~~~ _ - • •-
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1. transition effects in our materials. The Keldysh model

allows one to estimate for a particular field strength, the

I transition rate per unit of volume and time for the promotion

of electrons from the valence band directly to the conduction

• I band via the lowest-order, energetically sufficient, multi-

photon transition process. We have used the free electron

• mass, in place of the unknown effective mass, the band gap

values listed in Table I, and the breakdown threshold field

• 
- 

strengths from Table II [E~ (2l psec)J to calculate the

Keldysh rates. Here, because we wish only to consider the

rough variation of this rate for our six materials, such a

single field strength estimation will suffice in lieu of a

detailed computation. The Keldysh rate for KH2PO4, at 23.4

MV/cm with hw = 2 .33 eV, is large (—7 x 1028 / cm3-sec) due

to the fact that 3hw slightly exceeds the band gap. As we

go to Si02 at a field strength of 19.0 MV/cm the rate drops

by a factor of over 660 as the lowest-order transition then

requires four photons. The further successive decreases in
-I

the rate as one proceeds through NaC1, CaF2, NaF , and LiF are less

pronounced: 46,2,21,20, respectively. The trend of these

numbers is ref lecte~1 in the A data of Fig. 7. The much

I -greater strength of the three-photon transition for KH2PO4,

* 1
:

compared to the higher—order transitions for the other materials,

is consistent with the significantly lower A value for that

material from our experiment. The gradual increase in the
~1

5*
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A value for > 7 eV is consistent not only with the gradual

• weakening of the higher-order transition probabilities, but

also with the “low” frequency avalanche ionization, Joule

• heating model embodied in Eq. 1. Thus one sees that the data

of Fig. 7 illustrates the continuous evolution of the character

of the breakdown process as a function of material band gap

from the “pure ” avalanche ionization, Joule heating region of
S large €G into the regime where the influence of multiphoton

transitions is observable.

2. Self-focusing Behavior

The experiments reported here provide qualitative

verification of two aspects of self-focusing behavior in

the tightly focused geometry, which to our knowledge were

-~ 
•

- 
not investigated before. For the self-focusing experiments,

we used the same experimental arrangement as in Fig. 3.

However , three different lenses (focal lengths 1.0, 1.5,

3.0 in.) were used rather than one as in the previous section.

• Pulses of increasing power were passed with each lens into
- 

- the sample materials, one shot per site, and the threshold
- 

-•
~~~~ power for the production of a visible, light scattering

plasma at the focal point was recorded. Note that this

• criterion for plasma scattering (PS) is not identical to

the criterion for threshold breakdown as discussed in Sec.
- 

C.2. Great care was necessary to remove extraneous scattered

light so that only the focal volume was observed , Considering

I - ____________________________ -- - - : 
• - - - -

• — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . ~L~1- _ ._ _
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• 

•• the sensitivity of the eye at 5321 ~ to scattered photons,

one would not be surprised that the PS criterion required

less power to achieve than the breakdown criterion of permanent

• microscopic damage. For the 1.0 in. focal length lens which

was used for both experiments, the ratio of the PS threshold

power to the breakdown threshold power varied with material

-i’ ’ between about 1.0 and 0.5. Nevertheless, the experiments

showed that the PS criterion was sufficient to indicate

reproducibly the attainment of a well—defined electric field

in the sample. Because it is less time consuming to implement,

the PS criterion enabled several materials to be examined.

By plotting the PS power thresholds versus focal area for

the three lenses, as discussed earlier and illustrated in

Fig. 2, we investigated the trajectory of the breakdown curve

in the dotted region of that figure. Referring to Fig . 2,

consider the analysis of a data set containing points lying

in the power range P~~ to P;
1. A straight line fit to those

.~~~ points will yield a vertical axis intercept below P~~ and,

perhaps, even below P 1, if the construction in the dotted_p.
~:4 I

- region of Fig. 2 is correct. Our data for a typical material,

Sb 2, is shown in Table III. The calculated focal areas,

-
~~~ corrected for saturation as mentioned earlier, are listed in

column 2, and PS power thresholds are listed in column 3.

Columns 4 and 5 indicate that the power values almost span

the P1 to P2 region. If one plots this data as in Fig. 2,

a 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ —~~~~~ —_—--— ~~~~~~~~
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• TABLE IV.3

1 Self—focusing Data for Si02

• f A P P/P
1 

P/p
2

(in.) (pm 2) (kW)

1.0 15.9 138.9 0.49 0.13

1.5 36.6 260.2 0.93 0.25

3.0 155.7 709.1 2.52 0.68

~irit 
= 1138 kW

~~~~~~~~~ 
/ P

2 
1.09

I- 

---- - -- 
- .--

~~~~~~‘~~~~~~~~~~~~~~~~ 
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and fits a straight line to the three points , the intercept

of the line with the P~
1 axis yields a value pint of 1138 kW.

-• As stated in Table 111, this quantity indeed exceeds P2 ,

verif ying qualitatively the construction of the dashed break—

down curve as drawn in Fig. 2. A great need exists for accurate

numerical computational results of 41(P) with which the data

of Table III could be further tested.

The second aspect of self-focusing behavior which has

been qualitatively verified in our experiments concerns the

exact input power value , in the tightly focused geometry,
*5 which will result in a singularity in axial intensity . In

numerical computations , such a singularity is recognized as

a rapid increase in intensity of orders of magnitude with

only a small incremental increase in input power.28 In the

experimental situation , the singularity is restricted to

the breakdown intensity . As listed in Table 111, in Si02

we were able to focus up to 0.68 of P2 before initiating

a sizable plasma density . Of the six materials we tested,

P/P2 for the 3 in. lens was highest for Si02. The other

materials registered P/P2 between 0.32 and 0.57 for the 3 in.

a lens. All these P/P2 values correspond to P/P1 values exceeding

unity . Therefore , we have verified that in the tight externally
28focused geometry,  as discussed by Marburger , power of P1

is insufficient to produce a self-focus singularity . We were

not able with our lenses to verify that the full P2 is so

_ _ _ _ _ _ _
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• required , but we did determine that at least —0 .7 of P
2

is required. This data could be extended further, of course,

with longer focal length precision lenses.

• E. Discussion

In Section D we interpreted the measured, frequency-

dependent threshold changes (Fig. 7) in terms of the two-
- 

component picture of laser-induced breakdown which is

- schematized in Fig. 1. The interesting behavior there is

[ • provided by competition between the frequency trends of

~ / avalanche ionization and multiphoton absorption. One would

like to be able to directly compare the experimental data of

Fig. 7 with existing theoretical predictions . At present,

however , none have been presented for our experimental

conditions of wavelength and pulse duration. This situation

is due to the unavailability of experimental multiphoton

absorption coefficients at 1.064 pm and 532]. R. This absence

is unfortunate because the only available avalanche ionization

rate data for laser-induced breakdown is for 1.064 pm wavelength

• in alkali-halides.1’46’47

~ -a 
Multiphoton ionization coefficients have been measured

• (by photoconductivity detection) at 6943 ~ and 3472 ~ in NaC1,

KC1, and KI, however , by Catalano ~~ ~~~48 and Dneprovskii

~rj  et a1.~~ Braunlich ~~ ~~~2l have used that data , along with

the 1.064 pm avalanche ionization rate data (neglecting its

- “ - -

I

I
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frequency dispersion) to investigate numerically the influence

of multiphoton absorption on breakdown in NaCl at 6943 ~ and

347 2 ~ (30 nsec FWHM pulse duration). They calculated , as

a function of light intensity, the conduction electron density

- 
-
~ generated by pure avalanche ionization , by avalanche ionization

with five-photon interband absorption , and by avalanche with

- 

- 

•~ five-photon absorption plus an F-center population. Their

results showed that multiphoton absorption, both interband and

- 
via F—center levels, is more efficient at producing initial

electrons at low field strengths than is avalanche ionization.

They also showed that the avalanche ionization efficiency

dominates the plasma generation for electric field strengths

- • over about 1 MV/cm, regardless of the presence of the other
- 

multiphoton mechanisms. Our morphological data, at 1.064 pm

and 5321 R (Fig. 5), indicates that the last statement is

indeed true. At both of those wavelengths we observed the

‘1 same morphology,  even in KH2PO4 at 5321 R where three-photon
transitions are possible. At both wavelengths the morphology

consisted of spatially distinct plasma sites separated irreg-

ularly by short (—1 pm) undamaged spaces. If strong multi-

P - photon absorption were dominant in the breakdown process , one

would expect to see , not spatially distinct plasma vestiges ,

but spatially continuous evidence of damage along the focal

axis even at breakdown threshold. As Fig. 5 demonstrates ,
~~.1

that is not the case. At 5321 ~, in materials with ~ 
> 7 eV ,G

-

— 
-~~ — 

~~~
‘

-

— 
5. -
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- the character of intrinsic picosecond laser-induced break-

I down is dominated by the familiar avalanche ionization

mechanism. This situation is not expected21’19 to persist

• for wavelengths much shorter than 5321 ~ in our sample

materials of band gap 7 to 12 eV.

- Another recent theoretical analysis has been made by

Sparks.4’25 He included electron-photon-phonon transitions
V

as a new mechanism for sustaining an avalanche, and he also

included multiphoton absorption for initial electron generation.

His theoretical threshold values for 10.6 pm , 1.06 pm , and

6943 ~ laser-induced breakdown fall within the uncertainty

• limits of the experimental values. His calculations predicted

a decrease in the NaCl threshold to be observed for wavelengths

shorter than about 1.0 pm (for nanosecond pulses). Our pico-

second pulse data do not follow that prediction. They do not

I: show the predicted “-50% decrease of the threshold between

1.064 pm and 5321 R. If NaCl behaves in a way similar to

KIL,POA , our data suggest that a threshold decrease may be
ft t 

‘- •1

- expected for wavelengths shorter than about 3hc/SG 4300

- Several other points raised in Refs. 4 and 25 merit discussion.

It was stated in these papers that the difference between

9
~ 

-

~~ 
- early DC thresholds and those measured by Yablonovitch was

~ p.1
attributed to avalanche ionization frequency dependence, as

embodied in Eq. 1. That assertion is incorrect. Yablonovitch9

warned against such assignment of the systematic difference that

I 
_ _ _ _ _  _ _ _ _ _ _ _-
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he found , and indicated that the more probable origin of

that factor concerns details of the DC experiments. Others19

- 
have restated that point. Concerning the avalanche ionization

frequency dependence as given by Eq. 1, both the present work

and an earlier experiment~~ indicate that Tc is of the order

2 x 10 16 sec , whereas the calculations of Sparks25 predict

S. that T c should be larger roughly by the factor 10. A final

point concerns the initial density of electrons that may
- serve to launch an avalanche. It is stated by Sparks that

1 because of insulator electrical conductivity and photocon—

( ductivity values, initial electron densities should be less

:
5

- 
than ~~~~~~ cm 3 and that densities as large as i010 cm 3

are unreasonable. Yet direct experimental evidence of such

-
• large densities has been found in picosecond laser—induced

breakdown morphology .3 The resolution of this point lies

in the fact that the photoconductivity measurements , to which

Sparks alludes, must involve light intensities too weak to
~5(

permit the ionization of color center traps by multiphoton
- f -it

absorption, and photon energy too small to allow single-photon

ionization. Color center densities as low as loll cm 3 are

difficult to detect by linear absorption spectrophotometry.

It is therefore possible to have a clear NaC1 sample which

satisfies the insulator criterion (dc conductivity a
—20 — l — 1 - 1]. —310 ohm cm ) ,  yet simultaneously possesses 10 cm

F-centers which may be ionized by 1.064 pm two-photon

- 

5*;, 5~
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absorption to produce breakdown morphology as observed in

Ref. 3.
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CHAPTER V.

STUDY OF PICOSECOND LASER-INDUCED BREAKDOWN AT 3547

A. Introduction

This chapter relates our ef fort to accurately measure

breakdown thresholds in a series of materials using 3547 R

picosecond laser pulses. In order to investigate the widest

possible range of material band gap , the series of materials

included as many as possible of the materials tested at 1.064

pm and 5321 R (Chapters III and IV of this dissertation): LiF,

NaF , CaF2, Si02, and KH2PO4 (KDP). These materials cover a

band gap range of about 12.0 to 6.9 eV and , with a 3547 ~ photon

energy of 3.50 eV, present the opportunity to study dielectric

breakdown assisted by multiphoton transitions of various order,

all the way down to two-photon absorption in KH2PO4. Results

from this study have provided qualitative verification and

extension of the documentation of frequency dependent breakdown

behavior , as first described in Chapter IV.

Section B of this chapter describes the experimental

j equipment, procedure , and difficulties. The results are pre-

sented in Section C and discussed in Section D.

B. Experiment

1. Apparatus
I,’. - -

The components of the exper imental apparatus are

.
-

-~~~ 
_ _-__ • 
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illustrated in Fig. V.].. The optical input to that series

of components is the single, 1.064 pm , nominally 30 psec ,

laser pulse from the laser system described in Chapter II

of this dissertation. The characterization and frequency

• 
• 

- conversion of this infrar ed pulse is begun with the components

within the dashed line. The potassium dihydrogen phosphate
- 

(KDP)  crystal HG1 and vacuum photodiode detect~ors Dl and D2
-I

yield the two energy signals required for the pulse duration

measurement by the TA technique , as described fully in Appendix

II. The infrared pulse is next frequency-doubled in a second-

/ harmonic generation cell HG2 containing a cesium dihydrogen

arsenate (CDA) crystal. This crystal is electronically main-

tam ed at a temperature of 42 °C, which is the temperature

that noncritically phase-matches the oriented CDA crystal. The

benefits of noncritical phase-matching1 are the absence of

deleterious walk-off 2 effects due to double refraction , a

relatively large acceptance angle of input beam divergence ,

and stability of Gaussian spatial profile for an unlimited

period of time . These properties, not obtainable with the

- more familiar angle-tuned KDP doubling crystal , are essential

for the production of precisely known , optical electri c field

distributions . The conversion efficiency for second-harmonic
p -

generation is monitored with the filtered detector D3. The

limit to the amount of 3547 ~ light that we may produce with

this equipment is set by the damage threshold of the CDA

1.- li 
~• 1~ 
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material. At the conservative maximum incident 1.064 pm

• . 9 2 .irradiance level we have used (—3 x 10 W/cm with 100 MW

single pulse power) , the power conversion efficiency was 50%.

The 1.064 pm and 5321 ~ pulses exit collinearly from

- 
I 

the CDA cell into the final frequency mixing crystal (FMC).

In this crystal the orthogonally polarized infrared and second-

harmonic pulses are mixed to produce light at the third-harmonic

wavelength of 3547 ~~~~. This frequency tripling crystal is made

of KDP and is phase-matched by angle-tuning . Unfortunately,

no material is available with the proper temperature behavior
~~~

- 1
of refractive indices (ordinary and extraordinary) to allow

temperature-tuned , 900 phase—matched frequency summing at - -

these two input wavelengths. The maximum power we have obtained

at 3547 ~~, under the conservative limiting conditions mentioned

above, is about 8 MW for a power conversion efficiency of —8%

from 1.064 pm to 3547 ~~~~. Conversion efficiencies for frequency

tripling of up to 30% have been obtained by others3 using longer

crystals. Further detailed characteristics of the 3547 ~ pulse

- _ will be related in the following paragraphs. Spatial separation
•
~~~

of the three output pulses from the tripling crystal is performed

by quartz prism P. The UV pulse is then sampled by two quartz

beam splitters , before passing through a light-shielding curtain

and into the damage chamber. The first of the two samples is

directed onto a commercial Reticon4 self-scanning linear array

of 256 miniature photodiodes (LPA). The diodes are spaced by

- - . 4
- -~~~~~~~ 

~~~~~~~~~~~~ i~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~



- - -‘ -—- —--—---—
~~

—----
~
-•- —------ .~~ ..

V-5
-9’-- 1

0.05 mm , and are incorporated onto an integrated circuit chip.

This device , coupled to an oscilloscope, displays the spatial

energy profile of the impinging light pulse. With it, we are

able to measure the area of the 3547 ~ pulse and check its

• spatial profile quality. Further mention of its use will be

made below. The second sample of the main pulse enters a

calibrated photodiode D4, in order to provide a measure of the

UV pulse energy just before it enters the lens. The charac-

terized UV pulse finally is tightly focused by a quartz lens

(L) into the dielectric sample (S) under investigation. The

sample is held in a three—dimensional translation holder so

that the pulse may be directed through any volume element of

the sample.

In Chapter II of this work, it was made clear that three

pulse parameters must be carefully measured to allow the

• accurate determination of the electric field distribution of

the optical pulse. The sufficiency of these three parameters -

the spatial profile radius p, the temporal half-duration -r,
~~- - 5,

and the total pulse energy ~~~~~~
- is based on the assumption that

the pulse spatial and temporal functional form is unchanging .

We will now consider the degree to which the characteristics

of our 3547 ~ pulses allow us to determine the field distribution

in this experiment.

The third-harmonic pulse energy (e ) measurement isTH
straightforward , as it was in the previous 1.064 pm and 5321 R

1~
5.
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experiments. The detector D4 in Fig. V.1 was calibrated

5again with two Eppley Laboratory thermopiles, which were

themselves calibrated with National Bureau of Standards spectral

sources. Again , the detector area is large enough and the

detector—oscilloscope response time is long enough that true

I 
spatial and temporal integration is performed over the pulse

waveform by the detector. Our cal ibration method yields pulse
- energy measurements with an estimated accuracy of better than

±10%.

The temporal waveform of the 3547 ~ pulse is closely

Gaussian for small conversion efficiencies in both the doubling

and mixing crystals. In that case, the average duration of the

UV pulse will be l/v’~ of the 30 psec 1.064 pm parent pulse

~ 1 duration (or 17 psec). This l//~ degree of pulse shortening

I has been roughly conf irmed experimentally with streak camera

photography .3 As the conversion ef ficiency increases, pref—

erential saturation of the doubling and mixing processes at

the temporal peak region of the pulse results in an effective

lengthening of the duration. The saturation results simul-

taneously in an effective broadening6 of the pulse area as the

pulse becomes more square in profile. Fortunately , our experi—

mental procedure - specifically the TA technique (Appendix II) -

allows us to incorporate these broadening factors into our data

3. analysis. In the low conversion regime , it is easily shown

that the ratio
*~ ~~~TH of the fundamental (f ) and third-

5.’

- - 
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harmonic (TH) pulse energ ies is directly proportional to the

third—harmonic pulse area A and half-duration T and is inde—

~~~

• j pendent of the pulse intensity. For data in the low conversion

regime , we may normalize the individual pulse%! I e~ signals

to a product of a half-duration -r of 17 psec and the actual

pulse area as measured with the photodiode array. Then for

the remaining data points in the higher power range, the

signal s will become progressively larger and will properly

a take into account the broadening of the duration and area .

We have discussed the energy and pulse duration measure-

ments and the minor saturation broadening of the pulse area,

if p2 It remains to consider the distortions in the pulse

-• spatial profile which are due to walk-off and self-focusing

-
~~~~~ in the KDP mixing crystal. Fig. V.2 illustrates the typical

spatial distribution of energy that we obtained in a 3547

pulse. Walk-off7 is the term which describes the decrease in

overlap , proportional to the distance traveled inside the non-

linear crystal, between the nonl inear polarization wave and the

generated light wave. Walk-off is caused by crystal birefrigence,
-ii and it results in a cylindrically asymmetric , distorted spatial

waveform for the 3547 ~ pulse. The poor spatial profile exhib-

ited in Fig. V.2a is the result in the plane most severely

affected. Fig. V.2b shows the distortion which occurs in the

plane normal to that of Fig. V.2a. One observes in these

photographs the departure of our spatial profile from a

~¼. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5-
~~~~ ----~-* ~~~~~~~~~~~~~~~~~
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Fig. V.2 Oscillographs of the spatial
energy distribution of the 3547 ~ opti-
cal pulse. Figures (a) and (b) are a

- 

taken in the orthogonal planes of most
and least influence from walk-off , resp.
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Gaussian form.

Nevertheless, the input area of the (P1 pulse of Fig. V.2

must be estimated by f itting to it a Gaussian curve, as shown

in Fig . V.3. The input profile radius p (0.81 mm) obtained

from the dotted Gaussian curves of Fig. V.3 yields (with Eq. 3

of Chapter III, Part A) a focal area A (1rw2) of 5.6 pm
2. If

the laser profiles of Fig. V.3 fit the dotted Gaussian curves

perfectly,  the uncertainty in A would be less than ±20%, as was

the case in the experiments at 1.064 pm (see Fig. 2, Part A of

- 

- 

Chapter III). The actual fit of the profile in Fig. V.2b is

acceptable, but because of the modulation evident in Fig . V.2a,

the f it there is poor and leads to additional uncertainty in

the focal plane area. Since the lens essentially performs

a Fourier transformation , the abrupt transverse intensity

variations (high spatial-frequency modulation) of the input - 
-

pulse result in a deconcentration of the energy distr ibution

F in the focal plane which is not taken into account by the

Gaussian beam propagation equations used above to arr ive at

the area of 5.6 pm2. Rough estimation indicates that the

actual effective area might be as much as a factor two larger
•5~ 5~~~~~~~

than the 5 6  pm2 value obtained by Gaussian approximation .

If the laser spatial profile were constant from pulse

to pulse over the period of time necessary for an experiment

to be performed , the scanning aperture technique (Chapter III,

Part A) could be used to measure the effective area in the

5.
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Fig. V.3 Illustration of the approx-
• imate fit of a Gaussian curve to the

laser pulse spatial profile. The pro—
- 

- file radius p is used to compute the
- - area of the pulse in the focal plane

of a lens.
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focal plane. That avenue of relief was blocked in this

experiment by the last distortions which must be mentioned

- - 
and which are both time— and power--dependent. Over a period

-

- 
of a few (—3 to 5) minutes, minute movements in the optical

table resulted in variations in the KDP phase—matching angle,

and the large-scale fringe structure in Fig . V.2 wandered
- -

- 
correspondingly.

: 4

: 

At high power levels self-focusing of the 3547 ~ pulse

- • 
- I in the KDP crystal and in the subsequent quartz elements sig—

• nificantly enhances the noise structure produced by the phase-

I - matching conditions. Such self-focusing , which grows from

small-scale spatial hot spots on a pulse, is known as “small-

scale self—focusing ” . This latter spatial instability is

to be distinguished from the “whole-beam ” or “large-scale ”

self-focusing which was discussed in the breakdown experiments

- 
- 

of Chapters III and IV. Enhancement of the hot spots on the

- 
pulse by self-focusing was easily observed by removing the

sample (see Fig. V.1) and displaying the diverging 3547

light on a fluorescent card (or bleached paper). The strong

power dependence of the enhancement was clearly observable.

Hot spot enhancement by self-focusing was observed to occur

I
- 

for input power levels over roughly 150 kW , and was present

in the breakdown tests of all materials except CaF2. This

effect  results in di f ferent, uncalculable reductions in the

effective focal area for materials which undergo breakdown 

-

4 
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at different power levels. The influence of this effect is

in opposite direction to the enlargement of the focal area ,

: 1 mentioned earlier, caused by the Fourier transform of high

spatial-frequency components on the input pulse. Therefore

- 
the true effective focal area for CaF2 is probably nearer the

11.2 pm2 estimation than the 5.6 pm2 value, but for materials

with increasingly higher threshold power, the probable effective

/ - area is reduced to values closer to 5.6 pm2 and perhaps less

by hot spot enhancement. This material dependent effective

• area makes difficult the extraction and substantiation of even

relative breakdown thresholds.

p -
~ The conclusion of this section is that the best 3547

- 
pulse that could be produced was decidedly less suitable for

absolute electric field measurements than the 1.064 pm and LI

5321 ~ pulses used in previous experiments. Aside from any

consideration of whole-beam self-focusing , the spatial degra—

dat ions mentioned above impose an uncertainty on the focal -•

point power per unit area of roughly 100%. Repercussions of

this uncertainty will be discussed in Section C of this chapter .

~~~~ 2. Procedure

* The procedure for this experiment is identical to that

of the 5321 ~ experiment as related in Chapter IV (pages IV-

20 to IV-23) and the reader is referred to those pages. One —

of the six materials studied at 5321 ~, NaC1, was eliminated

- .- • from the 3547 R experiment because of distortion by surface

-e 
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polishing scratches. Due to the magnitude of the breakdown

input power relative to the self—focusing critical power , data

in this experiment was taken only with our shortest focal length

(0.5 in.) lens.

C. Results

The data from this experiment are listed in Table V.1.

The five tested materials are KH 2PO4 (KDP), fused Si02, CaF2,

I - 
NaF, and LiF. These five materials were studied at the two

previous frequencies of 1.064 pm and 5321 ~ . The linear re-

fractive indices n at 3547 are listed in column 2. Columns

3 and 4 tabulate the “paraxial ” critical power P1 and the

:‘ ~ “catastrophic ” critical power P2, calculated using the nonlinear

refractive index (n2) values listed in Table 1 of Chapter IV

(page IV-26). These quantities were introduced and discussed

at length in Chapter IV. The quantity P1 equals cX
2 / 32-rr 2n2,

where c is the vacuum speed of light and A is the light wave-

length in air. P2 is equal to 3.7 P1. Because of the A 2

dependence of P1 and P2, the 3547 ~ critical power values in

Table V.1 are smaller than the corresponding entries in Table 1

of Chapter IV by a factor of 9/4 .  In column 5 the measur ed values

of the pulse input power at the breakdown threshold are listed ,

and columns 6 and 7 tabulate the fractional quantities P/P1

and P/P 2.

As derived in Chapter IV (see Eq. 6) the breakdown

4
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~ threshold electric field E3 may be obtained from the threshold
- power P with the relation

1/2

1
; EB = 1 1 

. (1)
n0e0c A 1 — ______

All the quantities in Eq. 1 have been defined in this chapter
- except 

~~ 
the permittivity of free space , and q (P), the self-

-
~~ focusing function introduced in Chapter V . To recapitulate,

the known limits of 4 (P) are c~ (P)  -
~

- 1 for P << P1 and q (P )  ± 3.7

7 for P £ P2. Between these two limits q (P) is presently unknown.

I The obstacles to the interpretation and extraction of a

breakdown threshold electric f ield from the data of Table 1 are

two-fold. One of them has already been mentioned and it is

the substantially non—Gaussian and unavoidably poor spatial

character of the 3547 ~ pulse due to the details of the final

frequency mixing process and self-focusing . The specific result

‘. of the propagation of that distortion into the focal plane is

that the intensity distribution there is irregular with an

effective area A known only to within a factor 2. The probable

• 
. eff ective area varies with input power , as well.

The other obstacle is the magnitude of the breakdown thres-

I 
- 

hold power P relative to P1 and P2. As the entries in columns

6 and 7 show, the P values f i t  neither of the two limits mentioned

above. The CaF2 input power more closely f i ts  the P << P1 limit,

5. 
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while the other input powers more closely approach the P -
~~- P2

limit. It is therefore necessary to consider different ranges

of the q (P) function for the different materials, in order to

deduce realistic upper and lower bounds for EB from Eq. 1.

Column 8 of Table V.1 lists the considered ranges of 4(P). In

comparison to the large uncertainties introduced by the area A

— 
•
~~ . (5.6 to 11.2 pm2) and by ~ (P) in Eq. 1, the small (±10%) uncer—

tainty in the input power P is immaterial and therefore neglected .

The next to the last column of Table V.1 lists the 3547

breakdown threshold (Er’) results obtained in this experiment.

The stated range in E~~
V results from the uncertainties in A

and q (P). The lower and upper limits of E~” for each material

were obtained with the use of the upper and lower, respectively ,

- • limits of A and 4 (P). The range of E~~
V for a given material in

column 9 constitutes an uncertainty of —±35% about the average

of the upper and lower limits. The reason the data were not

4 displayed in that manner is that the power— (and thus material-)

dependent hot spot behavior points to different probable location

of the true threshold within that ±35% range for the different

mater ials. For example , for CaF2 the true threshold is closer

to 18 MV/cm than 33 MV/cm , due to the small P/P1 factor and the

resulting absence of hot spot enhancement. But for LjF, the

true E~
”1 may be nearer 70 MV/cm than 35 MV/cm.

In order to f ind whether interesting frequency dependent

behavior is resolvable in this data , in Fig. V.4 we plot the

V. _ _ _ _ _ _ _ _  _ _  - _ _--
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ratio E~~
V / E~ (or rather the range thereof) versus material

V 
band gap. The 5321 thresholds (E~ ) are taken from Table II

of Chapter IV. Here we ignore the common effect of the small

pulse dura tion difference (nominally 17 psec at 3547 versus

21 psec at 5321 ~) on the threshold ratio.

The relative and absolute positions of the data bars

for CaF2 and LiF seem reasonable, in view of the similar data

of Chapter IV (Fig. 7). We also observe an absolute increase

in the NaF threshOld , as expected . Yet the reason for relative

magnitudes of the NaF and LiF thresholds is not known, unless
¼ 

it is the simple manifestation of the large experimental uncer—

-p tainties. The observation that the E~~
1 / E~ values for KH2PO4

and SiC2 in Fig. V.4 are as large or larger than that for

LiF can be explained , however. In Fig. 7 of Chapter IV , the

interpretation was advanced that the marginal onset of three-

photon absorption (3PA) lowered the KH2PO4 threshold at 5321

relative to that at 1.064 pm. If we apply that observation

to the present 3547 ~ experiment, we conclude that the 3PA

might serve to lower the thresholds for materials with band I -

gap less than 10.5 eV. CaF2 has a band gap of 10 eV and indeed

in Fig. V.4 one observes that the threshold ratio bar for CaF2

allows the possibility that the 3547 ~ threshold is less than

the 5321 ~ threshold. For Si02, 3PA would be considerably

stronger due to its band gap value of about 8.0 eV. It is

expected that strong 3PA caused beam depletion along the focal

a -

a 

— -
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Fig. V.4 Illustration of the band gap
dependent behavior of the threshold ratio
observed in the pre~cnt experiment. E~~V and
E~ are the 3547 R and 5321 ~ thresholds , resp.,• • ,4 a~ tabulated in Table V.1. The origins of
the uncertainty in the data are discussed in
the text .
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axis in the Si02 sample and thus caused the / E~ value

exceeding unity in Fig . V.4. A similar explanation may be

advanced for the even larger E~~
V / E~ values observed for

— ~~2P04. For that material , two-photon absorption is energet-

ically allowed at 3547 ~, and beam depletion before the focal -;

point would be more severe.

~ .1• D. Discussion

We see that the data of Fig . V.4 is in large both explicable

and reasonable in light of the earlier data obtained at the wave-

lengths of 1.064 pm and 5321 and displayed in Fig. 7 of Chapter

IV. Although the uncertainties introduced by pulse distortion

did not allow the determination of precise breakdown thresholds

at 3547 the frequency-dependent behavior observed first at - 
-

5321 was verified and extended qualitatively . Larger thres-

holds were found at 3547 L than at 5321 ~ or 1.064 pm , for

materials which do not permit two— or three—photon interband

absorption to occur at 3547 ~~~~. For one material , CaF2, which

supports weak three-photon absorption at 3547 R , a decrease in

the 3547 ~ threshold , compared to its 5321 ~ threshold, was

found. This threshold behavior at 3547 ~ in CaF2 corresponds

energetically to that found in KH2PO4 as the light frequency

was doubled to 5321 ~ in the prior investigation. At 3547 L - •

~ 
-

-
~~~~

for materials (KH2PO4 and SiC2) with optical band gap smaller

than that of CaF2, an increase in the threshold input power

- 

-
~~~~~~~~

-
~~~~~~ ~~~~~~~~~~~~~~~~~~ 

—
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was also observed . However , those increases were interpret-

able as arising from depletion of the laser pulse , by strong

two- or three-photon absorption , as it passed through the

sample toward the focal region.

The indications of strong multiphoton absorption in

KH2PO4 and SiO2 suggest that if the breakdown experiment had

been conducted on the sample surface rather than in the bulk ,

large decreases in the thresholds might have been observed at

3547 ~~~~. The study of breakdown on surfaces would alleviate

two di f f i cu lties which complicated the study described in

this chapter - self-focusing in the sample and multiphoton

absorption pulse depletion in the sample. Because of the

wavelength dependence of these two factors , surface break—

down study will be increasingly attractive for wavelengths

below 3547 ~ . The use of 2661 ~ fourth-harmonic light,

generated entirely with 900 phase-matched materials (CDA and

ADP), for such a study would remove walk-off distortion , as

well. The benefits of surface breakdown study in the ultra-

violet spectral region will be offset somewhat by other well-

- 
- 

known problems associated with surface breakdown. Those

problems originate with surface impurities and imperfections .9

Because they generally introduce threshold electric field

uncertainties of about a factor 2, the surface quality problems
~
t

will require serious attention and solution if accurate and

reproducible thresholds are to be obtained .

V.
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The main conclusion of this chapter is that the break-

down threshold does increase with light frequency , as predicted

by the avalanche ionization model, up to the frequency where

a 

- 

three—photon absorption may take place. Beyond that frequency ,

the assistance of the essentially instantaneous multiphoton

- absorption transitions dominates the avalanche ionization fre-

-
~ quency trend, with the result that the breakdown threshold is

- 
- reduced. It can now be said t~ at the experimental study of

I laser—induced breakdown has been extended to the quantum regime,

and that the predicted1° behavior of the breakdown threshold

has been observed .
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Two-photon fluorescence in aftenuati ng media and laser
- 

- pulse duration measuremen ts *
J. H. Bechtel and W. L. Smith

• Gordon McKay Labor atory, Harva rd Uni,ersity. Cambridge. Massech,gseus 02138
(Received 16 April 1975; in final Ionn I August 1975)

Analytical and numerical results are obtained for two-photon fluorescence in an attenuating medium. Cases
of one- and/or two-photon attenuation are considered. These results are interpreted with respect to the
measurement of ultrashort laser pulses-

• PACS numbers: 42.65.D. 42.60~N

The method of two-photon fluorescence (TPF) has Gt2t (x ) = f I ( t  — x) I ( t)  dt.
been widely used to measure the duration of ultrashort

- light pulses produced by mode-locked lasers. ’ In gen- This result has been obtained previously2 and implies a
- eral , if two oppositely directed pulses of equal duration contrast ratio K=S(O)/ S(aaca )=3 . We wish to note , how-

overlap each other in a two-photon absorbing mediu m , ever , that contrast ratios less than 3 will be obtained if
then the spatial distribution of the fluorescence decay the pulses have unequal irradiances. Moreover , the• 
may be used to infer the duration of the pulse. A typical spatial distribution of the TPF decay will also be dif-

length is exhibited in Fig. 1. For the case of TPF in a cell of length 2d and with

) 

experimental arrangement for measuring the pulse ferent if there is pulse attenuation in the TPF cell.

For simplicity we will assume that the laser pulse significant beam attenuation via one-photon absorption
has a uniform spatial profile and that there is tothi or scattering , Eq. (1) becomes

- 
spatial overlap of the two oppositely directed pulses - 

~~~~~~~~~~~~~~~~~~~~~~~~~ z f l +  92 exp[—2 ei (d — z) 1when they intersect each other in the center of the cell.
If the total time integrated fluorescence at a position z + 4B exp [— 2 a d — 2z2/ (r 3v2 ) J } . (3)

~t is denoted by S ( z) , then Here !,~ is the irradiance at z = —d and ‘as is the ir- -

S(z ) 
~~ £ — z/V) dl + 

~~ 
I~(t + z/ v)  dl radiance at z = d. The one-photon attenuat ion coefficient

is ~~~, r is the l/e pulse half-width of the assumed tern-
+ ~ 

~~~~~ 
1, (1 — z / v) 12 (1 + z/ v) d t , (1) porally Gaussian pulse , and 9 is equal to J ~ / i~ .

where I , and 12 are the irradiances of the two pulses. ~ ~~~~~~~ 1I~ the result becomes
The position z = 0  corresponds to the position of corn- S(z)cz 2 (~7r)”2 rI~exp (_2ad)

— plete overlap of the two oppositely directed pulses , and
v is the group velocity of the pulse in the fluorescent x~Cosh(2oz)+ 2 exp[ — 2z2/(7 2v2)

~}. (4)
medium . The results of Eq. (3) are presented in Fig. 2 for

For the case of equal intensities and no attenuation of several values of 9 and a .
~ - , t the pulses due to either scattering or one- or two-photon

absorption , Eq. ( 1) reduces to 
30

- -, S(z) ax 1 + 2Gt2 ’(2z/r) [G 12t (0)] ’, (2)
where

2

AMERA

~~~ 

DYE
CELL

- 

_____________________ 

FE. 2 . Plot of be~~photon fluorascence Latenai~ S (La arM-

z 6

I a a a 4

~~ ‘IS trary units) versus z. The total TPF cell length La 10. 0 cm.
The pulse du ration full width at half-maximum is 30 peec.FIG. 1. Schema tIc diagram of the TPF experiment. M , mir-  Curve a a=o , e ~1.0; curve ~) ago, e= o .75; curve (3) a

ror; BS, beam splitter. =0 .13 cm~ , 6= 1 .0; and curve (4) 0=0. 13 cm , 9=0.75 .
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____________________________________________________FIG. 3. Plot of two—photon fluorescence IntenSi ty S (in arbt- -~ -~.o 
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0.0 
- 

5.0tra ry units) versus z . The tota l TPF ce ll lengt h Ia 10.0 cm , z
and the max i mu m li-radia nce is 3 GW/cm 2 . The pulee du ration FIG . 4. Densitometer trace of two-photon fluore scence pro-full width at half-maximum is 30 psec. Curve (1) 0 0 . 0 duced optical density versus a. This trace results fr om a sin-1.0, (4 =0;  cu rve ~ ) a= 0 . 1 3  cm~~ 6 - 1 .0 , 13~~0; and CU rve gle laser pulse extracted from a Nd :YAG mode—loclmd laser.(3) 0 = 0 .13 cm~~, 0 = 1 . 0, 13= ~ . 4 ~ 1(r ~ cm -lW . The T~~ medium is a 1~~ solution of R hodamine fiG La ethanol

placed in a 10—cm-long dye cell.
I -

tion are significant , the resul ts  become somewhat more 1.06 ji m. The incident laser pulse is assumed to be7 If both one-photon attenuation and two -photon attenua-

complex. For the case of a spatially uniform but tern - temporally Gaussian with a pulse duration of 30 psec
porally Gaussian pulse the irradiances are given by the full width at half-maximum; the maximum irradiance is
expressions 3 GW/cm 2 . For this example a=0. 13 cm~ and j3=- 8.4

( 1 —  a v ) ~ \ X 10~~ cm/W . ~
— z/v) = 110 exp (_ ) exp [— ~( d +  a) ]

From Figs. 2 and 3 we observe that if there is
z v) ~\ significant attenuation of the pulses in passing throughx {i + (-a) l,0 exp r2 / the TPF cell by one-photon absorption and/or two-

-‘ photon absorption , then the spatial dependence of thex {l — exp[—a(d + z)]}J TPF profile may change significantly from the results
and predicted assuming no depletion of the oppositely

(t + ~~
— 

~~~ 
\ directed laser pulses. It is evident from these figures

12(1+ z -  t - ) =  I z0 exP (_ ~ )exP[ _ a (d — a)] that one must use care in interpreting contrast ratios

~~~ x + (~~)izo exp (_ 
~ 

) Finally , we note that we have performed several

derived from these figures.
(t + z / v ) 2 \

experiments using single pulses produced by a mode-] .‘ locked Nd : YAG laser to observe TPF . These experi-xj i  — exp[— a(d — z) ] } ments clearly show that there is significant attenuation,.
- ,- of the laser pulse as it passes through the dye cell. AHere 13 is the two-photon attenuation coefficient and is typical densitometer trace is exhibited in Fig. 4. Therelated to the two-photon absorption cross section a~

21 , asymmetry of the trace is produced by the inequality of

~~~~~ If the two-photon absorption cross section has units

volume n, and the photon energy 11w by the expression this experiment. Our experimental results are in rea-

the number of two-photon absorbing molecules per unit the intensities of the two oppositely directed pulses In

j3=&21 n/ hw. sonable quantitative agreement with the theoretical de-
scription presented here.

cm 3, and 11w is expressed in Joules , then 13 is expressed
in cm/W .

No simple analytic expression may be obtained from 5suppo rted in part by the Nationa l Aeroeeuttca and Space
Ad ministration.Eq. (1) in this case , but numerical results are presented 1D.J. Bradley and O.H .C New, Proc . IEEE 92 , 313 (1974).

in Fig. 3 for several examples. The numerical exam- 2D. von der Linde , IEEE J . Quantum Electron . QE-6, 328
• pie for a-t O and 13*0 corresponds to a 10 2 M solution

of Rhodam ine 6G in ethanol for a laser wavelength of 3j • P. Hermann and J. Ducutng , Opt . Comm*m . 6, 101 (1972).

-l
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Appendix II

A Simple Technique for Individual Picosecond
1 

Laser Pulse Duration Measurements
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A sim;ie technique for indivi dual picosecond laser pulse
duration measurements *

W. L. Smith and J. H. Bechtel
Gordon McKay Labo,a1o,~ Harvard University. Cambridge. Maxsocluaeus 02138

We describe here a simpic nonlinear optic technique for the measurement of the du~~tion of individual

(Received 9 May 1975; in final form 20 August 1975)

measured. An eaperimental test of the basis of the technique is described.
picosecond pulses. The accuracy and relative simplicity of the technique increase with the number of pulses

PACS numbers: 42.60 N, 42.65.

I. INTRODUCTION useful for measuring single-pulse durations as short -

as 10.13 sec or less , provided the average pulse dura- 
-Although a decade has passed since the generation 

tion of such a short-pulse generator can be measuredof the first mode-locked laser pulses, the measure- by other means. Section LII describes an experimentalmeat of the duration of individual picosecond laser test of the theory of the technique, the analysis and re-pulses is still accomplished only with difficulty. The suits of which are presented in Sec. IV.only direct method of measurement is streak-camera
photography. The technology of streak photography has

II . THEORY OF THE TA TECHNIQU Eadvanced to the point that subpicosecond resolution has
been achieved , 2 and clearly streak photography is the We begin the description of this technique by consid-
optimal method of measurement when the experiment ering a laser pulse having Gaussian spatial and temporal
involves a limited number of pulses. However , the cost distribution of intensity:
of a streak camera may be prohibitive. In addition , I (r , 1) = 1~ exp[— (r ip) 2] exp[— (f ir) 2  1. (1) 

-

the associated photographic development and photoden-
sitometric analysis of the data is time consuming. In The energy content in a sample of this pulse will be
that respect , a streak camera is not ideal as a simple proportional to the quantity (, given by
and rapid monitor when many pulses are involved. 

~~. f  J~’ I (r, 1) 2 irrdrd l = ir ’12 I0rA, (2)Single-pulse two-photon fluorescence1 (TPF) is the
most widely used method of measuring temporal dura- where A = up 2 is the pulse area and r is the l/e half - -

tion. The advantages of this technique are experimental width of the intensity distribution. Such an energy mea-
simplicity and economy. Several factors may hamper surement is performed by the beam splitter BS-1,
the straightfo rward interpretation of the data, however , photodiode PD- i , and the oscilloscope in Fig. 1. If a.
as attested by the literature concerning the attainability se,~ond sample of such a pulse is converted to second-
of a contrast ratio of three. ~ Another such factor , harmonic light, as by beam splitter BS-2 and the phase-
that of nonlinear film response, will be mentioned here matched second-harmonic generation crystal SHG-1
below. The actual temporal profile of the pulse cannot in Fig, 1, then for small conversion efficiencies the

- I be reconstructed from the TPF trace. Indeed , one must energy content of the pulse will be proportional to the
assume a specific temporal shape in order to extrac t quantity ~~ given by
the pulse duration. The accuracy of that duration , there

) fore , depends on the degree to which the actual tern- 
- 

= ui1”2 q4r ’A’ . (3) 1 -

poral profile conforms to the assumed profile. In this _____

~~ work with a Nd YAG mode-locked laser we have as- j ED1CR0-isumed a Gaussian temporal profile. This assumption
has been verified by others. 5 The TPF technique also 

_____

involves photographic development and photodensitome-
tric analysis for accurate measurements. Therefore ,
TPF measurement is also not ideal for use when many PD I PD 2

pulses are involved. It should be mentioned, however , 1O6~~~~~~~~~ ~~~~~53~ m
that the use of a sell-scanning photodiode array as the F -I  .=jr= F-2

detector in a TPF arrangement6 eliminates some of the
above disadvantages of the TPF method. SI-t O

We will describe in Sec. II a simple and economical A •
I - 

technique which is a useful alternative to the above 
______________ __________

methods for many experiments , especially when large
numbers of pulses are used . It is capable of measuring
individual pulse durations relative to the average pulse FIG. I. Apparatus for pulse dur ation measurements with the - -

i-A technique . Notation: BS , wedged beam api itters; F ,duration of the laser output. The proper characteristic appropriate filter ; SHG , phase-matched second-harmonicaverage pulse duration must be determined accurately generation crystal ; PD . biplanar photodiode; CR0 . dual-
by other means. The technique presented should be beam oscilloscope .

1065 Journal of Applied Physics, Vol . 47 , No. 3, March 1976 Copyright © 1976 American Institute of Physics 1065
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The quantity q is a collection of constants , for a given the technique presented here will function . However ,
experiment , involving the second-order nonlinear if the functional form itself , and not just its charac-

.- .~~ ~ susceptibility, length of the harmonic-generation crys- teristic area and/or duration , changes from shot to
r ~ titl, etc. In Eq. (3), the quantity A’ rip ’2 is the har- shot , the n q ’ in Eq. (4) will no longer be constan t and
a ~ 

monic-pulse transverse area and r’ is the harmonic the strict proportionality there is lost. The accuracy
pulse l/e half-width of the intensit\- For small con- of the technique will therefore be adversely affected .

T version efficiencies , we know that r= 2 ~~~~ and An example in which this limitation would be serious
p = 2b ’2p~. Therefore , the ratio ~3/f~ can be written is that of a Nd : glass mode-locked laser without suf-

ficient bandwidth reduction to remove noiselike(4) substructure. —

where q ’ is a second proportionality constant equal to
III . EXPERIMENT Fur 22 3 ’2 q~ This ratio is observed to be linearly propor-

tional to the product rA, a fact that was noted by Glenn We describe next an experiment that was conducted —

and Brienza 7 in 1967 and employed by Shank and Ippen t to test the validity of the linear correlation of ~~~~in conjunction with a mode-locked cw dye laser. The with TA as given by Eq (4) . The experimental arrange-
ratio value is obtained simply from two oscilloscope ment is schematically illustrated in Fig. 2 The
signals or , alternatively, it could be obtained from Nd: YAG oscillator is mode locked by a 0. 5-mm-thick
digital equipment as a single numerical readout, In a.n sheet of flowing Kodak 9860 dye Transverse oscillation

- experiment , therefore , if the value of the ratio (f)/ (~-Ji is constrained by an intracavity aperture to the TEM 00 - -

is recorded for each individual pulse, one needs only mode. The single-pulse switch-out mechanism is a

dividual pulse values of i-A. The normalization is easily spark gap. The components within the dashed line in
achieved if two conditions are satisfied: (i) The average Fig. 2 are those of Fig. 1 and they were used to record

~

‘ to normalize this set of numbers in order to obtain in- standard Pockels cell pulsed by a laser-triggered A
value of the pulse duration (r) and the pulse area (A) ratio values of Eq. (4) for each pulse - Photodiode l’D-3
must be known. These are quantities that are routinely is a high-speed biplanar device used with Tektronix
measured in the characterization of a laser source. 519 oscilloscope CR0-2 to monitor each pulse and in-
(ii) Enough shots must be monitored such that the aver- sure that only data from single pulses without satellite
age of their recorded ratio numbers from Eq. (4) be- structure is employed . Beam splitter 4 directs a frac-
comes meaningful and representative. During these tion of the pulse into a phase-matched second-harmonic-
shots, the conditions determining q’ (the phase-match- generation crystal SHG-2. The harmonic output strikes

~ ing angle of the harmonic generator , etc.) must not a MgO diffuser D and is photographed by camera C-i ,  —

be allowed to change, If these two conditions are satis- This multilens camera9 (MLC) is used to measure the
fied , then the average of the recorded ratio nu mbers, harmonic pulse area A’, from which the fundamental
identified as (i-A), may be set equal to the product of pulse area A is calculated. Kodak Royal-X pan film was
the known, previously measured average values, found to be sensitive enoug h to yield good exposure
(- r)(A) .  The individual pulse ratio numbers are thereby from a single pulse. The remainder of the pulse is di-
calibrated absolutely in terms of this average. The
quantity rA is just that needed to convert the easily
measured individual pulse energy into individual pulse ,-~ ~ — -- -
intensity. The latter quan tity fluctuates from shot to 

-

shot in all mode-locked lasers, and heretofore has been a

difficult to measure. Usually, the average value (r) and -

C~ O-2 -
(A) are used for all pulses, neglecting entirely their 

-
~ ,1 fluctuant behavior . If , to a reasonable approximation ,

the pulse-to-pulse fluctuations in A can be neglected , 
:‘~~‘ L~~~ or if a self - scanning photodiode array is used to accu- - -

rately determine A for each pulse , then individual pulse - 
- - 

-durations are easily obtained. It should be noted that the
- I O6, .*  k f l.~ 0 ~i_~jaccuracy of the technique , in addition to its relative a ‘1~~ ‘ - 2

simplicity over the alternative method s, increases with 
- S,,~ - 2 

-the number of pulses utilized. 
~ /— ~~~~~~~~~~~~~~~~~~ 

~O%

One other point should be noted. It concerns the ef- - 
- - ~~

fect of variation in the pulse temporal profile , and not -
just in the characteristic duration of that form , on the 

FIG . 2 . Schematic diagram of the experimental arrangement.- - accuracy of the technique. It is not required that the Notation: MLO , Nd : YAG mode-locked oscillator ; SPS , single- -laser pulses hav e Gaussian temporal and/or spatial pulse selector employing a laser-triggered spar k gap and
functiona l form. A temporal and/or spatial form other Pockels cell; AMP , Nd : YAG amplifier;  BS , beam splitter ;- 

than Gaussian will simply result in a different constant F , appropriate fi l ter ; SHG , phase-matched KDP second- -

value of q’ in Eq. (4). The values of /cf~ will still harmonid generation crystal ; PD , biplanar photodiode; CR0- I ,
Tektr onix 555 dual-beam oscilloscope ; CRO-2 , Tektronix 519be proportional to the characteristic duration and area . 

Ii  D , MgO diffuser block; C-i , mult iien s camera;
So long as the proper characteristic average duration C-2 camera;  TPF . two-photo n fluorescence cell contain ing

‘ 
and area of the pulse have been determined by other rh o damine  G in ethanol. The components with in the dashed
means , 3 and are used in the normalization procedure , l ine  are those of Fig. 1.
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— 
but not in the TPF technique. Indeed , high-speed films

d,~ — — — — -- —- — used to photograph single-pulse TPF traces offer cor-
respondingly lower latitude.

- t The problem of film response linearity was taken‘I)

dub - — - 

into account in our experiment by recording two imagesZ

dub-d o0 of each TPF trace, one of which was attenuated with a

- - ~ ~ d~~ 
- neutral density filter of known optical density. An ex-

a. 
_,J

/ \
, 

ample of the photodensitometer trace output from one
0

shot is shown schematically in Fig . 3(a). The exposure
- a from the TPF has the spatial dependence

I a(z) = e 0[ 1 +Qexp{ —2(zn / c r) 2] } ,  (5)

ATTENUATED uNATTENUATED assuming the incident pulse shape of Eq. (1). Here the
TRACE TRACE -z axis is the axis of propagation in the TPF cell , hav inga 

( 0 1 its origin at the point where the two pulses fully over-
lap. In Eq. (5), Q is equal to the contrast ratio minus
1. 0, n is the refractive index of the TPF medium , and
c is the vacuum speed of light. Figure 3(b) displays
the Hurter-Driffie ld information obtained from Fig.
3(a) , The exposure values of the two peaks of Fig. 3(a)a -uJ I
are related by the known filter attenuation factor , in0 

-~

our case 50’L Thus , if logç5 is the common logarithm 4-
~ of the exposure of the point corresponding to the density

die, then the abscissa of the point corresponding to d,,,
is log(E.,,,) — 0. 3. The abscissae log(e,,) and log(ç9) — 0. 3

I I result from the background densities of the unattenuated
- ) ~I I and attenuated traces , respectively, in identical fashion.

__________________- -- I L _ - - —________ - Therefore , only a relation between log(ç9) and log(ç~)(Ioq. ,~~I-O.I I0 9~~~p
( IOQ lup }~~~3 log l u b  is needed to plot all four points as shown in Fig 3(b) .

( b I  In our analysis, use was made of the fac t tha t d 55 — d~
FIG. 3. (a) Schematic illustr ation of the TPF photodens itom- traces from the experiment. This was due to fortuitous

was very small , i.e. , 0. 1(d,, — dlb) or less , on all the

eter output from one shot; (b ) Hurter-Driff leld presentation
of the data from (a) . The letter d denotes optical density and exposur e conditions . Therefore , the film response was
log denotes the common logarithm. The subscripts u , a , ~ 

taken as linear over this small region , a very good
and b denote the u nattenuated trace , attenuated trace , peak approximation . An effective slope y was computed as
level , and background level , respectively, the average of the slope from the pair of background

points and from the pair of points from the peaks of the
curves. The points 1og(€ ~ ) and log(t ,,) — 0. 3 were then

rected into a TPF arrangement- The TPF medium is connected via the relation
rhodamine 6G , and Kodak Royal-X Pan Film was used
in camera C-2 to record the TPF traces . The TPF cell d,b =d ,P + v[O 3+log(€ ,,JE.,,9)]. (6)

i -
F housing employed two mirrors to direct two images of This process established the positions of the four points

the TPF trace , one from either side of the cell , into as shown in Fig. 3(b), A quadratic curve was then least-
the camera. However , one of these images was attenu- squares lit to the four points , yielding the solid curve
ated by a neutral density fil ter placed in its path inside in Fig. 3(b). The proper optical density d 912 that cor- —
tho housing. The attenuated trace was used to check rectly corresponds to the half-intensity point of the
linearity of film response as will be described below, fluorescence above the background was then found from -

~~~~~~~~ The experiment was performed by firing a series of the relation loga112 = log(a~ + a,,,,) — 0. 3 and the curve of

single pulses and recording various signals. The two Fig. 3(b). The full width W of the TPF densitometer
traces from CR0-i yield values of ~~~~~ The MLC trace at the d112 level then y ields the temporal 1/c in-
data yields another independent measure of the pulse tensity duration via r = Wn/ c(2 1n2)”2 , where e is speed

k 4~i area A, and the TPF data yields an independent valu e of light and n is the refractive index of the TPF medium.

~ 
of r , for each pulse. Therefore , the product of A and T, TABLE I. Test of the linear correlation of ~~~~ with i-A.
from the MLC and TPF data , should be linearly corre 

-

__________________________________________________
lated with the value of )/~f,,,, from CR0-i , according PUlse r~r ’ v1 ~ v2 ’~ V~ Vi. ’V~ - (v,/v ,)

~~~~ to Eq. (4). 
1 15. 4 10 0  1.00 1.00 3 .1

No. (psec) ~~~~ ~~L. ~~

IV . ANALYSIS AND RESULTS 2 15.4 1. 00 1.03 0. 147 0.0
3 16. 5 1. 14 1.25 0.91 — 6 . 2
4 1~~.1 1 . 36 1.51 0 90  — 7 . 2

In order to determine with what accuracy the ratio 5 20.7 1. 02 1.71 1.06 ‘ 9. 3

O/E.,, detects variations in r and A, the MLC and TPF
‘The full—wIdth—at—half- intensity duration as equal todata must be accurately analyzed. The problem of film 2(1n2) ’ 12 r

response nonlinearity Is absent in the MLC techniqu e ~NormaItzed ~ 1.00 .
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-
. In the above manner , TTP, was deduced from TPF such as laser-induced breakdownt° and electron emis-
- for each of the five laser pulses and the values are sion , ~ multiphoton ionization , etc .

- ~ . . 4 listed In Table I. The area AMLC was found from the -
- technique of Ref . 9 for each pulse. In the third column The authors appreciate helpful comments and support

of Table I, the normalized values of the product of TTPF 
from Professor N. Bloembergen of Harvard University.

and ~~~~ are listed. The normalized values of the ratio
- ~J/ e~1 are listed in column 4. The ratio of the values 

* -

of columns 3 and 4 is listed in column 5. The degree to 
~7~7a’~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

4 - which the fifth column ratio elements are mutually tronics Program.
equal indicates the accuracy of the i-A technique em- 1D.J. Bradley and G.H.C.  New , Proc . IEEE 62 , 313

I bodied by Eq. (4). The sixth column lists the variation (1974) .
of the entries In column 5 about their average. There- 2Laser Focus 11, 28 (197 5) .
fore, the correlation of the quantity tf)/E~ with the 

3p, W. Smith , M. A. Duguay, and E .P. Ippen , In Progress

product of the pulse duration r and area A is demon- Stenhoim (Pergamon , Oxford , 1974) , Vol. 3 , Part 2.
strated to be linear within about ± 10%. 4R .C. Greenhow and A. J . Schmidt , in Advances in Quanta in

Electronics , ed ited by D. IN. Goodwin (Academic , New York ,The advantages of the i-A technique outlined above 1974) , Vol. 2 , p. 157 .
are obvious: (I) minimal expenditure of pulse energy 1L.A. Lampre , G. Mai nfr ay , and J. Thebault , AppI . Phys.

— in the i-A measurement itself (as opposed to 1. 06-j.t m Lett. 26 , 501 (1975) ; A. W. Smit h and A. J. Landon , Appl .
single-pulse TPF); (ii) freedom from error introduced Phys . Lett. 17 , 340 (1970) .

- 
-
.~~ . I by film nonlineari~,, a problem often encountered when and J .  Zimmerman , Rev. Sd .  Instrum. 45 , 1175

photographic film is used with picosecond pulses, e. g. , TW. H. Glenn and M. J. Br lenza , Appi. Phys. Lett. 10, 221
- - 

in TPF photography; (iii) low cost and simplicity of ap- (1967). 
- 

4-

paratus; (iv) rapidity of data acquisition and analysis, 8C. V. Shank and E. P. Ippen , App!. Phys . Lett. 24 , 373
and ease of incorporation of digital methods. These ad- (1974) .
vantages suggest the attractiveness of the technique as ‘I. M. Winer , App!. Opt. 5, 1437 (1966) .

- - - . - . 10W .L . Smith , J .H. Bechtel , and N. Bloembergen , Phys. —

- a permanent on-line monitor. The simple scheme de- Rev. B 12, 706 (197 5) .
scribed above is usefu l in obtaining accurate data for ~J. H. Bechtel , W. L. Smith , and N . Bloembergen , Opt .
processes which are highly nonlinear in the intensity, Commun . 13, 56 (1975) .

‘1’

a
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3
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PULSE WIDTH FLUCTUATIONS IN MODE-LOCKEt) Nd:YAG LASERS ~
J.H. BECHTEL and W.L. SMITH

— 
I

Gordon McKav Laboratorv , Harvard University . cambridge, Massachusetts 02138 , USA

Received 18 August 1975

Using a nonlinear optical techni que we have measured pulse width fluctuati ons in a p a s s iv cl ) mode-locked Nd: \  AG
las, :

An impor lant aspect of mode-locked laser pulses is 
_______

the pulse dura t ion .  We have measured the pulse with - - - 
N~~~

.-
_ f~~~~~~

YAG 
ML1Jfluc tua t ions  by a techni que that  is based on observing

both the total pulse energy and the pulse ene igy -
created by second harmonic generation in a nonlinear ~~~~~

crystal [1-3] .  I N T

Consider a laser pulse in the t’orm of a spatially and -
~~~temporall y Gaussian pulse. In this  case the irradian ce - 

- . -
is given by 1(r , t) = l ,~ exp( - ( r/ d)2 ) ex p ( - - ( t/ r) 2) . The
tota l pulse energy Ef is given by the expression - -

~ 
l /2 ~ ~~~~ 

- 
- 7 7

‘I

where A ~d 2 . For small second harmonic  conversion I ig. I - Schematic diagram 01 the  e x p e r i m e n t .  Nd A ( ,  \ l t  0,
eff iciencies the total  pulse energy L 5h created by n e ody aa- i u in doped y it t r i um a l u m i n u m  garnet  m ode-locked
phased matched second harmonic generation is given oscillator; PC , Pocke ts cell; LTSG . laser t r i ggered sp~ck ~~p:
by AMP , neodymium doped vi t t r ium a luminum garnet I , isc r am-

p lifiers: PD , phot odiode ;CRO , Tek tron ~ 519 asci I Ia sc pe~
L Sh = I - ( 111cr; KDP , potass ium d ihydro gen  phia sp l ia t e  second har-

monk generat ion cr \ stat , INT , integrator ;  I-A , electronic
amp li f ie r ;  A I.X . analogue to dig i ta l  c o n v e r t e r :  sC. scaler;where q is a constant that  depends on the nonlinear TI’. leletype printer.

f susceptibility the length of the harmonic generation
crystal , and other parameters that do not change dur-
ing the experiment.  l-lere r ’ r12 1/2 and A ’ = A/ 2 .  t l ashlamp pumped Nd :YAG laser rod in the  Brewster-
Thus the ratio becomes Brewster con fi gura t ion .  The laser was passivel y mode-

locked by a 0.5 m m  thick t 1owing d~ c (Kodak 9860)
L f IL Sh ~ rA. in contact wi th  the hi gh reflectivity rear tn i r ro r .  The

output was restricted to the fundamenta l  transverse
If we assume that  both the shape of the pulse and mode , TEM 00. by a 2 mm diameter  aper ture  wi th in

the pulse area do not change from shot~to-shot then the oscillator cavity.  A sing le pulse was selected from
our measurement of 

~ f1~ sh is simp ly proportional to the train of mode-locked pulses by a cylindrical-ring
the pulse durat ion ,  electrode Pockels cell. This pulse was subsequentl y

A schematic diagram of the experiment is exhibited amp lified by two Nd :YAG amp lifiers.
in fi g. I - The laser used for this experiment was a A photodiode , PDI , monitored the laser pulse with

a 
a Tektronix 5 19 oscilloscope to insure tha t  only a

° Supported in part by the J o int  Services I l e c t r on i c s  Pr ogram single pulse was selected from the train of pulses. Cali-
and Ihe National Aeronau t ics  and Space Adminis t ra t i on.  brated photodiodes PD3 and PD2 m easured respective-..~~

- ,

~~
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________________________ served here is larger than tha t predicted by others on
that basis. From ref. [51 one obtains &r/r = m~~ ’2

00 
where m is the number of locked longitudinal modes.

- 
70 - 

- For m 100 , ôr/r = 0.1. A lar ger variation would be
1 

- 
- expected , however , if a more realistic model of the

- saturable absorber [6] were employed . In addition ,
- natural nonuniformities in the flowing dye will in-

- ~ ° crease the variation in the pulse width.
30- In conclusion we note that substantial pulse dura-

tion fluctuations can occur with passive mode-locking
in Nd:YAG lasers, Similar pulse duration fluctuations
have been observed in the initial pulses from the pulse

o - - --i - - - - - - - - train of passively mode-locked Nd:g lass lasers [7J.
PuLse DURATION tps. c ) These fluctuations were , however , observed with a

Fig . 2.  H ist ogram showing pulse width variation for passively streak camera .
mode-locked Nd: Y AG laser. The pulse duratio n is the full

I width at half maximum (FWHM) . We wish to acknowled ge the support and encour-
agement of Professor N. Bloembergen.

ly the total pulse energy at the fundamental frequency

~ 
j and the total pulse energy at the second harm onic fre-

I quency. These photodiod e signals were monitored by References
a digita l data acquisition system and displayed on a
teletype printer. The avera ge pulse duration full width I l l  W.H. Glenn and Mi . Brienza , AppI . Phys. Lett . 10(1967)
at half maximum (FWHM ) corresponding to the meas- 221.
ured average value of E?/E5h was set equal to 30 psec. 121 C.V . Shank and E.P. Ippe n , AppI . Phys. Lett. 24( 1974)

This value was determined for our laser by a second 131 W.L. Smit h and 3.11. Bechtel , un published.
harmonic autocorrelation techni que employing a 14) H.P. Weber and H.G. Danielmeyer . Phys. Rev. A2 ( 1970)
Michelson interferometer [4]. Fig. 2 exhibits a histo- 2074.
gram of the total number of pulses observed with 151 P.G. Kr~’ukov and VS.  Letokhov , IEEE J . Quant. Electron.
pulse duration (FWI-IM ) between the endpoints of the QE-8 (1972) 766.

- . (6 1 M. Hercher , AppI . Opt. 6(1967 )947;horizontal axis , e.g., 88 observed pulses between 29 G. Girard and M. M ichon , IEEE J. Quant . Electron. QE-9
and 31 psec (FWHM). (1973) 979.

-
~ ~ The statist ical nature of passive n~.ode.locking is 171 Di. Bradley and W. Sibbett , Opt. Commun. 9 ( 197 3) 17 .

well known [5]. The variance of the fluctuations ob-
I.
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FOUR-PHOTON PHOTOEMISSION FROM TUNGSTEN *

J.H. BECHTEL, W.L SMITH and N. BLOEMBERGEN
Gordon McKay Laboratory, Harva rd University, Cambridge, Massachusetts 02138, USA

Received 15 November 1974

Four-photon photoemission is observed from tungsten using carefully controlled and calibrated single pulses produced
-

. by a passively mode-locked Nd: YAG laser system. The results are shown to be in quantitative agreement with a four-photon

— 

generalization of the Fowler and DuBridge theories of photoemission.

Since the advent of the laser mult ip le-photon photo- - -

emission has been observed from several metals. Two- ~c __

~4 Nd YAG uL~1photon photoemission from sodium has been observed
by Teich and Wolga by the use of gallium arsenide 

AM P LTS G
laser [1]. Both two-photon and three-photon photo-
emission have been observed from gold by the use of -

I
t a ruby laser and the second harmonic radiation pro- [ 1 

PD2 ~R~9 ~
o
~1 rHvl

duced by a ruby device [2] . The observation of AM P2 F L 5~~~j

higher order multiple-photon photoemission has now Pt) I KDP PD S am

been facilit ated by the use of high power , ultrashort — _______________ 

-

pulse, mode-locked lasers . These lasers can produce
the very high irradiances necessary for the observation -

of multiple-photon photoemission , and yet because of Fig. 1. Schematic diagram of the experimental arrangement.
the short pulse duration , catastrophic heating effects MLO, mode-locked oscillator; PC, Pockels cell; LTSG, laser-

may not occur. Preliminary results of electron emis- triggered spark gap ; AMP, Nd:YAG amplifier; PD , photodiode;
- CR0, oscilloscope ; KDP, potassium dihydrogen phosphate

sion produced by a mode-locked Nd:glass laser have second hannonic generation crystal ; F, filter; HV. high voltage - 

—

been presented in ref. [3]. Unfortunately, these results power supply ; VT, electron emission vacuum tube.
were inconclusive because the authors of ref. [3] used
the entire pulse train of the laser , and they found an plified pulses produced by a passively mode-locked
asymmetry in the electron emission depending upon Nd:YAG laser followed by two Nd:YAG amplifiers.

‘
~ ~ - 

whether it was produced by the leading or the trailing Fig. 1 exhibits a block diagram of the experimental 
- 

-

portions of the trai n of pulses. They attributed this apparatus. The laser oscillator used for this experiment

~~~~~ asymmetry to the chirping of the pulses [4] or to sat- is a 6 mm diameter by 3 inch long Nd:YAG rod. The
ellite pulse formation. We report here the observation laser is simultaneously Q-switched and mode-locked
of fou r-photon photoemission from tungsten by the by a flowing saturable absorber , Kodak 9860, placed
use of carefully controlled and calibrated single, am- in contact with the high reflectivity mirror of the

~
‘ oscifiator cavity. The laser oscillator output is restnc-

- 
- 

- . - ted to the TEM,~ mode by a 2 mm diameter aperture- 
- S Research supported in part by the National Aeronautics and . - .

Space Administration (under contract NGR-22-OO7-117) placed within the cavity. The output of the oscillator

p . - )  and by the Joint Services Electronics Program (under con- consists of a t rain of subnanosecond pulses separated
tract N00014-67-A-0298-0006). by approximately 8 nsec. From this train a single
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pulse is selected for amplification by a spark-gap acti- can determine the product of the pulse width and lhe
vated , cy lindrical-ring electrode Pockels cell. After beam area for an individual pulse. Since we know the
this amplification with two single pass Nd :YAG ainp li- total pulse energy , we can calculate the maximum ir-

- fiers we obtain a single, high power , subnanosecond radiance, ‘m ’ for each pulse. Moreover , if it can be
• pulse with a wavelength of 1 .064 pm. The spatial assumed that the beam area does not change from

profile of th is pulse was measured by transverse scans shot to shot , then t h is technique y ields single pulse
of a 5Opm diameter pinhole. The spatial distribution temporal widths in a simp le manner. This detailed
of the laser irradiance at the site of the experiment knowledge is essential for an accurate quan li tal iv e
was found to be gaussian with a radius at the lie measurement of a highly nonlinear process.
point of the irradiance equal to I - I mm. During the taking of data flu the laser-induced elec-

The determination of the pulse duration of a mode- tron emission the incident lase r pulse was monitored
locked Nd:YAG laser imposes some problems because with ~i fast hip lar iar photodiode (lii’ F4000) and a
the pulse width is less than the response lime of lhe Tekt ronix 5 19 oscilloscope (oscilliscope I )- This was

- fastest available oscilloscopes. In order to determine done to insure that the oscillator did not have more
- the average pulse length we have used both a two- than one pulse in the cavity during the mode-locking
I photon fluorescence technique [51 and a second har - and that the Pockels cell was selecting onl y one pulse

— monic nonlinear correlation method [6]. Both ot for amplification. The energy of the 1 .064 pm laser
these methods utilized many selected pulses , and the pulse was measured for each data point by the corn-
results of both measurements give an average pulse bination of oscilloscope 2 and photodiode 3. The
duratio n of 30 psec full width at half maximum second harmonic radiation was produced in a phase-
(fwhm) for the laser used in this experiment, matched KDP crystal , and the energy at 0.532 pm

) To determine the incident peak irradiance of an was measured for each data point by the combination
- individual pulse it is necessary to know the pulse of oscilloscope 2 and photodiode 2.

-t energy, the pulse duration , the beam area , and the The electron emission was detected by measuring
pulse shape. We shall assume that the functional form the total charge emitted fro m the tungsten ribbon
of the pulse shape does not change from shot to shot , target. This emission was recorded photograp hically
and that it is both spatially and temporall y gaussian. with oscilloscope 3. The tungsten ribbon was 0.003

- The energy of an individu al pulse was determined by inches thick , 0.04 inches wide and approximatel y
the response of photodiode 3 (see fig. 1) which is cali- 1 inch long. The pressure in the vacuum tube con-
brated with an Eppley thermopile. The product of the ta m ing the tungsten ribbon was measured as
pulse duration and the beam area m a y  also be deter- I X I0~~ torr. The ribbon could be outgassed by pas-
mined for an individual pulse by a second harmonic sing a current of approximatel y 10 A through it , and
generation method. For a pulse irradiance of the immediately before the taking of data very high ir-

- - 
- form radiar .ces produced by the laser were used to further

2 2 clean the area from which the emission would occur.I(r , t )  = ‘m exp [—(r id)  I exp [—(f/ i -) 1 The voltage between the cathode and the anode was
- - ., - 

the pulse energy, Ef, is given by the expression Ef = 6000 V.
• ~ 3I 2 d2lmT. For small conversion efficiencies the total In fig. 2 we plot the effective current density versus

energy at the second harmonic wavelength produced the maximum incident irradiance . By effective current
~~ -~~ by this pulse is given by the expression density we mean the total emitted charge per pulse

— 3 / 2  2 2 elT, 3/ 2  divided by the product of the laser area (ird2) and theE~ — ir d 1m i-X ,2 pulse duration (fwhm).
- Here ~~~ is the effective nonlinear susceptibility. From In order to explain the observed electron emission

- this we note that the ratio is proportional to we shall use a theory that can be considered as a gen-
the product of the beam are a and the pulse duration. eral ization of the photoemission theories of Fowler

:- Therefore by equating the average value of E~ /E~~ for [71 and DuBridge [8,91. The four-photon current
a series of laser pulses to the known product of the density is given by the expression

- 
average beam area and the average pulse duration we
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spatial and the temporal dependence of the surface
4 _____________________ 

temperature by solving the heat conduction equation.
0 ‘ ‘ ‘ ‘ “ I ’ ’ ~~~’~~’ The details of this temperature calculation will appear

£ EXPERIMENT elsewhere. We note, however, that the result of this
— THEORY calculation gives a maximum surface temperature

-: - change of approximately 700 K for a I GW/cm 2 maxi-
- 

- £ 1~ - mum irradiance, 30 psec (fwhm ) pulse impinging on a
16 tungsten target.

~~-. At the highest irradiances used in this experiment
/6 the maximum temperature is estimated to be near

J E 3000 K. The question may therefore be raised, whether
~ l0~ - - excited contributions to the emitted current become

-
~ - ~., /~ 

important. Quite generally the current density may be
written as

SI 
_
7-. —• £1

J = L . i J ,1~,
~~ I 0 .  

* / - ~ 
n~o

/ with

- 

- J’ = a,,, (i~;-) 
A1”(l — - R) ” T~F ( ’~’~~. 0)

- / The term J0 is independent of the incident light in-
tensity and represents pure them-mionic emission. At

/ a maximum irradiance of 4 GW/cm 2 we calculate
- 

- I that the thermionic current density is less than 1 A/cm 2.
- 

.1 I to This is more than three orders of magnitude less than
M A X I M U M  IN C I DE N T IRRADIANC E 1GW/cm 2 ) the measured effective current density for a maximum

Fig. 2. Plot of the effective current density (total emitted irradia nce of 4 GW/cm2, and thus thermionic emission
charge divided by the product of ird2 and the pulse duration is negligible.

J 
(fwhm)J versus the peak incident irradiance. The theoretical It is possible to have contributions from terms ana-
curve is obtained from a four-photon generalization of the
theories of Fowler and DuBridge. logous to /4 involving one , two , or three photons [101 ,

given by ‘l~ ‘2 and /3. These terms represent photo-
- - 4 / electric emission processes from the thermally excited

f t = a4(i~~) 
A14 (l — R)4 T2F~

4
~~ r ~

) - high-energy tail of the Fermi- Dirac electron dist ribu-
tion. For these processes the argument of the Fowler

- Here e is the electron charge, R is the surface reflectiv- function is negative , as it is for J
~

. Their contribution
ity, A is the theoretical Richardson constant , hi.’ is the is very small even for the highest temperatures achieved
energy of an incident photon , ~ is the work function , here . Moreover , if there were any contribution from
k is Boltzmann ’s constant , I is the incident irradia nce, these lower order processes, then the slope of the cx-

— 
T is the absolute temperature of the surface , and a4 is perimental curve would be at least a factor of two

- - - an empirically determined constant. The fu nction large r than the observed slope.
“ flx) is the Fowler fu nction and is tabulated in ref. [8) . The result of the theoretical calculation of the ef-

The total charge emitted per pulse is theoretically pre- fective four-photon current density is exhibited also
-~~ ‘i” dicted by a numerical integration of /4 over the spatial in fig. 2. The constant a4 is chosen to be 5 X I0_42

and temporal dimensions of the incident pulse. To per- cm8-sec4/C4, and the pulse duration is assumed to be
form this integration we assume that the incident irra- 30 psec (fwhm). Moreover , we also assume that the
diance is spatially and temporally gaussian. Using this reflectivity at 1 .064 ~im is 0.6, the work function is
form for the incident irradiance we can determine the 4.52 eV, and the photon energy is 1.165 eV. When the

b ,1

_ _ _ _ _ _ _ _ _ _  _ _ _
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theoretical curve and the experimental data points are Re1etu.~ces
plotted on a log—log scale as in fig. 2, then the slope of
each should be nearly four if the dominant electron I l l  M.C. Teich and G.J. Wolga, Phys. Rev. 171 (1968) 809.
emission process is four-photon photoemission. The (2 1 E.M. Logothetis and P.L Harunan , Pliys. Rev. 187
thermally induced contributions would increase the (1969) 460.

. . . (3) Gy . Farkas, Z.Gy . Horath, I. Kertesz and G. Kiss, Nuovoslope to values higher than four , at the large irradiances. Cimenl.o Lett. 1 (1971) 314.In addition, since different pulse widths produce (4) O.S. Sveito, Appi. Phys. Lett . 17 (1970) 83.
different temperature changes for a given peak irra- (SI D. von dci. Linde, 0. Bernecker and W. Kaiser, Opt.
diance, some fluctuations in the effective current den- Commun. 2 (1970) 149.

sity are expected for a given peak irradiaiwe. 16 1 H.P . Weber and H.G. Danielmey~r , Phys. Rev. A2
We conclude that careful control and careful cah ibra- (7 ) R H .  Fowler , Phys. Rev. 38 (1931) 45.tion of individual picosecond pulses have permitted 181 L.A. DuBridge , Phys. Rev. 39 (1932) 108.

the unambiguous verification of a four-photon photo- 191 L.A. DuBridge, Phys. Rev. 43 (1933) 727.
electric process. For longer pulses, more heating occurs ( 10) J.H. Bechtel , Ph.D. thesis, The University of Michigan ,
for a given level of irradiance. The contributions from 1973 (unpublished).
thermally induced processes become usually significant ,
and for longer pulses it is difficult to identify unambig-
uously one high-order multiphoton process.

p
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Appendix IV.B

Two-photon Absorption in Semiconductors

- 
with Picosecond Laser Pulses
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Two-photon absorption in semiconductors with picosecond laser pulses*
J. H. Bechtel and W. L. Smith

Gordon McKay Labora tory, Harva rd Univer sity. Cambridge , Massach usetts 02138
(Received 10 November 1975)

Single pulses from a well-calibrated mode-locked YAIG :Nd laser have been used to measure the iwo-p hoton
- absorption coefficient at 1 064 ~sm in several semiconductors. The materials studied are four direct-gap

- semiconductors , GaAs, CdTe, ZnTe, and CdSe. and one indirect-gap semiconductor , GaP. The results for the
direct-gap semiconductors are interpreted with respect to the imag inary part of the thtrd-order nonlinear
susceptibility x~~ , (— w . w -w.— w ) -  An ani sotropy of the two-p hoton absorption cocificieni is observed in GaAs .

I . JNTRO DIJCFION values range from 0.02— 5 .6 cm/MW at a laser
wavelength of 1.06 ~m . Values of the TPA coeffi-

With the development of quantu m mechanics in cient will be presented here for GaAs , CdTe ,
- 

-
- - the late nineteen-twenties it became clear that ZnTe, CdSe, and GaP .

when electromagnetic radiation interacts with mat- Since two-photon absorption is a nonlinear opti-
- / ter , processes involving more than one photon can cal phenomenon , the TPA coefficient can be ex- )
- -. occur . One such interacUon is two-photon absorp- pressed in terms of nonlinear optical susceptibili- 

-

tion (TPA) and the basic theory for this process ties. In Sec. II we outline a theory of TPA and re-
was formulated by Maria Goppert-Mayer in 193L 1 late this theory to nonlinear optics. In Sec. III the

r - 
The experimental observation of two-photon absorp - experimental apparatus and procedure are dis-

L tion had to await the development of the laser , how- cussed. In Sec. IV the results of the TPA mea-
ever , and the first experimenta l observation was surements are presented . Finally in Sec. V we
reported by Kaiser and Garrett in l96l~~ discuss the results of our experiments and their

1 Several techniques are used to study two-photon relation to other experiments and theory.
absorption . One technique involves measuring the II THEORY
transmission of the two-photon absorbing material -

for different incident irradiances . Another in- In semiconductors it is possible to have TPA
volves measuring the luminescence from a materl- from a single light pulse with angular frequency w
al pumped by two-photon excitation, and a thir d if twice the photon energy, 211w, exceeds the semi-
Involves measuring the change in the conductivity conductor energy gap E,. The number of two-pho- -

of a materia l unde r two-photon excitation, ton transitions per unit volume per unit time Wt2)

There are several reasons for studying two-pho- is given by second-order perturbation theory as
ton absorption in various mater ials . Not only can ,,, ~~ / ~~~(2) 5~~~1 , J~~~

ç_
two-photon absorption measurements yield new an- W = zcah al~~) .~~~~ 

I i ~I,, — 2w) , (1)
formation on the electronic states In a solid, but -

I 
also TPA can provide a novel method of exciting where

f - large volumes in semiconducting and Insulating 2 —e p 1, .ap ,, .a
t mate rials. Such excitation has been used previous- M,, =—

~

—

~~~~~~~~ w -

• 1 ly to pump semiconductor laserS. 3 Moreover , ‘ “
L ‘- ! two-photon absorption can provide a damaging Here n Is the Index of refraction of the semicon-

mechanism In materials that are nearly transpar- ductor , c is the vacuum speed of light , m is the
- ent to low-intensity radiation . This will constitute electron mass, e is the electron charge , Ii Is

-~ 
- 

a very serious materials problem to the develop- Planck’s constant divided by 2r , and I is the power
ment of high-power ultraviolet lasers. Finally, per unit area of the laser radiation. The sums
two-photon absorption techniques In both liquids are to be extended over all final states (or bands) -

and solids have provided usefu l tools in ultra- denoted by the index! and all intermediate states
short-pulse laser dlagnosticL 4 denoted by the index 1. The ground state is denoted

For comprehensive reviews involving many as- by the subscript s~, and the transition rate should
pects of two-photon absorption and spectroscopy we be averaged over this index if there is more tha n
refer the reader to R.efs , 5 and 6. one possible initial state.

- There have been several previous studies of The unit vector è is directed along the electric
TPA In semiconductors , but there are very large field of the laser, and p~, and 

~
,, are matrix ele -

. -. differences In the measured values of the TPA co- ments of the momentum operator between respec-
efficients. For example, in GaAs the measured tively the fina l state and the intermediate state,

- 
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and the Intermediate state and the ground state. = (4~w2/~~) ~~~il•(~~
, w) . (6)

The angular frequencies w1, and w1, correspond to
the angular frequency differences between the final Here ~ is the linear dielectric tensor and ~~‘ ( , u )
and ground states and the intermediate and ground is the nonlinear source dipole moment per unit

volume.
— 

- states, respectively. These differences, in genes- 
For TPA the relevant nonlinear source polariza-al, depend on the wave vector k . If we express 

tion term is cubic in the electric fie ld and is pure-the transition rate in terms of the peak electric
field amplitude E instead of the irradiance I the ly imaginary in character , In centrosymmetric

media the relation istransition rate per unit volume becomes

w8~ = ! i’_~~~_) ~ P 71 ’(~, w) =~ :~:‘(— 
w, w, w, — w)

11 2mw
xE ,(~ , w )E ~~~, w) E ~ ( , w) - (7)

X 
~~~~~ 

ñw ,, — 11w 
6(11w,, — 211w) - (2) Here x~~’(— w, w, w — w) Is the imaginar y part of

the Complex third-order nonlinear susceptibility.
In addition to the pertu rbation-theory calcula- In non-centro-symmetric media for electric field

tions of W~ ’ that involve matrix elements between directions such that second-harmonic generation
the initial and final unperturbed states, it is also is not symmetry forbidden there are contr ibutions
possible to calculate the transition rate by a method to F ” not only fro m the Imaginary part of

on the Bloch wave functions at the beginning of the tional to ~~~~~~~~~~ w, 2w, w) xt1t(— 2w, w, w). For a de-
calculation . Such a theory has been described by tailed discussion of these effects see Ref. 8.

) 

that includes the effect of the electromagnetic field x ’3’(— w, w, w, — w) but also from terms propor-

Keldysh.1 In this model the band distortion due tO We will be interested in determining the TPA
the electromagnetic field is included and the re- coefficient (3 for laser electric field directions
suits are applicable to both the optical and the dc that preclude the generation of second-harmonic
limits. Moreover , for higher-order multiple- radia tion . In this case the total nonlinear source
photon processes the Keldysh model offers both a polarization is given by Eq. (7). By using
simple and convenient method of estimating transi- the slowly varying amptitude approximation to
tion rates, solve Eq. (6) we can oxpress (3 In terms of

One method of measuring TPA in semiconductors x,~~’(— w, w, w, — w). The explicit relation between
is to measure the attenuation of a beamorpulse prop- (3 and >~~~

‘(_ w, w, w —  w) depends both on the crys-
agating through a two-photon absorbing medium. tal class and the laser electric field direction .If the pulse irradiance is I , then the pulse is at- For exa mple, in a crystal of 43m symmetry (e .g.,tenuated accord ing to the expression GaAs, CdTe , or ZnTe) with the laser electric fie ld

polarized along the [001 1 direction we finddl_ = _ a I _ ( 3 12 
- (3)dz (3 = (32ir w/n 2c2) [ 3~ ,~~~’(— w, w, w, — w)) . (8)

Here ~ Is the one-photon absorption coefficient and 
Here w is the laser angular frequency, c is the(3 is the two-photon absorption coefficient . If we 
vacuum speed of light, and n is the index of refrac-neglect multiple reflections within the medium, the lion at the laser frequency. Note that we are usingtransmitted irradla nce is given by the expression 
the Maker and Terhune9 convention for the third-L i

(1— R) 2 1(r , 0. f)e ” order nonlinear susceptibility. In this convention(4) 
the effective nonlinear susceptibility is

!(r , l~ t) 
~ +(3 (l — R) I (r , 0, t)( 1 — e~~’) / o - 

3 ” (  w; w, w, — w) because thero are three ths-Here u s  the thickness and R is the reflectivity of
- ‘

~~
‘ the medium. tlnct permutations of the positive and negative fre-

- - ‘

~~~~ quency arguments. This Is the same convention
~~ The TPA coefficient (3 is related to the two-pho- 

that has recently been used by Levenson and- - ton transition rate per unit volume by the expres— 
Blocmbergent° In their study of the resonant be-- - 

slon
havlor of third-order nonlinear susceptibilities

(3 =211w W~~/I 2 
- (5) by three-wave mUting.

P 1 An alternative formulation of the TPA problem The results that we have heretofore discussed

retical results are appropriate for the interpreta-
Is to start with Maxwell’s wave equation and treat are for pure two-photon transitions. These theo-
TPA as a nonlinear source polarization. For a 

tion of data for which the direct energy gap of themonochromatic beam the electric field amplitude 
semiconductor is less than the combined energy of

~~ w) Is determined by the solution to this wave 
LW~~ photons. It Is also possible to have TPA in anequation given by 
Indirect gap semiconductor by the simultaneous

V xv  x~~( , w) — (w2/f’2) 
~~~. ~~~ w) emission or absorption of a phonon. Although we

•49
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report here TPA fro m Gap , an indirect gap mate - given by the expression
rial, we shall not attempt to present here the the- 

Icr = 2hwi~~r(l — R)
• ory associated with this third-order process. For

a discussion of the theoretical aspects of TPA where i- is the l/e pulse intensity half duration.
from indirect gap materials the reader is referred The corresponding expression for pulses longer
to Refs . 11 and 12. than the hole lifetime is given by a similar expres- -

There are , howeve r , severa l theoretical aspects sion in which the pulse duration is replaced by the
of TPA from indirect gap materials that are note- hole lifetime. We conclude, therefore, that in
worthy. Firstly, the TPA coefficient ~ is expected order to obtain pulse attenuation due to pure two-
to be a strong func t ion of the temperature because photon absorption one should use the shortest pos-
of the phonon participation in the TPA process. sIble pulse duration .
Secondly, for the laser intensities and frequency III. EXPERIMENTAL APPARATUS ANt) TECHNIQUES
used in this experiment the TPA in indirect gap
materials is less than that in direct gap materials . A. Laser system

Until now we have tacitly assumed that absorp- A passively mode-locked Y A1O: Nd (neod ymium-tion by two-photon created excess carriers is doped yttrium aluminum garnet) laser system pro-
— negligible. This assumpt ion is not always valid. duced the picosecond pulses used in these experi-U sually the dominant absorptio n by excess carriers 

meats. A schematic diagram of the experimentalcomes from free holes; therefore , we can write by apparatus is exhibited in Fig. 1. The laser oscil-analogy with Eq. (3) 
lator is a xenon flashlamp pumped 6-mm-diameter

~ 
) where ~i (~~~ /) is the number of two-photon excited ing saturable absorber (Kodak 9860) in contact with

dI( ~ , t) 
= — 

~~~~~ ~) — (3J 3(~ t )  — ~~~ ~) l( ~- () ~~ 
by v .62—cm-long Y AIG : Nd rod in the Brewster-

dz Brewster configuration . The oscillator is simul-
taneously Q-swltched and mode-locked by a f low-

free holes per unit volume, and a5 is the free hole the high reflectivity mirror of the oscillator cay-absorption cross section . The excess hole density ity, The output of the oscillator is restricted ton(~ , I) is determined by the relation the TE M.~, mode by a 2 mm diameter aperture .sa
an(~ , ‘~~ D5 v~fr1 (~ t ) _ !i.~L t) ~ f 3J 2( , I)  The output of the oscillator consists of a train of

25w ‘ 
(10) 

picosecond pulses separated by approximately 8
nsec. From this train of pulses a single pulse iswhere D5 is the hole diffusion coefficient and I~ Is selected by a cylindrical-ring electrode potas-the hole recombination lifetime, In general, one sium-dideuterium-phosphate Pockels cell. Thismust solve the coupled Eqs, (9) and (10). For Pockels cell is positioned between crossed Glanpicosecond pulses both diffusion and recombination prisms, and is activated by a laser-triggeredmay be neglected; therefore, the hole density is spark gap. The selected laser pulse is subse-expressed by the relation quently amplified by two Y AIG : Nd Laser ampli-
fiers.

- (11)
t

mechanisms are small. In this case the perturba-
ond laser pulse if we assume that all absorption - 

L TSG

Note also that we can solve Eq. (9) for the picosec- 
‘rA~G Nd M L O

tion solution for the irradlance Is given by the ex-
pression

X f

: 

4(r , o, f ’ dt ’). (12)

I (r , z , t) = (1 — R) (I o(r , 0, / )— cizl0(r, 0, 1)— 13z4( r , 0, 

M P I  

P02  CR02 CRO~

211w
-~~~~ X( l_ R ) _ a 0~ ’, 0

~1X’ — R) 2

We have assumed that the incident irradlance Is
10 (r , 0, 1) and that the Irradiated medium occupies FIG. 1. SchematIc diagram of the exper imental appa-4’ the half-space z ~ 0 , ratus. YAIG: Nd MLO, neodymium doped YAIG mode-locked

Finally we note that for picosecond pulses the laser; PC , Pockel s cell; LTSG , lase r triggered spark

~~~~~~~ 
attenuation due to the excited hole absorption Is gap, AMP , neodymium doped YAIG laser amplifier . PD ,
comparable to the direct two-photon absorption if pho todlode; CR0, oscilloscope, F , fil ter; KDP , second-
the Irradlance Is equal to a critical Irradlance 4,, harmonIc generation crystal; S. sample.

_ _ _ _  
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A high speed biplanar photodiode PD-i (ITT —

F4000) is used In conjunction with CRO-l , a Tek-
tronix 519 oscilloscope, to insure that only a sin- 3 . 

‘ ‘ .

gle pulse is selected f rom the oscillator train of
pulses. The calibrated photodiode PD- 3 (S-i re-

c~~FwHM~ 
- sponse) measures the energy incident on the two-. ~ 2

photon absorbing medium, and photodiode PD-4 OuRAT I0 ,d
. 30 0 p~ec(S-i response) measures the energy transmission

of this medium - A phase matched KDP (potassiu m 
Idihydrogen phosphate) second-harmonic generation

crystal and photodiode PD-2 (S-20 response) are
used together with PD- 3 to measure the individual

0 ~~ , l I t I I p I l & I l j I I I I  Ipulse maximum irradiance. This technique is dis- -5 0 5 10
cussed below . POSITION I mm I

B. Pulse characteristics FIG. 3. Results ofmeasurementof the average tempo ral
duration of the laser pulse using a second —harmonic auto—

For an accurate quantitative measurement of correlatio n technique. Solid curve is a least-squares fit
many nonlinear optical properties of materials it to the data yielding a FWHM duration of 30 psec and aS
is necessary to know the spathl and the temporal contrast ratio of 2.7 to 1.
form of the pulse incident on the material being
studied . The spatial profile of the laser pulse at technique the initial pulse is split into two pulses
the site of the two-photon absorbing medium was by a beamsplitter , and these pulses are redirected
determined by several independent techniques, by mirrors to overlap within a two-photon absorb-

~~
- / In one experiment we employed transverse scans ing material such as Rhodamine 6G. The dye fluo-

of a 50 ~im diameter pinhole coupled to a photo- rescence is photographed , and the pulse duration
diode. The results of one of these scans are shown is determined by the spatial distribution of the ox-

‘p ~ in Fig. 2. In another experiment we directly mon- posure produced by the fluorescence track . In the
itored with an oscilloscope the output of a linear second-harmonic autocorrelation method the pulse
arra y of 256 silicon photodiodes that were irradiated is split Into two pulses by a Michelson interferoni-
by an attenuated laser pulse . The results of each eter . These two pulses are collinearly recom-F’ of these experiments indicated that the spatial form bined after one pulse has been delayed by a van -
of the incident irradiance was Gaussian, and that able amount . The recombined pulses are subse-
the lie intensity radius was 1.1 ±0 .1 mm . quently directed through a phase matched second-

In order to determine the temporal pulse wid th harmonic generation crystal. One plots the sec-
two techniques were utilized—a second-harmonic ond-harmonic output as a function of the delay,
autocorrelation (SHAC) method and two-photon and the result of such a plo t is exhibited in Fig. 3.
fluorescence (TPF) photography. ’3 In the TPF The curve is a four parameter least-squares fit

to the function, K1 ~~~~‘2 expE— 2(z — z4/ 2) 2/ c 2 -r2] .
This curve gives a contrast ratio, (K 1 +K 2) / K1,

______________________________________ of 2 .7 to 1. The results of both the TPF photog-
-, raphy and the SHAC method give the average tern-0 -

• ±6 psec, implying an average lie halfwidth (-r) of
18*3 .6psec .

Although single-pulse TPF photographs are pos-
sible, the SHAC method is based on using many —

laser shots. We have found , however, that there

J:lmm
I ’  

poral duration full wid th at half maximum of 30

z
are pulse-to-pulse fluctuations in the pulse dura-

*15 Z o - tion. 14 A convenient way to measure the pulse dura-e tion, and thus the pulse irradlance for individual
pulses, is to emplo y a nonlinear technique.15 This0

-~~~ 
- 

..... method was first suggested by Glenn and Brienza~
______________________________________ and involves measuring both the Incident pulse en-
-3  -2 -1 0 2 3 ergy 8, at the fundamental frequency and the total

DISTANCE FROM PULSE CENTER (mm) ener gy 8.~, created at the second-harmonic fre-
FIG . 2. Irradiance distribution at the sample. Solid quency from a portion of the incident pulse. For

tine is a Gaussian fit to the data yielding a l/e irradiance small second-harmonic conversion efficiencies in
radius of 1.1 mm. the phase matched second-harmonic generation
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t - product of the incident pulse duration and the m ci-
crystal the relation 8~/6,~ is proportional to the ~~ 

I 
~~~~~~~ ~

T dent pulse area. If in an experiment a sufficiently ~~° 
-

large number of data points are taken so that the 
-

ratio 8~/8,~ is meaningful, then this average value ~~ • 
-

t : can be equated to the product of the known values ~
Q

of the average pulse duration and the average pulse
area . Thus we can measure the Individual pulse
maximum ir radiance on a shot-to-shot basis.

C. Procedure

sorptio n coefficient ~ is to measure for each laser 20 - 
~~~~

--
~~~ 

- -

The technique of obtaining the two-photon ab-

0 100 200 300 
- 

400 
— 300pulse the incident pulse energy, the transmitted NC OF~.T lRR4 Ql45C€IM* ,~~~~

2 )

pulse energy, and the pulse energy created at the
second-harmonic frequency. The measurement of FIG. 4. Plot of i-ceipi- uc-al enei~ y t r a n s mi s s i o n  cud-

the pulse energy at the laser frequency in conj unc — iicient vs maximum incident irt- adiance lur  GaAs. ~a~u-

tion with the pulse energy at the second—harmonic p ie thickness is 0. 22 cm , and (he las-er electr ic field
frequency allows us to know the maximum pulse was olarized along the )OOl)  dir t-ct ion . Theoretical

cu rve is given by Eq. ti-l I w i t h  o — 0 . 7 cnf ’ and (~— 0.03
irradiance for each laser pulse as described in the Cn~/M W.

transmission is then plotted versus the maximum
r ) previous section . The reciprocal of the energy

incident irra diance . rhe incident irradiance was zinc-blende material . In all experiments unless
changed by either chang ing the gainof the amplifiers otherwise indicated the samples were irradinted
or by changing the position of the pulse selected at normal incidence along the [1101 direction .

- 
p from the oscillator train . Sample 1 was Te doped with a carrier concentra-

tion of 2 x lO ’8 em ’3; the thickness was 0. 09 cm.
IV . EXPERIMENTAL RESULTS I 

-

The experimental results indicate that ~3 0. 030

S In order to determine ~3, the two-photon absorp- ± 0.005 cm/MW with a one-photon absorption cool-

tion coefficient , we measured the energy transmis- ficient a =8.0 cm ”. Samples 2 and 3 were both
cut from the same boule and both had a carriersion for different irnadiances. The irradianee exit-

ing a sample of thickness 1 for a spatially and tern- concentration of 5 ‘ 1016 cm 3. Sample 2 had a
porally Gaussian laser pulse is given by the ox- length of 0.22 cm, and ~3 was measured to be

0.030±0 .005 cm/MW with a =0 , 7 cm ”. The re-pression
suits for this sample are plotted in Fig. 4 . From

I (r , 1, () this figure we note that for incident irradiances

- 
1m e~~~~~e~”~ (1 —R)2 e~~’ above 300 MW/cm2 there is a small but significant -

1 + j31,,,(1 — R) e ’ ’t e~~’~~
2 1 —  e~~’j 7 ~ 

. (13) departure of the experimental data points from the
theoretical curve . Similar effects were observed

-J The energy transmission coefficient T is thus in other samples. This departure can be attributed
8out 2ir~” rd r j C.4,(r , l , t) dl  to the free hole absorption, and thus there is an

T —“~T~ 
= 

~, ,~~ ,~i ,‘2~~~ enhanced attenuation of the pulse at high intensi-
ties . Another possible explanation is beam distor-

a e’~~ 1 — R  tion due to the real part of the third-order nonlin-
= 2 

~ ~ ~ 1 — e~~ ear susceptibility. This will be considered in
Sec. V.

x fin(i  +~~~ 4,(1 —R )( l  _ e~~ o) e ~~2) dx . (14) Sample 3 had a length of 1.29 cm; the one-photon
absorption coefficient was the same as Sample 2,

Expression (14) represents the basic equation used but the TPA coefficient was found to be 0.023
to derive $3 from the experimental measurement of ±0 .005 cm/MW . The reason that the measured
T (or T4)  vs 4,. Of course Eq. (14) is only ap- value of $3 is smaller for the longer sample prob-
propriate when the absorption by t ~vo-photon ox- ably results from the reflection at the exit surface .
cited free holes In negligible. The limitations thus The reflected wave suffers a r phase change that
required will be considered separately for each of enhances the total irradlance at and near the exi t
the materials studied , surface. Since the mode l that we are using doesn’t

The TPA coefficient $3 was measured for three include the effects of multiple reflections, we can
- ‘ samples of single-crystal n-type GaAs with the expect the effective TPA coefficients to be slightly

laser electr ic field along the [001 1 direction of this smaller for longer crystals. 1’

_ _ _ _ _ _ _ _ _ _ _ _  _ _ _  
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: TABLE 1. Various experimental values of the two- used was 4 mm thick with the [ l l lJ  direction nor-
~ 

pho ton ab sorption ( -uc - I f i c i en t  i3, the lineai absorption mal to the optically polished surfaces . For our
— ‘ coeff icient o, and the optical electric field direction in experiment data were taken with the la3er electric
: - 

- 

~ 
GaA s at 1.06 paz and at room temperature. field along the [ii o J direction.

~: 
~ Electric In order to measure any change in the transmis-
~ ~ti(cni~ MWI Otcm ~ ) field sion coefficient it was necessary to use incident

~ 
PresehL~~- r k  U .U23—O~ O-t U 0 7—8.0 (001) irradiances in excess of 1 GW/cm 2 , Since this

- 
liepko’ . . - 1001) irradiance is comparable to the critical irradiance

- t -i- and Fan b 0. 23 — 0 36 4 .0 - - .  
‘er for GaP then the effect of free hole absorptio n

- Kl einn i an~ -t o1. ’ 0 019—0 .045 0 .05 — 4. 0  - - -  must be considered . This was considered in our
Jay arurna r i  and Le~A 3 . 6 3—4 . . .  interpretation of the data , and the TPA coefficient
Oksman ct a1.~ 0. 2 - - -  .. [3 was determined by comparing the experimental

I Rat stu n and Clang 1 0 .02  . . - - - energy transmission coefficient to the theoretical
- 

Arsen ev -/ ~ 0 1 ~ 
coeffic ien t obtained by integrating Eq. (12) over

- 

- - the spatial and temporal profile of the laser pulse .Basov et ~~ - - - - - - The free hole absorption cross section was as-
‘Reference 18. ‘Refe rence 23 . sumed to be 2 ~ 10.17 cm2 . ~ From our data we find
bReference 20. ‘Reference 24. that a =0 .5 cm ” and [3=0 .0002± 0 .0001 cm/MW.
‘Reference 21 . ‘Referenc e 25 .

I dReference 22. hReferenc e 26. V. DISCUSSION AND SUMMARY

There are very large discrepancies among the
Finally we observed a small anisotropy of the various measurements of the two-photon abso rption

~
—. j  TPA coefficient in Sample 3. For the laser field coefficient f3 in GaAs as can be seen from Table

along the [110) direction we find that $3 is approxi- I .
t8 ,20

~~~~
6 Our measurements seem to be in closest

mately 20~7 larger than when the laser field is agreement with those of Ref . 21 . It is noteworthy
along the [001) directio n . A similar anisotropy that any spatial or temporal fluctuations in the
was recently observed in Ref . 18, laser pulses used for the TPA measurements can

Asi ngle crystal of hi gh-resistivit y (1 > 108 Il cm ) lead to la r ger TPA . Thus if the lasers used in
n-type CdTe was examined for TPA . The crystal some of these other experiments did not produce
was 0.49 cm in length and was irradiated along smooth reproducible pulses, the inferred value of
the [110) direction with the electric field polarized the two-photon absorp tion coeff icient would be
along the [001 1 axis. The best fit to the experi- larger than the true value.
mental data gives a =0. 45 cm ” and [3 = 0 .025 In Sec. li we discussed the importance of free
± 0.005 cm/M’A’. hole absorption and noted that picosecond pulses

A sample of 0.10-cm-thick p-type ZnTe was ir- are favored over nanosecond pulses for an accurate
radiated along the [110) direction with the laser measurement of the TPA coefficient . The cross
electric field along the [001 1 direction . The best sections for free hole absorption were estimated
fit to the data gives cv =8 cm ’t and [3 =0. 008 from the one-photon absorption m easurements in
± 0 . 004 cm/MW . p-type materials . The results are as follows:

In addition to the zinc-blende crystals described 1 x 10’~ cm2 (GaAs ) , 27 x l0”~ cm’ (CdTe ) , 28

- ‘ above we have also measured the TPA properties 3 x 10.17 cm 2 (ZnTe ), ’9 and 2 < 10’17 cm’ (GaP). 19

~~ 
~~ of CdSe , a wurtzite structure . The sample was There is no known measurement for CdSe. Fro m

- 
- 0.385 cm thick , and the incident laser irradiance these values the critical irradiance, ~~ was cal-

was directed along the e axis of this hexagonal culated and except for GaP , as noted above, only
crystal . The data indicate that cv =0. 2 cm ” and data points less than 1~ were used to infer the TPA
3 = 0 .030±0 , 005 cm/MW . coefficient , if we compare our experiments with

Of the materials considered in this experiment others as in Tables I and II we find that our ex- eri-
- 
‘
~~~ GaP is unique for two reasons . Firstly, at the menta l results for the TPA coefficients are among

laser energy of 1.165 eV per photon , GaP does the smallest reported values . Ou r results for the
not exhibit a direct-gap two-photon absorption , direct-gap semiconductors are typically within a
Instead the transition needs a phonon to participate factor of 2 of the theoretical results obtained using
in the absorptio n process . Secondly, the only the Keldysh model to calculate the TPA coefficient .
crystal that we had available to us had -an orienta- Our experimenta l results as well as the results

-, - tion such that the laser electric field could not be based on several theoretical calculations are pre-
polarized along the [001 ) direction . We found that sented in Table III . For the direct-gap semicon-

- 
.-- the two-photo n absorp t ion coefficient is much ductors the TPA coefficient was measured with the

~~~~~ smaller in this material than in any of the other laser electric field polarized along the [001 1 direc-
materials that we studied . The sample th at we t ion; thus , second-harmonic generation was pro-

_______ ~~~~~~~~~~~~~~~ ~~~~~ ‘ 
- ~~~~~~~~~ ~~. : Tj
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TABLE II. E .-q erimenta l values of the two—photo n mont . ~ver , we can calculate the effective
absoi-ption coefficient (3 in CdTe , CdSe , ZnTe , and GaP IP A  coefficient due entirely to second harmonic
at i-ouin temperature.  The uni ts  are ci~ ~~~~~~~~ generation followed by one—photon absorption . We

- - find for GaP at 1.064 ~~ that ,~~~~ai 0’~ cm/MW .Cdie CdSe ZnTe (.aP - - - 
- 

-Thi s is approximatel y two orders of magnitude less - 
—

Pr esent work 0.02 5 0.03 0.008 ~ - i0’~ than the experimental value that we obtain . We
Bep ko’ 0.17 conclude , therefore , that the attenuation mechanism

b - is a combination of two-photon absorption acrossRalston and Chang 0. 2 0. 2 - - - -the indirect gap plus linear absorption by the re-
Basov ‘( al . ’ 0.95 sulting free holes . If the value of the free hole ab-
Lc~- and Fand o. o-i ~orption cross sectio n is known, then we may infer
\ cc- and Chaii ’ 1.7 ~~~~~ 

the TPA coefficient ~3 from the measured transmis-
sion change . This value is reporte d also in Table

Bryuknc m - ci at ’ 0 .14 III . Our experimental value compares very favor- —

ably with the theoretical value given in Ref . 30,3l4elei~eiice 18. but is approximately an orde r of magnitude less
~~~~~~~~~~~~ ~ than the experimental value reported in this samecReferen e 2Ii . reference .R c ! e i - t - r I I - I _- _~U _  - - -

- - -  In Sec. IV we noted that at high irradiances thereRe!eience 1 .
- - - - - - - is a departure of the experimental data from theI- . l3i~ ukn ei- . \ - S. I ) II&-pruvskil , and \ - U .  z~h a t—

t at -~~ , Kvant .  E l 1 - yt i - In . 1, 1~64j I197 - I t ~ ISO’ . .J. Qu an— th eoretical curve obtained from the lower irradi— —

turn Ek-ct,- n . 4 , 743 ( 197-1)) , ance data , We noted that one possible explanation
for this departure would be beam deformation due
to the self-focusing aspect of the real part of the

hibited fo r these materials , and the imaginary part third-order nonlinear susceptibility. In order to
of the third _ order optical nonlinear susceptibility estimate this effect we have calculated the beam

~
- , .

~~, 
=- , — -a. ) at the laser frequency may be intensity radius a(1) at the exit surface of the crys-

inferred from the TPA coefficient , tai lor an input radius a0, The relation between
In GaP several diff erent attenuation mechanisms these radii is given by the follo wing approxima-

are possible . In addi tion to indirect TPA and free tion 3’
hole absorption it is also possible to have second- a ( l)’  I / p ~ j2 iha rmonic generation followed by one-photon ab- —

~~~
— 1 ~- ( l  — — }Tr’~ I . (15)

- . - . 0 L \ Pert o Oojsorption for the laser electric field polarized along
the [1101 direction , Finally since the observed at- The length of the crystal is 1, P is the maximum
tenuation was very small three-photon absorption laser power , and k, is the laser wave vector in
was also considered , To predict the amount of vacuum . The parameter P~1. is the critical power
three-photon absorption a simple calculation using for self-focusing and is given by
the Keld ysh model shows that three-photon absorp - 

~ C3/8 2 (16)tion is negligible compared to the other attenuatio n Cr

mechanisms at the irradiances used in this expert- Here c is the vacuum speed of light , ~ is the laser

TABLE Ill . Summary of the experimental results obtained in this work , and the results of several theoretical models.

Index of ~ffli — ~~ =~, — =~) [3 (cm/MW ),  The ~rv
Material  refraction /3 (cm/MW)’ (cm 3/erg) , d

GaAs 3 . 4 7 5  ( 2 . 8 ± 0 . 5 )  - 10 2 1 .8v 10’hl  1 . 7 -  iO’2 3 .1~~~~10” 6 . 2 -  10~~
2

C dF e -  2 . 115 (2 .5  * 0. ~) - - 10.2 1.1 itT ” 2.1 ~ 10’~
• CdSe 2.539 ( 3 . 0 ± 0 . 5 1  - 10 2 1.0 10’” 1.9 - 10- 2

ZnTe 2 .777 ( 8 . 0 ± - l . 0 ) ~~10’~ 3.3y 10’12 3 . 8 -  io’~ 2 .5v l Q ’ 3 3 .2x10’ 2

GaP 3.106 (2 + 1) s 10’~ 1 . 9 —  io 4

‘If more than  one sample was measured , the average value is given.
b
1 ilcu lated from Eq. (-11) of Ref.  7.

C R(.ference 20 , degenerate valance hand , no exciton.
• 4Ui-ter enc e 20 , degenerate vala-ico band , with exci ten .

l-t.-te ren e -10 .
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~. - ar .gular frequency, and ii , is the intensity depen- there a discernible change in the beam size at
r d( nt nonlinear index of refraction , For self-focus- either high or low powers . We conclude , therefore ,

~ ~ 
big produced by an electronic nonlinearity, the in- that pulse deformatio n due to self-focusing effects

~ 
T ~ensity-dependent nonlinear index of refraction may was not a serious problem in the interpretation of

~ ~ 
be estimated by Wa ng’s ru1e .~

2 This is the contri- any of the experiments reported here .
~ ~ butio n due to the bound electrons , and as an ex- In conclusion , we have measured the TPA coef-
I ample, for GaAs we estimate that n~ ~ 1 . 6 ~ 10” ficient for four direct gap and one indirect gap
- esu and Per =670 W . Additional contributions to semiconductors . Our experimentally measured

02 may come from the nonparabolicity of the con- values of the TPA coefficient are significantly less
duction band and the numbe r of conduction-ba nd than most previous measurements , but in reason-

~ electrons . ~~~ However , for the intensities at able agreement with several theoretical models .

~ 
which these effects become important , there is a For the direct gap semiconductors we have related

: decrease in the l inv ’ay index of refraction that is our measurement of the TPA coefficient to the
~ linear in the number of excited free electrons. The imaginary part of the third-order nonlinear suscep-

-, - 
I net result would be a defocusing of the beam . Us- tibility of the material.

- ing the maximum possible values of the effective
-

- ;z , and Eqs. (15) and (16) we find that the area of ACKNOWLEDGMENT S
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