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: EVAPORATION OF SOLIDS BY LAGER PULSES .
PART II - ZIRCONIUM HYDRIDE : —iii- i
R. A. Olstad and D. R. Olander
Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Nuclear Engineering, College of Engineering;
University of California, Berkeley, Callfornla 94720
ABSTRACT
. The vaporiéation ofIhYdrogen from the binary solid compound
zirconium hydride induced by pulses from a Q-switch ruby laser was
studied using a quadrupole mass spectrometer. The rate of vapor-
ization of H and Hz_during the rapid temperature transient was

determined frcm the measured mass spectrometer signals.

Application of an equilibrium model to the- vaporization process

predicts that predominantlva2 (rather than H atoms) should be emitted.

The vaporized hydrogen should have a Maxwellian'Velbcity distribution

characterietie of the instantaneous surface temperature, and the
rates of vaporization should be related to the equilibrium‘Hz’and H
pressures by the Langmuir equation. vSince'the'equilibrium pressure
is a function of both surface temperature and sﬁrface hydrogen con-
centration, 1t was neeessary to solve simultaneously the tlme—deoen—
dent heat conauctlon and hydrogen diffusion equatlons in the heated
zirconium hydrlde in order to predlct the vaporlzatlon rates.

It was found that H atoms and Hz.molecules were_emltted at thermal
equilibrium with the surface. At low laser power density, the magni-
tude of the H2 signals agreed with the equilibriﬁm model. At high

laser power deﬁsity, the magnitude of the H, signals was less than

~predicted, possibly because of a diffusion barrier at the surface.

The H atom sicnals were much larger than predicted, indicating that
they were procuced by a non-equilibrium surface process which favored
direct vapori:ation of adsorbed hydrogen atoms rather than recombina-

tion followed by‘HZ desorption.
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I. -INTRODUCTION
The purpose.of £his'investigation-wasrtojexamine-the vapor-
ization behavior of a binary solid compound subjected to rapid |
transient heating bj a puléed laser. Most pré&ioﬁs studies have
examined the.interaééion of'lase? radiation'withlelemental solids
(especiélly métals), although binary alldys and.binary semicon~
ductors have been qualitatively ihvestigated (see references 1 - 5
in Paft I). VThe.binary_compound zirconium hydridefwas chosen for
the present studyvfor several reasons: (a) thé'large partial-
pressure of’hydrogenvin equilibrium with zircdnium.hydride at
elevated tempéfaturés permits easy detection of tﬁe emitted pér—
ticles; (b) thé’material properties of zirconium hydfide have been
studied extensively; and (c) the beha§ior of‘zircdnium hydride
under transient heating conditions is of'ihterést~because-of itél
_nﬁéiear-applicatiOns in TRIGA research reactors and SNAP (Systems
for Nuclear Auxiliary’Power).reactors. | L
. By mass épéctroﬁeter analysis of the pérticles emitted from
a zirconiﬁm hydride sample»heated'by'a Q-switch laser, the following
information was sought: (a) whéther the hydroﬁen is emitted as'H2
molecules, as expected from equiiibrium cdnsidefations, or whether
it i$ emitted as H atoms; (b) whether the velécity'distribution of
the eﬁitted particles is théﬁ'expectgd for ﬁhermélzgquilibrium at
the'surféce; and (c);whether.the amount ofjemittéd‘particies is
that expected for'an;equilibriumbprocess. |
Although the ti@e scal? 6f ﬁhe temperaturé tfansient'is on the
o:der of 10—8 seconds,.hea;(and_mass'transportiiﬁ,the solid wers
analyzed by application of:@acroscopic conservation equationé
o o , _
l
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(i.e., Fick's law and Fourier's law). The justification for using

an equilibrium model of heat transport within the solid is that the
 time scale of the laser pulse (10,8'sec) is much larger than the

electron collision and lattice vibration times (10’1?

sec). Since
the photons are'absorbed by the electrons of the material, the

- photon energy should be converted to heat instaniane0usly. Since
heat’is transported by lattice vibrations.and'electrons, the con-
‘cept of: thermal eondﬁctivity should be applicable;

'The'validiﬁy of ordinary diffusion theory.inftransients
lasting only logg.secj howevef, is,less‘defeasible. .Migration of
hydrogen atoms in the zireonium matrix takes‘place,by jumping from
one interstitialvposition‘te'another. jAlthough;ﬁhe vibration
- frequency of hydrogen atomsvih equilibrium sites in the'solid’is

_1,/the'jump frequency may be smaller by-several orders .

" 1013 sec
of-magnitﬁde because of-the'energyvbarrier at the saddie point of
the jump. Consequently, the average time between jumps may be of
the samevmagnitude as the,dufation efpthe Q-switched-laser pulse.
Application of ordinary diffusion theory under such circumstances
may not be justified. N |
'Finally,_the»vaporization processes 6ccurfing at thevsurface
may not be well approximated by equilibrium'cohsidepations usually
applied to steady‘stateaor slow tran§ient situatiops. The present
ipveétigatidn was directed at the sﬁrfaCe Vapo#izatioh phenomena
rather than tiie heat and mass transport processes_ia'the solid.
Because of the close coupling of surface and bulk proceSSes during
. the tfansient initiated by a laser pulse, the surface phenomena can

be evaluated only if the transport prbcesses in the solid are assumed

to be adequately described by conventional-theory.'ﬂ

L1R
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Qualitatively,_Vaporization of zirconium hydrideiheated‘by a

laser pulse mey be described as follows: (a) the laser radiation
absorbed at the_surfacelcaUSes a temperature transient according
to.the~time—dependent heat‘conduction equation; (b) H2 molecules

¢

and some H atoms are emitted from the heated surface at a rate

which depends on surface temperature and hydrogen content of the

solid at the surface; and (c) the depletion of'hydrogen near the
surface caused by-hydrogen vaporization is partially rectified by
diffusion from thebinterior. | | |

The major gquestion we wish to anSwer is whether the overall
process is adeguately described by a model based upon equilibriumv'
vaporization from the surface coupled to the macroscopic model of.,'
heat ‘and mass transport-in the solid. Consequently, only the effect
of low energy laser pulses was investigated in this study. The
vaporization of the Zirconium component and production of an
ionized plume of vapor, which occur at high laser power denSities,
were not of interest; some data pertinent to these processes are .

presented in reference 6 of Part I.

IT. EXPERIMENTAL

The system described in the previous paperv(Part I) is employed
in the present investigation..»Because of the high hydrogen pressure
in equilibrium with heated Zirconium hydride, detectable Hz-and H

Signals could be obtained for 0- sw1tched laser pulses containing

less than 0.1 J energy. ‘The Q-sw1tched pulses exhibit the temporal

shape of an isosceles triangle.  This time dependence is described
|

by Eq. (2) of Part I with the peak occurring at Ti = 40 nsec and

the pulSe termniinating ‘at Ty = 80 nsec..



The lens used for focusing the laser beam on the target has

a focal length‘of.lpo cm, so that the parameter‘CEaracterizihg

the’size of the beam spot, ¢, is 0.26 cm,'or'thé béam spot is

n 0:5'cm'in'diameter; »Since the rods of zircoﬁigm.hydride used

as targets are'0,32 cm in diameter, the radial variation of power

density in the laser is. not imppftant. In the present series of

experiments, thé'Cehterline lasef intenéity (Eq. (1) df Part I

with r = 0) adequately describes the power density‘over the entire

taréet; | | ‘ | |
-The'targets Were fabriéated by hydriding hiéh‘purity.zirconium

rods 0.32:cm ip diameter‘using the coﬁbinationvbfwhydrogen pressure

and temperaturg needed td‘prbduée the coﬁpbund{ZrHl:63.- This

pafticular hydrogen—to—metal ratio Was chosen beéause the 6-hydride

structure is preserved from room_témperatufe to ;>1000°C (Figure 1).

The end of the zirconium hydride rod was polishédKWith 6 micron

diamond pastevand_mounted on the end of the lineéf’feedthrough

in the taréet chéﬁber.v After each laser shot on £he-end, the

rod was removedvand :epqlished before firiﬁg-onHit again.

Since the emissivity of the surface is important in the
theoretical analysis, the reflecﬁivity df the fabricated hydride
was determined aﬁ room temperature; A He-Ne gasvlaser was directed
- at the surface and the ratio of‘the intensities of the incident
and reflected beams was determined using a photomultiplier. The
reflectivity was found to be 0.45 + 0.05 at the He-Ne laser wave-
length. This'valué probébly applies to the-ruby*lasér Wavelength
as well. However, it is valid only for the~polishea surface and
most probably is‘nqt applicable to the‘roughened.hot surface

created bybpulsinngith intense laser beams.
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We did not attempt to produce a steady molecular beam of H2

in order to calibrate the mass spectrometer for this species. In-

stead, the instrumental constant K (Eq. (3) of Part I) was deter-

'
|

]suring the mass spectrometer output

mined by simultaneou§1y>mea
sigpel and the pressure of Hzladded to tﬂefmass spectrometer
chamber. After:cerrectihg the ion gaﬁge reading:to obtain the
true hydrcgen pressure, the»denSity of H2 molecules.was calculated
from the ideal'gas law and the’ihstrumentel'consteht'Was obtained

by dividing the molecular density into the mass spectrometer signal.

' This method of calibrating the mass spectrometer is_not'as accurate

as the techniquetbaeed upon passing a meiecular'brfatemic beam of
known strengthithrough the ionizer, as was doneﬂianart I for
ceiibration ef the detector' for iron. However;.ceiibration'based
upon random background gas'is prdbably éccUrate to withiﬁ'a factor
of two or three even’though’the_desiredtsignal in the-experiment -
arises{from a molecular beam of H, passing through the ionizer.
'The instrumental const;nt fOr.atomie'hydrogeh'was,obtained
by correcting themeasured'$alue for molecular hydrogen for the
ratio of the ionization cross sections and the estimated numbers
of secondary eleetrons produced at the first dynoae of the electron
multiplier. These corrections approximately cancel each other, so

_ . l . : ' v
that the sensitivities of the mass spectrometer to atomic and

molecular hydrogen are about equal. For the mass spectrometer

settings used, a value K = %.5 x 10713 amps-cm'3'was deduced.
Transient mass spectrometer signals were processed to determine

n(t) by use of Eq. (5) of Part I. 1In :chis equation, td ='3‘USec



for H+ and 47usec for H; For the c1rcu1try employed in the

detectlon of hydrogen 51gnals, the RC tlme constant T was 12 usec.

III. RESULTS

bFigure 2 shows the output signal of the mass spectrometer
set to detect H;
Figure 3 shows the molecular density pulse n(t) determlned from

following a Q- -switched laser pulse on ZrHl 63

the output signal'S(t)'afterbusing the correction.procedure em-"

bodied in'Eq; (5) of Part I. ThehCOrrection results in narrowing
the pulse and dlsplac1ng the peak towards time 2ero. Table 1 pre-
sents the'characteristics.of the moleoular pulseﬁfor-laser pulses
. of various energles. Invthe nomenclature of Part I, FWHM is equal

to + - t_ "For pulses of 0.25 J energy or greater, energetlc

_ 1/2 120

Hf and er»lons were emitted from the target and were identified

by mass spectrometer detectlon w1th»the ionizer turned off. The
data reported under Series A and B in Table 1 were taken about a
month apart under sllghtly dlfferent condltlons (e g., different
flashlamps and dlfferent laser alignment). Atomlo_hydrogen 51gnals
were measured~ln'a‘th1rd series of exper1ments.-5The H+ signals

were quite substantial and'could not be confounded with signals

due to fragmentation or double ionization of H,.

'IV. THEORY OF EQUILIBRIUM VAPORIZATION OF ZIRCONIUM HYDRIDE DURING
A LASER PULSE. '

A. Surface Temperature'and Surface Hydrogen Concentration

As explalned in the 1ntroductlon, the macroscoplc conservation
equations for both heat and mass must bde solved when ‘the response
of a binary solid struck by a laser pulse is analyzed. The energy

equation is similar:to-Eq. (6) of Part I. " In- addition, however, the



;.ﬁ wQ D0 4201 3 gv7é

diffusing speciés (atomic hydrpgen) tranépofts‘éﬁé:gy, and acéording
to the theory of irreversible therﬁodynamiés,'the:existehce of.a_
concentrationvgradient implies'a flux of énergy (the Dufour effe¢t).
Theée two contributions appear in the energY'eéuatioh; Bécause

the mass of’hyafogen'is»smali'compared éb that'of.essentialiy nbn—
volatile zircbnium, the convective term due té_surfaéé féceésion 
maybbé'neglectéd.‘ With these modifications, tﬁezénergy'equation

becomes:

: e . oH
= 2 3y 3T ' 9y , Qfy oT | H
T 9x [DQ*NZr t oK ] + DNZr [Bx + 2 0x

|
ol

(l)_

whefe pCv and k are the heat capécity.per unit volume and ‘the
thermal condugtivity,>réspe¢tivély, of'ziréoniﬁm h§dride. D is.
the diffusion coefficient of hydrdgenvin the solidfénd Q* is the
heat df‘transpoft} N,  is the number of zirconium atoms per unifb

H

volume, R is the gas constant and H, is the partial molar enthalpy
of hydrogen in zirconium hydride. y is the H/Zr atom ratio, which

is determined by the diffusion equation:

oy _ 3 [, 3y , pory ot S
ot HBXH[D.BX * rpl 9% _ : , (2)

In derivihg Egs. (1) énd (2), the zi;conium atoms are représented
"by a fixed, :igid lattice through‘Which the hydrogen migréﬁes gls
atoms from the Eulk to the surface where recombihéfion to formkﬂé
and vaporization oCcurs._ The energy and diffusion equations afe"
coupléd‘and need to be solved simultaneously. Nblﬁseful analYtic
solutions are available, so numerical solutions wére'obtained'by

computer.



The initial conditions are:
T(x,O)'= T . - , 'y(x,6)_=:l.63 = (3)

o 4
The boundary conditions far from the surface are:
T(e,t) =T, o y(e,t) = 1.63 (4)
The thermal boundary condition at the surface (ahélogous to Eq. (9)-
of Part I) iS‘:' ' |
L2 E
*
- [K _'D Q NAv Ys]
rT? :

or| _ . |
—]0_ = - 20(r_,y) (8K,

Ix

4 4 .
ap Q%) - eo (T = T )+a(t)

(5)
'where'Té = T(O/ﬁ)_and ys_= y(O,t);are thé suffaée-temperathre and
surfacé H/Zr atbm_ratio, respectivély.vlé(Ts,ys)‘isithe rate of:
vaporiZationséf mélécular hydrogen ffom:the surfaée as calculated
by Eq. (10) of Part I withythé apprdbriaté-changes in P and M.
AHvap is the heat of vaporizatién per gram étom-of H. qg(t) is
the heat flux fromzthe,laser-which is'giveh by Eqé; (11) and (12)
of Part I. As hotedkin.thévintroductiOn, the radial Variation,of
q is not significant in the present expefiments because of the large
beam spot, so that exp(--rz/cz) = 1.

The surface boundary condition for the diffusion equation is:

. 2Q(Ts,ys) D Q* Yg

; 3 : : _
- DLXJ = - —— = :
| 9% g Nzr - Ry’

5, ©
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B. H, Den51ty in the Ionizer ’
The quantlty to be compared with the data, n(t), is given by
Eq. (18) of Part I with the follow1ng modlflcatlons' (i) the vapor

pressure P(T ) is' replaced by the equlllbrlum pressure of atomic
or molecular- hydrogen which are functlons of both T 'and Yg

(ii) m represents the.mass of H or H,ji (iii) the effectlve spot

" size, A of £’ 1s set equal to the area of the end of the 21rcon1um
hydrlde rod because the laser spot is 1arger than the target cross
sectional area; (1v) the calculated density is multlplled by the .
peaklng factor to account for the fact that the pulsed molecular
beam does not occupy the entlre ionizer of the mass spectrometer
as does ‘the random background gas upon ‘which thls 1nstrument was
callbrated.> The peaking factor X is calculated to be approx1mately
0.44 for the geometry of our system. The ﬁlnal{expresslon for |

n(t) is:

i

L 3/2 P(T_,y_.) S .2

nlt) = X Brog k(ZTrk) f 2577 (t,f 57 P n(‘i._ 52\
_ _ 0 s s _

where A4 is the area of the zirconium hydride target. The sur-

face temperature and7hydrogen concentration depend_upon time

variable t and the.peak heat flux qp, although these'symbols‘have

beenvomitted-fOr clarity. For want of any data, the condensatlon

coefflclent o is assumed to be unlty.

C. Thermochemical Properties of Zirconiuijydride
Theoretical prediction of the density pulse n(t) requires
thermodynamic information on the H, pressure in equilibrium with

Zan (n < 1.63) as a function of temperature and composition.;vIn'

(7
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addition, the heat of vaporization and‘the partial molar enthalpy

Hy are needed‘for the'thermal‘analysis;'

’ erconlum is an exothermlc absorber of hydrogen which forms
solid solutlons ‘and hydrldes of varylng comp051t10n dependlng on
temperature and hydrogen content. The alpha and beta'phases"
(Figure 1) are low and high temperature_solidvsolutions of hydrogen
in alpha and beta zirconium, respectively. The'iatter.consists‘of
zirconium atoms on a body-centered cublc lattlce w1th the H atoms
1n SOlld solutlon.j The delta and ep51lon phases are hydrlde phases
with maxlmum hydrogen content at- the stoichiometric comp051tlon

ZrH Neutron dlffractlon 'studies have shown that the delta phase

2°
has a fluorite structure with the zirconium atoms on a face-centered
cubic lattioe‘and the hydrogen atoms'in'tetrahedral sites (1).

If the behavror of the zirconium: hydrlde durlng the laser-
induced. temperature transient were truly an equilibrium process,-‘
the phase structure at all times would be_glven by the phase dlagram
of Figure_l.x As the 6-phase hydride heats up;'Vaporization from |
the surface depletes the hydrogen'conCentration;f When the tempera-
ture andhhydrogen conoentration place the systempon the §/(B8 + §)
boundary, fnrther depletion of hydrogen bringsvthe'material into
the 8 + Gltwoephase region. d-phase hydride isvconverted to B-phase

until all of the former is consumed,, Still further hydrogen de-

pletion moves‘the system into the B-phase region.

In order for this total equilibrium model to be valid, the
§- to B-phase transition would have to occur in times the order of
le-8 seconds, which is many orders of magnitude smaller than times

required for normal phase ohanges. In the process of changing from
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§- to B-phase,. the zirconium lattice must rearrange from the fcc

to the becc Stpucture'and the hydrogen must redistribute so that
the beta phaée.has a low hydrogen concentratién. It is possible,
butfnot probable, that these changes could take place in .such a
short time; ekperimehts on pulsé—heatiné of zirconium-uranium
hydride'rodé have shown that thé 6—-t0'8-phase change can occur at

1 sed'(2).

,leastvin'timeszbn the order of 10~
If the-temperature transient is too rapidifor thé phaée'change
to occur, the SOlid retains the §-phase confiéuration but with
hydrogen content lowervthan that-given_by théiéquilibrium phase
diggram; Material and thermodynamic prépertieé~for this case are

extrapolated from knowh,values-in the 6-phaseﬁ This model of the

system is called quasi-equilibrium because the phase structure is

not that giyén_by~the equilibrium phase diagram for hydrogen con-
tents bélow thé 8/(B + §) boﬁndary‘but ﬁhe hydrogen pressure.is that
in equilibrium with the §-hydride, which may or may not be sub?
saturated with hydrogen. The quasi-equilibrium ﬁodel is probably
not valid for hydrogen concentrations appreciably beloW‘that at
the.G/(B + &) boundary. For hydrogen conCentratiohs well'into the
two-phase regiohiof Figure 1, partial collapse:éf‘thé‘metastable
é-phase to the'stéble beta zirconium lattice would.probably occur.
The equilibfium H, pressure over single phase zirconium hydride

may be expressed in the form:

lnP‘
Hy

aly) + b(y)/T N ¢

where a(y) and‘b(Y) are polynomials in the H/Zf atom ratio. -~ Simnad

and Dee (3) reportvthé coefficients in these polynomials for the



§-phase and the B-phase data of Beck and-Mueller (1) may be fitted
to.the same form., The hydrogen pressures oyer the B + ¢ two-phase
reglon may be expressed in simple Arrhenlus form. For y < 0.1,
Slevert s-law (i.e., PHZa y ) is obeyed : Flgure 4 shows the H2
pressures used.ln the calculatlons based upon the total equlllbrlum
model In order to obtaln the hydrogen pressure in equlllbrlum
.W1th subsaturated G—phase requlred in the qua51 equlllbrlum model,
the pressure in- the stable G—phase reglon was extrapolated to com-
p031t10ns whlch at equlllbrlum would be in the B + -8 reglon of the
phase dlagram. Flgure 5 shows the pressure comp051t10n 1sotherms
constructed for calculatlons based upon the qua51 equlllbrlum model.

In 51ngle phase reglons, the partlal molar enthalpy and the

heat of vaporlzatlon are obtalned from the relatlon~

. 31lnP :
= (@ -imey=-1 ) (@)
‘vap H 2 TH, T2 Bll/T)__y: S :

which may be obtained from Figures 4 or 5.-'H§v is the standard
. 5 HUE -

molar enthalpy of H2 ~ Absolute values of this'quantity are not

needed, since only the derlvatlve of HH w1th respect to x appears

in Eq. (l) HH and AH vap in the two-phase reglon of the total

equlllbrlum model are obtained from the 51ngle—phase data by appli-
cation of the lever rule. AHvap is of the order of 20;kcal/mole.
The hydrogen dlffu51on coefficients in the solid have been

taken as:

D, = 5.0 x-'lO‘-3 exp

s 12.3 ) cmz/SQC:»

R(T/10°)

for the G-phase and
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D, = 5.3 x 107> exp (- 8.3 13

~R(T/107) o

inithe B—phase. Theycorresponding heats.Of’transport.are
Q% = - 1.3 kcal/mole- and QE =9 kcal/mole. The3sources’of these and
other properties of 21rcon1um hydrlde used in the calculatlons are»
discussed in detail 'in reference 6 of Part I.e.ff
The calculated response of the system to pulses of varylng

energles is shown in Flgures 6 - 9. The equxllbrlum.H2 pressure
obtalned from Flgure 4 (the total equlllbrlum model) was utlllzed
in preparlng these plots. Because the energy consumed by hydrogen
vaporlzatlon is much smaller than ‘the : 1nput heat flux from the
1aser, the surface temperature curves 1n Flgure 6 do not bunch up
at- hlgh power den51t1es as they d1d for 1ron.; In effect, only the
flrst term on the left hand 51de and the last term on the rlght ’
hand side of Egq. - (5) are 51gn1f1cant in the surface heat balance.;

| The H/Zr:atom ratioratfthe:surface as a function-of time is |
»shown in Figure 7 for various peak heat fluxes. For gp > 3 x 106
watts/cmz, substantlal depletlon of hydrogen occurs at the surface.
The:surface H/Zr'ratlo profiles paSSvthrough a_mlnlmum at approx-
imately the same time as the-maximum surface temperature is attained.'
Thereafter, the surface H/Zr ratlo 1ncreases because H dlffuses from
the bulk to the surface faster than H2 is lost by vaporlzatlon.t ‘The
,flnal H/Zx ratlo is "frozen at a value less than the initial Value
because vapor zatlon and dlffus1on of- nydrogen become negllglble as
the temperature returns to amblent. | )

‘As shown'insFigUre 8, the H, flux from the-surface is a very

Sharp function of time, indicating that the emission occurs over a -



relatively narrow temperature range (on the order of several hun-

dred °C). The.largest H2 flux ocCurs.when the equilibrium Hzl

pressure at the surface is a max1mum - This peak occurs before-

the maximum temperature 1s reached because the H2 vapor pressure

is a function of both temperature and H/Zr_atom.ratio. 4
Typicalvcalculated mass spectrometer Hz.siénals are shown

in Figure 9. ‘°According to Figure 8, the'Hé molecules are emitted

from the surface over -a time interval of less than 0.1 usec whereas

_the time of flight of the H2 molecules from the zirconium hydride

sample to the massuspectrometer_1onizer is approx1mately lOO usec.

Therefor.e--the"H2 molecules'are emitted effectively as an instantaneous

source at zero time and»the width:of the calculated signal is then

‘due'entirelyrtoAthe-spread_of velocities of the emitted H, molecules.

As energy dehsity increases, the calculated signal.shifts‘toward

the origin because of the increase in the'yelocityvof the emittad

molecules due to the higher‘surface temperature; 'There is a time

delay of approximately 30 usec between the timetthe molecules are

emitted from the surface and their arrival at_the’ionizer~because

of the time required for the molecules in the high speed tail of

the Maxwell—ﬁoltimann distribution to traversevtheb40 cm separating

these two. locations. |

Although temperature gradients at the surface reach values
greater than 107 °C/cm, ‘the Soret effect and the effect of the
enthalpy transported by(thepdiffusing hydrogen atoms are both
_negligible. Thevnumerical solution of the solid energy equation

and hydrogen diffusion equation (Egs. (1) - (6)) were made with

the heat of transport (Q*) and the gradient of the partial molar
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';52) set to zero. Each deletion made'a less

than 10% dlfference on the magnltude of the predlcted 51gnal (nmaX

enthalpy of hydrogen

and had negllglble 1nfluence on tpeak and FWHM

'If the'VaporiZation prQCess‘is adequately described by equili-

brium thermodynamios, the hydrogen emitted.from'the Surface during
the laser pulse should contaln a small proportlon of H atoms along
with the preponderant molecular form. ~ The predlcted atom hydrogen
-den51ty pulse at the 1onlzer may be obtalned from Eq. (7) w1th m

equal to the mass of an H atom and w1th the pressure of atomlc

hydrogen obtalned from the equlllbrlum H2 pressure by:

p = Kp ‘,/P .v . | o ' B (10)

where K is the equilibrium constant for hydrogen'dissociation in

)H/(nmax H

the. gas phase ( H (g) = H(g)). The predicted'ratio (nmax

varies from 10 7 to 10 -3 as the peak heat flux ranges from 4 x 106
to 107 watts/cm . For a fixedrpeak power, the average velocity:of

2

the H atoms should be V2 times greater than the'H_2 velocity, so that
the peak of the number density pulse in the ionizer should occur

30% sooner for H:'than for H2;'

V. 'COMPARISON OF THEORY AND EXPERIMENT

' Complete comparlson of theory w1th experlment requlres that
surface emmisivity be known in order to relate pulse energy to -
peak heat flux according to Eq. (17) of Part I. To ellmlnate‘the
:unEertainty in € (and in the:magnitude of E aerell),-we havebcon-

structed plots‘oftt vs FWHM (Figure 10) whiohfshould be inde-

, peak v
pendent of surface emissivity. Since the molecules are emitted
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over a time much less than tpeak'

acterlstlc only of the veloc1ty dlstrlbutlon of the emltted mole-

the ratio- tp. k/FWHM‘is char-

cules. Although the data are scattered, they cluster about the

'stralght llne representlng the calculated varlatlon of tpeak

vs
FWHM for a Maxwelllan beam. Thls 1ndlcates that the H2 molecules
and H atoms are emltted w1th the veloc1ty dlstrlbutlon of an |
effu51ve Maxwelllan source. |
The calculated and experlmental values: of arrlval tlme vs

pulse energy are plotted in Figure ll. .The-H2 data p01nts cluster
about the theoretlcal curve: for a surface em1551V1ty of unlty,
although the scatter 1s too great to dec1de whether the equlllbrlum
model or the qua31—equ111br1um model is more approprlate. 'The'
theoret-lcal'H2 curve for € = 0>55 1s clearly out of the range of .
the data points. -The apparent'surface-reflect;v1ty is therefore'
approximately equal to zero, rather thant0.45ias:measured with the
He-Ne laSer-onwroom-temperature'eri.éé.. The reflectivity during
‘a Q-switch pulse may be much less'thanjthe_measured reflectivity
either because the zirconium hydride refleCtivity may\be.very'small
‘at high temperatures,'orvbecause the changelinnsurface condition
during the.vaporlzation process may cause the;reflectivity to ke
very small._ Several experlments on metals usxng conventlonal mode
pulses (4 5) and Q- sw1tched pulses (6) have shown that the surface
reflect1v1ty_dur1ng a laser pulse can be-much_less than the ;nltlal
reflect1v1ty._ | | |

| Notw1thstand1ng the uncertalnty 1n €, the agreement between

the measured and calculated values of t vs‘E_shown in Figure 11

peak

indicates that'the_emltted H2 molecules are in thermal'equilibrium
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with the-surface."The surfaCe temperature is-apparently calculated
correctly from the srmultaneous solutlon of the energy and mass
transport equatlons in. the blnary solid. o

Figure 11 shows that the valuesof)tpéak;for H atoms are sub-

stantlally-smaller than‘tpeak.

for Hé at the samenpulse"energy,"
which indicatesdthat the former signals are due to H atoms‘emitted
from the surface rather than from cracking orfdouble'ioniZation
of-Hz. The atomlc hydrogen data fall between the calculated curves
for e = 1 and € = 0.55, whlch suggests that the H atoms are emltted_
at a somewhat'lower-temperature than the H, molecules.

- The calculated and measured values'of.thesmolecular.density
in the ionizer at the peak of the pulse‘are plotted in Figure 12.
The three H2 data p01nts with noax much less than the band drawn‘
through the other H2 p01nts are attributed to mlsallgnment of the
laser on the surface so that the actual 1n01dent energy density
'was smaller than measured by the photodlode._ The band through
_ the remalnlng H2 data agrees falrly ‘'well with the calculated curve
for ¢ = 1 for E less than 0.05 joules.' However, for E'greater»than
‘saturate at v 10°
10

this value, the measured values of (nmax)H2
molecules/cm3 whlle the calculated values 1ncrease to > 10
molecules/cm3.' ‘The slope of the calculated curve is steep at low
energles because the equlllbrlum hydrogen pressure 1n this reglon
is- prlmarlly a functlon of temperature. As the laser energy in-
Creases, the lope decreases because hydrogen is depleted from the

surface. The theoretlcal (n vs E»curve therefore levels off -

max)H2
because the H flux from the- surface is- 11m1ted by the rate at

whlch hydrogen can diffuse to the surface.



The theory*developed in'séctidn IV‘permiﬁs calculation of 18
 the yield per pulse, defined as the qﬁantity of hydrogen escaping
:frbm‘a'unit aréé of surface for a laser pﬁlse"of prescribed energy.

For pulses of v 0.1 J energy,'thefyield.cérreépéhds to the hydrogen-
content of 7 mdnolayers_of erl.63;' The hydrOgéhvrequiréd to
supply this yield has to diffuse from many lattidé'épacings'within
theISblid. As indicated iﬁfthe:Intrdduction, thebﬁ_atom jumping
process maY'ndt be rapid endugh to permit appiiéation of Fick'é
law té the‘transient‘ﬁasé transport phenomenon occurring as a
result of'thé.Q%switched laser pﬁlsesf ‘The observed failure of
ﬁhe equilibfiuﬁ'Vaporization‘theory for H2 evident in‘Figure 12
at high laser pdwers ﬁay:be due to ‘the inadequégy‘Of the solid
state diffuéiohél ahalysisfin the theory. e

© In additién to the possible failuré of maéroécopic diffusion
theory because df:the time scale of the heating process, several
other more mundane phenomena cbuld-restrict the supp1y of H_étoms
to the.surface: ) |

(a) A diffusion barrier (e.g., an oxide'br'nitride'édat) oh

the surféce.: ' | o |

- (b) Restructuring of the hydrogeﬁ-depiétéd surface to fofm
one of the metallié phases may result in an interface which festricts
migration of H atoms to the.surface., | |

(c) Even in the absehce of diffusibn,barrieré such as those

in (a) and (b) above, there may be avkinétic bé:fier,at the surface
if the time for an H atom in the lattice to hop frbm.jﬁst beneath
the surface tova sﬁrfaéé site'is.significantly greater than thé

time for an H atom to‘jump from one lattice site to another.
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In each of the above.cases; a surface barrier acts to reduce
the'flow of H atoms to the surface even though hulk diffusion is
normal. ‘SurfaCe'resistanCes of the types descrihed above have
often been 1dent1f1ed from conventlonal k1net1c studies of hydrogen
permeatlon through metal foils (7). At the very hlgh surface

particle fluxes developed in’the‘tran51ent 1nduced by‘laser pulsing,

‘surface resistances assume even greater importance than. in ordinary

'permeation experiments.

Thevpossibilityvthatvthe‘discrepancyvintthe predicted and

observed-H2 signals in Figure 12 may be due to a condensation co=

‘efficient very much smaller thah unity'does not seem likely for

thevfollowing-reasohs: (a) the agreement between the measured

and calculated values of (n is adequate for pulses of

maX)Hz
E < 0.05 J (1n fact the theory underpredlcts the molecular pulse).
This accord 1nd1cates that o = 1 is a satlsfactory approx1matlon

for low energy,pulses. (b) If the constant value of (n___)
max H2

observed for E > 0 05 J were due to a temperature—dependent con-
densation coeff1c1ent this quantity- would have to decrease in
-1nverse proportlon to the equilibrium hydrogen pressure, which is
highly unlikely. | |

The measure.values of the maximum dens1ty of the atomlc hydrogen

pulse emltted from the surface are also shown in. Flgure 12, In the

-plateau reglon of E > 0 05 J, the data 1ndlcate that the ratlo of

the peak amplltudes of the H to the H2 pulses is v 0.2 whereas
the equilibrium calculation of Section IV predlcts that thls ratio
should be & 1073 for E = 0.1 J. The equilibrium theory fails

rather dramatically on this point. The large H.atom signals are
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due to lack of attainment cf chemical equilibrium at the surface,

even though hydrogen atoms are emitted at thérhal equiiibrium_“
'with the Su:face (i.é., their velocity distribﬁﬁioh is consistent
with tﬁe caicUlated'surface témperaturc). HdQéVer,vexistence of
thermal equilibrium doeS‘ﬂQt‘imply'chemical equilibriﬁm;:-For
example,.thgwiranslatioﬁalvtemperaturé'of a sgbersbnicvnOZZle'beam
of diatomic'ﬁolecules.may:be quitéidifféient fﬁgﬁ.the equivaient,
ﬁeméeraturé;oﬁ'the:vibrational or rotatiqhali@bdes of the'beam
molecﬁles.; | | _ :
The'yielaﬁbf atomic hydrogen detecﬁediin-the experimentsv
amounted to lessithan a monolayér‘of H atbms'iﬁﬁﬁhe targeﬁ surface,
which suggests;that the H atom signal deteétédfbyvthe mass épectro4
meter may have been due to Vaporizatibﬁ of a idésely boundiadéorbed
layer of H atoms in the surface of the zircéniﬁﬁ_hydride rather
than hydrogeh thch-was truiy part of the=zircoﬁium“hydride structure.
‘This adsorbédiléyer of hydrogen may_haVe been’dfiven off early in
.the pulse ﬁhéreby'a¢countingvfor the slightly'lowér temperature
ofvatomic hyd:ogen dompared to that-of,molecﬁlaf hydrogen inferred
from Figure.ll;‘i L |
Whether thefatomic hydrogeﬁ detected ip ;ﬁe'experiment arose
‘from an adsbrbéd laYer initially on the surfaéeipr from hydrogen
reachingbthe surface by.diffusion from the buik,sélid, equilibfium
ﬁhermodynamics neVertheleSS requires that most of fhe hydrogen-
should have evéporated as Hzirather than H; ﬁéWéQer, the surface
temperature ﬁransient-may simpiy have been tob_rabid for hydrogen
atoms initially present in or on'the'sdlid:to}recombine and form
H, before Vapdfization. If the adsorbed hydrogen atoms must éur—

face diffuse «nd collide with another adsorbed H atom in order to

hY
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,form surface'H2 which then desorbs, the rapidity of the temperature

rise may make it more likely that the H atomS[simply desorb as
‘atoms before recombination occurs. The mOdel_thereforevattributes
the excessive atomic hydrogen emission from the surface to the

sluggishness of the reaction:
2H(ads) » H,(g)
| compared with the direct desorption step:

H(ads) + H(q)

4

At true.equlllbrlum, or in slow tran51ents Wthh can be regarded

as a sequence of equilibrium stages, the rates of the above two
reactions are related by the- requlrement of detalled balancing,

a condltlon whlch ev1dently falls 1n tran51ents of a few tens of
nsec. Nothlng in the H—atom em1ss1on model just descrlbed prevents
the atomic hydrogen from_belng in thermal equilibrium from the sur-
face to which it is bound; only'chemical equiiibriumlwith respect
.2'emissioh dstviolated. -

vI. coNCLUSIoﬁS’

The conclus1ons of this study of hydrogen evaporatlon from
21rcon1um hydride rapldly heated by Q- sw1tched laser pulses may ‘be -
' summarlzed as fOllOWS’ | | .
(l)o'Both H and H2 are emltted from the surface w1th Maxwell-
Boltzmann veloc1ty dlstrlbutlons characterlstlc of the 1nstantaneous

surface temperature. The latter appears to be adequately calculated

from macroscoplc heat conduction theory.
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(2) The quantities of H and H2 emitted during the transient do

not. represent ehemical equilibrium, either between the atomic and
‘molecular forms of gaseous hydrogen or‘betweeh_the gas phasevand
the calculated surface compesition. For lésef‘pﬁlses-S'0.0S J;
less H2 is emltted than predicted by the theoretlcal model based
upon Langmulr vaporlzatlon and Flcklan dlffus1on, for all energy
pulses, more H is emitted than expected from equlllbrlum vaporlza—
vthn. The fallure of the theory in these thvaspects appears,to
arise from lndependeht klnetlc.phenomena; H2 emission would he L
depressed byfthevexcessively large direct reIease'of atomic
hydrogen from'the surface, but not by theAerder of magnitude seen
from-Figure.lZ;‘.The.ekplahation ef ebnormaliyA;ow Hz release
basea ﬁpon restricted ﬁigration of hydregeh from the bulk‘solidxl
is not incompatible with the medel of nonequilibtium_atomic hy-
drogen'desorption'which has heen advanced to explain the abnermally
 large H/H2 ratios observed by the detector.

Finally, we note that the tempefature transient initiated by
the Q—switched lesef pulse (duration ~ 16-8 sec) is very much more
rapid than that atteinable by flash filament (é)'ot'any other
trahsient heatihg!techniQue. Kinetic llmltatlons whlch are not

observable in slower tran51ents figure promlnently in vaporlzatlon

by Q—sw1tched laser pulses.

This work was done under the auspices of.the-U; S. Atbmic Energy Commission.
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TABLE 1
Results of Mass Spectrometer Ana1y51s of Hydrogen Signals
- : from Q -Switch Pulses on ZrHl 63

E o ,_tpeak : | FWHM : - | nmax x 10 ,

(joules)‘  (usec)  (usec) | (moleculeS/cm3)

- H (Series A)

P
0.034 S 102.0 | 83.9 .
0.046 940 . 8.7 |
0.069 -~ 82.0 47.8 1.2
0.028  105.0 753 S 0.
0.029 0 102.5 83.2.
0.11 - 75.5 - 65.3 | | 1.3
' 0.15  55.2 65.2 S 1a
| _ H, (Series 'B)
0.12 R 62.0 . 80.4 -
0.4 . . .78.4 117.0 o 0.8
0.19 . 90.0 010 1.4
© 0.045 100.0 o 90.0 |
Y0.073 . 76.0 - 69.8 0.2
0.069 - 84.0 . 92.4 o
0.11 © 86.0 . . 82.0 0.3
0.10 - 84,0 - 63.8 . 1.0
0.71 . 104.0 | 67.5 0.7
0.16 -~ 84.0 78.8 :

_ S - Atomic Hydrogen (H) _ ‘ _
0.061 ~59.0 47.4 o 0.24

0.10 67.0 50.0 .. 0.26
0.13 ~57.0 ~48.2 o ©0.30

0.13 52,0 ~57.7 S 0.16
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FIGURE CAPTIONS - 25

Zirconium-hydrogen phase diagram (réference 1).

Typical measured H, signal. Horizontal scale is
20 usec/div.

‘Typical measured and corrected H2 signals for pulse

energy of 0.12 J.

H2 pressure-composition isotherms for zirconium-hydrogen .
system, total equilibrium model. '

2'pressure-composition isotherms, quasi-equilibrium model.

Calculated time dependence of the surface temperature (T )4
for laser pulses of varying energy den51t1es.

Calculated time dependence of the ‘surface H/Zr atom ratio
(yg) - :

Calculated relative flux of H2 molecules vaporized from

‘the surface [¢(T Y )1.

Calculated H2 den51ty pulse at mass. spectrometer ionizer

:[n(t)]

Comparlson between calculated and experlmental t

vs FWHM. peak

Comparison between calculated and experlmental t eak'
vs E, for Zr-H. : P

Comparlson between calculated and exper1mental (nmax)H

vs E, - : S 2
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor

any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process discloseéd, or represents
that its use would not infringe privately owned rights.
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