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w y 7 - AesTRACT . .

Three metallic powders,(Al, Be and Mg, were suhjectedt
to shock excitation in Argon- ydrogen Test, gas m1xtures All.
these samples yielded spectra of the1r monghydr1des in the ™
mheated zone beh1nd'the reflected shock front. The 5%{4; 72; '
band system of MgH was stud1ed by'p‘otographic absorp
w'spectrophotometrwc methods via spectra obta1ned at shock . >
'

tube temperatures: between 2200 Krand 2900%K. A constant :
- v/

/ﬂue for the "sum of squares of the electronic transitx&n f

moments appl1cable “to the (0 O), (%:l) and (2 2) bands,

A

was determined to be zlee(rV.v")l = 02013 + 0.03 atomic

. units : . .o = . C
H . s { .

A study of’ 1nC1dent and reflected shock front speeds in-
Ar: H2 Test gas mixtures permitted appropr1ate allowamce for
the non-uniformity in cross- sectional ‘area at-.the v1ew1ug

stat1on and led to acceptance of 1’5 T5 values (calculated : b

T
'from measured incident front speeds)‘for condltions exis\ing -

-'4-"‘

‘!1;h1ﬂ the equilibrated region. behind the reflectel frqnt

> Time resolution of the em1tted nadlation showed that
emission frém shock- produced hydrldes was less intense in the
zone behind the 1nc1dent _front than in the reglon behind the  »
reflé%ted front over the interval l800<l5<4200 K uo“‘f

* -
_The results of all these studies are consistent with a
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mode1 of the. sepck wave powder s ampie 1nte{§zian_thchu |
cénsiders part of the' sol1d to sub]xme whiTe\the remainder

11quef1es (w1th subsequen¥% evaporat1on) {o form an atonf;r

-

\d-es the meta'l_ Se monohydm de.
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vapour that, Tnteract1ng W1th the shock heated Hydrogen,

ThJs-model agree§ w1th

“the p oposal of Parkxeson (1959) for'1norgan1c oxide-sNock

for AJum1n1um powders 1n’an 0xygen enV1r0nment ‘ - ¢
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NOMENCLATURE . * *
-

[A] partial pressure of mixture boqponent A, atmos. \\\\ﬁ

Einstein A-coefficient for spontaneous emission.

ul ’ - by one particle, sec . - L p—
Ar:H2 ' . - Test gas mixture composed of Argon & Hydrogen. .
' a slope of a graphdpassing through the origin and
: - of type-At24=aA£§2 S
a [1n(2)]w‘/wd = Line Shape Paraméter; -betermines X
the centfal height and spread of the line profile.
a, ‘ attenuation produced by the i-th step of a step
1', - density filter. a. is a very slowly varying
, function of wavetehgth.—— ; - G e
: ¥ ] - .
a. constant in Heimel-et al. (1963) seven constant ‘.
J fit to thermodynamic properties.
a(N) | - sound épeed in shock fegioﬁ N;_km/sec'or mm/usec.
T o N o : | ’ ' ' i 1 -
anM sound speed ratio 2}N)7a(ﬁ) dimensiontess
B, rotational,constant for the v-th vibrational ’
state, cm . . i . , o
BA(T) Planck Black Body Emission Functign, U/(cmz-u-sr)
) (Radiation intensity for unit wavelength range .
' . cefitred about x.) .
b{ix = %o ) Hme profite—k,= g - : -
e distribution of"absorption coefficient wjth
wavelength about the Tine céntre iy cm
c S Contact Surface v
c ' speed of-light in vacuo, 2.997929x10" %/ sec.
‘ P second radiation constant, hc/k = 1.43879 cm-K°.
Ep(T) Molar constant presstre (fe?peratufg-depeqdént)
h ; =K° - .
e (T) . _specific constant pressure (tempexatgggfdgpend;
P ent heat capacity, cal/(gram-K®).

} , < oXxd




fv(T) . Molar constant volume (temperature dependent)
, *heat capacity, cal/(mole-K®). . .
D(A") Density reading at a position on the micro-
densitometer tracing corresponding to wavelength

UL W 1] .

p.:‘,r‘ .

D° ' .energy required for the dissociation . of a diatomic -

° - molecule(into neutral infinitely separated atoms) _

’ . “ from the lowest possible level of .the electronic )
ﬂyf : ground state, eV. -

(D% ) . Heat of formation 6f one mole of ‘gaseous species
1 X x at T, and 1 atmosphere pressure from its con-
stituent elements in their standard states under
the same' conditions. Heimel et al. data (1963) -

+52097.7 cal/mole of H.
+35600.0-cal/mole of Mg .
-46987.5 tai/moie of MgH

nnn

* - e —
- D, cen7r1fuga1 rotation- v1brat1on correction constant,
: ' »
‘ cm o, -
E . energy of a spettroscopic level, state or term, cm".
AN

E, spontaneocus emissive pgwer (spectral intensity)

fEAdA total power radiated per unit 5013d angle in

ax ' the wa&EIength interval ax, W/ (cm -Sr)

an ’ product of electronic charge_ agd radius of the

. first Bohr orbit, 2.54155x10° '" esu-cm, unity -

in atomic-units. -

e’/(m,c?)  classical electron radius, 2.81785x10"Pen.

ey - eleetron—Voit Tcncryy’ unlr.)’—'—ﬁmTU:‘mﬂ'D'm'e‘S_—.'

, or 8066.02 cm '. A Boltzmann distribution of
particles with mean energy 1 eV has an effective
temperature 11605. 4°K . .
) . . ) -
c F{(N)l rotational energy of the i-th spin doub]et
component with tota] angular momentum minus spin
e S - equalcte Nl — — -
I F2(N) . Molar Gibbs Free Energy of gas mixture in shock.
" i region N at temperature T, ca1/mo1e
£
RO eTéx

{or a?sorpt1on defined by £q (6-25) after Schadee
1967
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N
‘electronic absorpt1on osc111ator strength,
. dimensionless. .

G(v) exc1tat1on energy of the v-th vibrational 1eve1.
: cm . -
. AG(v+1/2)= G(v+1) - G(v).

g(|r -2 ]) spectrograph slit function - pormalized to unity.
A triangu1ar s1it function wa's used.  See Eq (A-11).

A g .

j statistical weight { degeneracy or mu1t1p11c1ty)

of level j.

gf weighted oscillator strength symmetrical between
7 < emission and absorption; additive for lines,
. multiplets, terms etc... - , ’

H(a,x) Voigt Function - defined by Eq (A-4), dimension- .
' less.

me_mw“*ewﬂz/nr .—.—— Hydrogen driven shock waves intn_Angnn—Iesiﬁgaiee_mm_

H;(N) Molar enthalpy of shocked gas mixture in region

N at temperature T, cal/mole. .
H second .centrifugal stretching rotation-vibration
correction constant allowing for an increase in
the internuclear separation of a diatomic molecule
with rotation, cm '

Half-width one-half the wavendmber interval between the
the half-intensity points on a line profile.
For a Voigt line Profil the half intensity
°* points occur at Xp defig;d by H(a,x

h) 1 H(a, 0)
H .
h Planck's Constant, 6. 6252x10 34Joule sec. '
T h(lx'-xn '
v oy (N) specific enthalpy of the shock heated mtiture Y
‘ in region N at temperature T, caT/gram £
‘HT(N§/WM(N) _'
I specific radiation,iniensily_at_uaxelengthAA S
: H/(cm -u-sr).
g a totai—angu1ar momentum quantum number for a~—~——“““*'
rotational level. .
- vfiffhw*ﬁ ”'g_‘f*Ebnvers1on factor from c?}ories “€o jou!es ’

4,184 Joules/cal.
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» U ore 1016

" Boltzmann Constant, 1.38046x107'° erg/(K°).
1 ' L
k® integrated absorption coefficient for -an, |

entire line.,[k,dx=k®, dimensionless.

o k*, ot . multiplier defined via Eqs (6-6) & (6-7). This
L is the factor in k3. which is solely temperature
‘dependent. It is Tﬁdependent of concentration

oo and the gf-sum <
,*A ' . absorption coeff1c1ent at>waye1eggth A.corhected ot
: for st1mu1ated emission, cm } - ‘
k, 2 opt1ca1 depth ( at wavelength i) of the absorb-
ing layer, dimensionless.
K equi]ibrium dissociation‘conétant,expresséd as
P a function of component partial pressure with

atom1c gas’ taken as the reference state.

- — p1 [H ]JLﬂJ--———iar_HyLLtagem_-_ e
' -[MgH]/([Mg][H]) for Magnesium Monohydr1de, ﬂ

d1mens1on1es;.4 S
In(2) 0.69314 71806 + (base e) 2
¢ . e
[Tni(Z7}] 0.83255 4611 B
’ 1n(10) 2.30258 5093
A >
Log,,(e) 0.43429 44819
y . 10 C e o
) CLTE local thermodynam1c equ111br1um
: Mg . Inc1dent—sheek frcnt Mach number = Ul/a - e
- : : dimensiontess——— ]
N o magnifude of the tétal angular momentum minus
‘ spin quantum number for a rotating d1atom1c
. malecule, dimensionless. .
- 4 L]
N : ., Sp cies cbncsntration (n/v), moles/lftre or’
' part1c1es/cm ,
; Nzt total gas phase . concentratign of ‘free atoMs'
' of spe¢1es at, part1c1es/cm ,
3 e :
NQO] total ga§“bhase concantration bf diatomic molecular,’
T species mol within the shock- hemunm ‘
) mo]ecu]es/cm : ' -
wn -7 number of motes ,:“ L . e
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"~ Ciy s‘. ..‘ (
' N i
[<] ® B N “":i‘.
n; - concentrhkion'of type j molecules, molecules/cmo.
4 R R f
¢ _P(J) g rotational branch having-J'=J"‘1
) L,P(N) total pre§sure in shock‘:gg1on N, atmosphgres
* Pji - =P(j)/P(i)= pressure ratio, dimensionless.
Pk ' N the k-th shock~- detect1ng-probe - a p]at1nuﬁ f‘
- P thin film heat transfer gauge. °®
" Q(J) rotat10n§] branch having”Jd'=J" .
. ) - .[ Nedoon
Q%"t i‘!ernal part1t1on:for ;’sfngle motecyle of

species i referred to the lowest energy state
. attainable by that species as energy zero.

’ Internal partition funpction for MgH determined
from Heimel et al. data (1963) was' in very
good agreement with the one evaluated using
the method of 'Haar & Fr1edman(1955) using the

same molecular data. {
G/ ¥ vN"i | Franck-Condon factor of the i-th spin component
of the N' & N" rotational transition in the
] (v',v") band Neglecting. rotational effects,
¢ - 2 ] ,
- " v v lj%](r) * w;ir)dr{ - ~
- R i tional
s s 1dvefs of Q}ectronwc states. ] and 2. .
. MR ‘R(J) rotatlgaal branch having J'=J"+1 ' .
R Universal G s constant, 8 3143x10° +7 ergsﬂhole Kﬂ
Conversion thgeime1 et al~polynomial data
- into enthalpi and specific heat capacities .
-~ * - requ%red the use of 198 26_nalLime1e~K°)z~— e e
_L__‘ e e L . H .- *
R':‘;} ratio defined via £q (6-16) and EQ(6-15a) as. -
) - [coefficient of k;ol sum] divided. by [coeffic-
. - -fent of kf; sum]. . |
C i LI zlee(rv.v..)/e’aol' /(zs'+1) defined 1h £q (s 14)
zz} . 2 2, nsifﬂoni .
W% vy moments" deﬂaed by Eqs (6-11) & (6- 12,) in
* ’ atomic units. Ty
o s The summation‘1nc1udes all e\ectrfc;dipo?e '
. .« o - transitionssbetween non-degeneraté states of
) ' .0 ._specified parity and z-:i/tvalues,. '
‘ L4 [N . . M » s
" - ‘ - D‘ g
. ) . i {:l; N ’ ¢ )
LA - ) - 4 ¢ -
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r - if?fntroid fd; the (v:,v“) Vibrationa]'band,i
=y'¢{(r)rw"(r)&]/wa{(r)'w"(rédr] .

are vibrational wavefunctions in the .

1ectgon1c states 1 and 2. (Nichadls & Jarma{n
o 1956) , :
o

radian 57.29577 95131 degrees. L

. rms root-mean-square;i.e. for a set of values X
, ' the tms_value of.the averagesof the xs is B
Xrps” fn'x'!f o o f= T3 <
S o ™ “Spin’ quantum number. S=:1/2 fox bqgh doubtet
_ ~states of MgH d1mens1on1ess

- Line Strength - symmetric betweeﬁ em1551on and
: ‘abserptign. atomic units: .

ad®

[T X

©

& "

Sy - Incident Shock Eront s ° , T

.5J a ’H;n1itondon Factos for\a rotational l1ine. ° The e
normaljzation used is =(2S+1)(2Jd+1) and -

app]ies only to the co anat1ons (5,a") and >
$',d'). S, is a contracted form of §° " '3
_ . -J 5y - v'N' v i

Syry . ,Band Strength, atomiic units

- S3E. of estimate " rms deviation of the ordinaté abodt a fitted
;" curve whose abscigsa values are assumed error

free "
. T “S.E. /izd? /n) di is 1-th deviat1on,
. & n'is £he* totat numquﬁgf
- : : dqﬁa points.,
. B o .
T e T thermodynamic temperature, K°.
A e , . -
T(N) . _atemperaggfe in shock region N, K°
r . -
t - time co-ordinate, second ‘
Té <e1ectronié staie energy nfeasured relative to-the
e1egtron1c ground state taken as eneggy Zero,
' - cm” . ) PR
U < A velocéty of ater‘pl flowing behind a shock -
' -~ front relatjve tp"an axis fixed in the shock
front, km/ ec or mm/usec. . o
v particié velocity in the shock flow relative:
‘40 & co-ordinate system fixed in ,the end wall.
. (in a IaBOratory fixed co-ordinate system)
_ v . ;4brationa1 quantum number, dimensionless.
! Y : : | i
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st

a8

‘ (m!,c") ' the ‘vibrational band arising from the spectro-
; .o _ scopic transit1on involving the upper vibration-
k“ 3 at level,v', .and the Tower vibrational level,
o e v', - In the present work v' and v" belong 1o
+different electronic states. = _ ' » *,
s i - - [
: W o collision half-width, cm™ or A .
T Twgy'' C - .doppler half-width, cm”) or A .
> ‘ - ,a, ° . R
0 WS -+ voigt half-width, cm Vor A,
o WM, . "Molar mass of constituent k, grams/mole.
" =39.944 for Argon v
e ‘ .=.1.008 for- monatgmjchﬁydrogen o
. =" 2.016 for diatomic Mydrogen
_ =24.320 for Magnes1um
e . QhZS 328 for Magnesium monohydride
. Mo
. N of the flow, grams/mole
° ey AL . e
X : Iength co-ordinate, metre. o ™~
'xk Mole Fraction of k-th constituent of a mixture,
[K]/P dimensionless. -
- 2 . @ometric path Iength through an absorb1ng at-
cmosphere, cm
R Z,4 . single atom, ipternal partition function; equi-
PR valent to Q for one atom. dimensiontess.
N i@oi sing]e molegule intefnal partition function,
equal to Q for One%molecule, dimension%ess.
@ ¢ atomic scaling parameter used to determine the .
. best fit of synthesized to original microdensit%
ometer tracings, dimensionless. - )
" R ' Ratio of principal specific heat capacities =
A Eh/fv, Temperature depenq.pt | | ‘}
Yy spin spfitting constant giving ‘the magnitude of
. ‘the effect that interactjon of S and veciors
o have on splitting fhe spin components.'cm .
¢
BEp, ’ venergy per gram of equilibrated ‘shock- heate&

: mixture required to prodyce total equilibragion .
of dissociat}on, chemtcal: reaction dnd vapoutriz- ..
ation-of the powder sampTe material in reg1on s,

k, éal/gram., . . , , , - )




AX. . o separation of locations i and j, cm.

s/\ 1‘] : < -
LL I a Final state value minus initial state
. vg1ue. - ’
8.1 Kronecker delta function ! 0 A'] for A=0
N ‘ ! 0 A-O otherwise.
R A ) component of resultant e1ectron1e angular momeh-
tum directed along the internuclear axis; A'=1"
(} and A"=0 for the MgH green system.
. [+]
Ao J wavelength at line centre, cm or A. )
oo ,Wmmé _...molecular._ sca]jngwpacametengused~4n_detenm4n~__uw
. : inq the best fit of synthesized to original
microdensitome;er tracings, dimensiontess.
i T N reduced mass of the MgH molecule, 0.967480 gram.
‘ v * . radiation fneqqenoy; sec”! . )
. A?2n . upper electronic state of thé‘MgH green syscem.
N 3.14159 26536, dimensionless. . «
O J.77245 38509, dimensionless.
" a(N) "density of mixtune in shock region N, gmﬁcm3
. x22+ lower electronic state of the MgH green systgm
and the electronic ground state of MgH. -
e a%j N opt1ca1 coll1sign cross- -section for the part-'
'+ ners i.and j, A°
1 . ‘ratio of the total number of Argon atoms to
‘ ‘ che tal number of Hydrogen atol§s regardless
{"Sof chémical compound in which each exists . -
"> within the shock heated mixture. This ratio
t is. ysed to specify censtancy of elemental
: [, . atoms. )
. ‘r - -~ N -
¢, ratio of total number of Mg atoms present 1n‘

a given shock region to the number of Hydrogen
atoms present there regardless ofgthe compounds
in which each occurs. -

] s A

~

wo . vibrat1onal constant, cm

o X,y w.Y. & 0 2

eXe ele anhqrmonic oscil]ator vibrationa1 constants,

cm ‘s

/ ‘ -
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Superscripts | . ) ',

° ., T observed value. ]

o

: ‘ !
thermodynamic. standard state (& g. for a
perfect gas 1 atmosphere pressufg).

- - -

P . 5 theoretically predicted value.
overbar signifying an average value.
uppqr state of a spectroscopic transition.

~ lower state of a spectroscopic transition.
) v ’ , . |
Subscripts ’ '

r

g gaseous phase-
s ' sblid phase B ’ - N .
U K  upper state it;rm or.level) of { spec;roncop1c -

. transition. State.ef higher total energy.)
1 - .i " lower state of a spectroscepic transition )
1 ‘ spin doublet component for which J=N +’1/2.
2 spin doublet component for which J=N ="1/2.
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CHAPTER 1 -
.. INTRODUCTION-

LN

¢ .

1.1 Historical ~

[

- Tae shock tube brnvtﬁes;a*thermaiiy‘extited_ﬁTgﬁ“téﬁp:f“““‘

erature environment suitablelpfor the study of many problems

e - in.chemical physics, Cqnditions in the Rot gas'tehind the
— : incident shock wave areeuniqueiy»&etermined by -the gas com»*
position, ite-initiai temperature and‘nressure and by the

.4 incident shock front velocity. These controlied‘initiai >

conditions and the refiected shock ve]ocity « itself a

function of them ) serve to define the characteristics of

-the environment between the ref)ected shock front and the .

ref]ecting'surface, . ' | © J

.« Many of the earlier shock tube kinetic studies were

ifperformed in the region behind the incident shock front. //f
| Here, it was fe]t, conditions could be predtcted and centrolled
more cioseiy than behind “the reflected front because all the
required variables were directly measureab]ef Recent]y, afteri
the expenditure of great efforts in simultaneous measurement -
of pressure, deﬂsity and temperature behind both shock fronts,
researchers ( Watson, 1963, 1966; Hurle, 1964; Just”*1970 )

»

-are agreed that the ref%écted,ﬁhock‘{egion ts one 1n uhich
- N f : L - [ )

local thermodynamic equilibrium ofteh does exist.

a . r } i . b . ' ‘r.-




They have found that values of thermodynamjc‘variables,ﬁin -
this red{on, can be predictsd from quantities controlled by
the experimentalist when generating the incident shock and
from that shock's speed.

In chemical kinetics and sbectroscdpy. temnerature is
thesdominant variable. Thus many jnvestigations have been

directed to measurenent of temperature behind shock fronts.

_This has been accomplish ed“hx“using,the spectrum line- .

‘reversal method for Nal (Clouston, Gaydon & Glass, 19583}

clouston, Gaydon & Hurle, 1959; Charatis. 1961, Lapworth

K,

-atures ca. 5000 K. The experimenta]ly determined quantities 4

‘intédeity measurements on lines of OH to determine temper-

1962), Inl and.CrI (Ciouston, Gaydon & Hurle, 1959) and Bal

(Faizullov. Sobo]ev & Kudryavtsev, 1960) to measure temper-

-have been found to agree with those predicted by one-

dimeniional shock wave theory udthin an experimenta1 uncer-
tainty of 2%.

Parkinson and Nicholls (1960) used rotational line in-

‘tensities of CN and later Reeves and Parkinson (1964) employed . -

selected lines of)éal, CalI,‘and’AlI to:measure temperatures
ca. 7000-9000°K behind ref]ected shock fronts in Argon that

agreed to 102 prec1sion with predictions based upon initial’

shock conditions - “without using a measured value for the

incident shock speed. Miyama and Takeyama (196;) used iso-

atures in the reflected wave~region that lie within'Z% of -
values 1nferred from one diyensional'shock theory, the ‘:
1n1t1a1 conditions and.a measured value of the incident wave

ar
-«
»
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speed. Watson (1963, 1966) has measured reflected shock

temperatures by comparing 51mu1taneous emissions from differ-

+

ent portions of the OH-ultraviolet band system. In the tem- "
perature interval 3500- 4300°K, his résults too are within 2%

of the predicted values. ,
!

An extensive investigation by Bengston et al (1970)

revealed ref]ected wave temperatures “ca. 9000°K - in neon

with traces of voiatile additives - to be 3% greater than

those 1nferred from measured incident shock speeds, at the

lowest test gas pressures used. Just (1970) has reported

t”mperatures‘of—2000—27604K—measnred—behind~

in Argon-Hydrogen mixtures that deviate by no more than 0.6%

froh values estimated using the .incident shock speed.

Shack wave studies of gaseous mixtures cahpiement the
more classical methods used for investigating rates of chenm-
ical reactions. The shock tube has been used to study fast

reactions and as a heat bath to initiate reactions too slow

-to occur at more conventional temperatures{ Thermal decom-

positioJ‘ot Chlorine (Diesen & Telmke, 1963, Bromine (Lawrence,
1969; ‘Warshay, 1972), Cyanogen (Knight & Rink, 1961; Levitt,
1968), Fluorine (Blauer, 1972),.Hydrogen Lhloride (Breshears.‘
19722 and Hydrogen.(ﬁardiner.& Kistiakowsky, 1961; Patch,’
1962; Myerson, 1968; Breshears. 1972§ diluted with inert

gases have been studied behind the incident shock front and
NH {Sea] and Ga?don. 1966) in the reflected wave zone. Rates

of- reaction and some dissociation energies have been detér- ’_ﬂ i

mined. Reactions occurring in.the Acetylene-Oxygen system.




‘have been inv-estigated ex sively by Stubbeman (1964), and
Gutman et al (1987a,/$?67b;£¥§%8, 1970; 1§72) Moreover the
oxidation of Methane (Miyama & Takeyama, 1963. 1965), the
pyro]ysis of Benzene (Birnard, 1972) as well.as the decom-
pos1t1on of ammonia (H1dak1 & Yamamura, 1971) ahd Nitrogen
difluoride (Modica & Hornig, 1965) have -all been subjects of
shock tube invéstigations. Experiments to measuré vibrational

relaxation times impbrtant for the undersfanding of the C0,-

NZ laser system have been reported by Taylor (196§0.1 The
effects of additives upon the relaxation processes in NO

ray,

COé {(Weihs, ‘1969; Eckstrom, 1912), Ho (Kiefer, 1966;;Raff,’
zf§6§; Boitnoft,m1971; Simpson. 1971) and N, (Hurle, 1964)°
have been studied behind the 1ncident shock*front Hurle:
(1964) has performed similar studies on N, in ‘the reflected
_wave reg1qn. Djebo]d et al (1974) hasestudied the vibrational
relaxation ofo1uorine." Associative recompinatiop of Hydrogen
"atoms has been investigated (Hurle, 1967) and electron-

) molecu]ap 1oﬁ dissociative recombinatioh rates have been de-
termined fpf'Kr; (Cppnippham & Hobson,“1§723)and N; (Cunning-
ham & Hobson, 1972b) aftefglows behind incident shock fronts.

The shock tube has proved to be a mos t usefu] tool for —
-the study of astrophysically important atomic and molecu1ar
spectra Investigations of Fel and FeIl (Heeks. 1967; Byard.
1967 ; Huber, 1968; Grasdalen. 1959 Wolnik, 1971; Von Rosanerg,

W 1972; Huber, 1974; Gilbert et al, 1974), Crl and CrlII (§ilker-
son, 196}; Charatis. 1962; Wolnik, 1968, 1969}, S11 (Day, ]969;1‘

""'w
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g Mitler, 1969) and T1I and-I1II (Bon1, 1968)_spectra have led
to evaluat1ons of gf- va]ues and analysis of spectral 11ne .

shapes Tbe Bal (Parklnson & Reeves, 1962) and PbI (Gartou..

-«

| 1966) spectra have been exam1ned in the u1travi01et and fol:
Towed out to their series limits. Auto-ionization of the

- ) [+] [}
A1l doublet ‘at 1932A and-1936A (Gartomn, Parkinson,& Rgeves;

-
-~

1964) and the auto-ionization continua of specific Ca
.——~—{Newsem-49€Séjr144~{Marr—&—Hepp4nsieJ1- 1966)_and Inl (Mapr,

1966) Tines have bee other subjects- of investigation. " These

studies have led to ass1gnments of previously unknown energy

,_____lgxelseni_these_einms_end_jgwihg__dentiﬁication of additional

lines in the appropridte spectral series.
One. of the most important uses of the shock tube has

been the production under controlled and known conditions

of many molecular spettra important in solar and stellar
.spectroscopy. The emission spectra of Ti0, Al0, BQ and Zrd
- mo]eculesuprominentzin-M and S type stars - have all been
recerded in spectra produced byﬁihe shech'excitation of
>f1ne]y divided oxide powders (Park1nson & Nicho1ls, 1957
1969 Tyte, 1964) 0,, CN and CH - prominent in so]ar
.spectra - have beeh noted in Spectra from shock excited
organic powders (Hatson, 1960). OH (Watson, 1963, 1966),
N, (Keck, 1959; Hurle, 1964), OZV(Treanor & Hursten;v1959;‘
Sharma & Wray, 1970), N0 (G11ck, 1957; Wray, 1962;_ Wray &
Teare, 1962) and C0, (Breeze, 1963) - all present in Ehi4t

‘earth s upper atmosphere -~ have been the subjects of shock

tube qua1itat1v€ photometric i‘vestigationsﬁ | o .

l -
.
L
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Some qua}1tat1ve aspects of these spectra have been

JR . o [P

: known for many years but the:'shock tube with fts character-
istic therma1 mode of excitation allows quantitative stud1es
to be made. %or example, 11€etfmes and absolute oscillator
'strengths have been &easured for A10” { %yte.h ﬂehertw—1964),.
BeO (Drake, 1967), C, (Arnold, 1968), CN (Arnold & Nicholls,
1972), 2 (Cooper, 1972), NH (Harr1ngton, 1966), NO (Cann,
1968), 02 (Sobolev & Faizullov, 1963), OH (Lapp, 1961; hatson,

1963, 1966), Si0 (Main, 1968) and VO (Harrington, 19891“”Ahd B
so, it is with an extension of these quantitative 'studies, o

*‘—wh%themp%o&*sho€&~e7t+tetfon-tethn1qﬂes——that—th+s—thes+s—————————

is concerned.

1.2 Scope’ of Thesis .

Diatomic hydrides are amongst the most abundant mplecules
in stellar envelopes and MgH. 1n'particu1ar,ffs one of the

more plentiful. VYet, in 1962, when fhese studies were begun,

no absol te electronic oscillator strength - f- number - was

known for any-radiative transition of this mo1ecule Therefore

’ 4

‘Iandattemﬁt was made to perform an exper1menta1 measurement of
the abso]ute electronic osc111ator strength fbn.the Azn-xzz+ T
system ofengH using shock exc1tation techﬁiques.' Ihis thesis-
reports the outsome of that work. - .

The technique used to introduce MgH into the shock heated
Tést gas, a]though-navel at the tjme. 1s an extrapo1ation of
methods‘dsed.pqeviously in thileaberatory. Pa}kinson*s (45571
1959) work on oxides and McGregor's {1962) on sqiphides’and

\
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__ceramics__had shown that shock excitation of finely divided,.

powdered, solid additives to an Argon test gas could lead to -

~ . .’
the formation of desired diatomic species - particularly in

i N
".the region behind the reflected shock frght. SolLd sampues

were eaeily handled and specific compounds were chosen be-

cause .they contained chemical constituents necessary for the

production of a desired diatomic molecule. Often these com-

W —

pounds contained additional elements and various -combinations

4

of those constituents would lead to the presence of ehwanted é

spec1es within the Test gas mixture. Consequent]y, prefereno,,

“was given to suftable binary compounds. MgH, is the only

B
reasonab]y ‘stab]e binary hydride of magnesium under normal

cond“.ions -~ However, it is rather ‘combustible and dangerous

-to handle. Furthermore, it reacts with water and water vapour

quite readi]y to form a hydroxide which gives rise to- an- Mgl

~/

spectrum that over]aps'the,MgH A?n-XZZL*doand system’when
(nominal) MgH, is suhjeeted to shock excitation. For these
reasons, use of thls hydride was. rejected Instead, success-
ful attempts were made-to form MgH w1thin the shock tube by
Ycombining elementai magnesium, Mg,,(ihtroduced as a powdered
samp]e) with,Hyorogen, H2, present as an appreciable fraction
of the predomihant]y‘Argon Test gas,

Observations of MgH spectra_ were resfricted to the re-
flected shock region as ‘this -resuited in a 1onger observatioﬁ
time ~ approximately 800 usec compared with 250 usec for the
incident shock reﬁion - in addition to provid sufficient
time for the product\nn of significant amounts of MgH |



The possibility of. extending this_technique to. the for-
" mation of other hydrides was studied with ‘the he]p of Bery]lium
and Aluminium powders. L | ' ’ '
Qualitative shock tube studies;fsuch es“wave lengthxdelmw'tj

terminations in spectra emitted byfmolecuies in excited states,
require knowiedge only of the initial exper1menta1 conditions

to characterize the investigagion Quantitative studies such
as the evaluanion of an f-value dehand- a comp]ete awareness‘

-

of the properties - temperature. pressure compositiqn and

number den51ties - within the reacthng gaseous mixture during

:_tbe observation period.- The following Chapters describe the

steps taken to determine the MgH A2n-x2:t osoi]f?tanistrength:-
Those steps were . T -

4‘.5 Y
a) Caicu]ation of conditions with&n the reacting mixture‘

from basic shock tube equations and equiLibrium state

L

thermodynamics, ‘ | . ,
L
» b) Production of hydrides by shock exCitation techniques.

o) Experimental measurement of . o
- i) Emission from a seif-iominoﬁs reactipg mixture,
or of ‘ ‘ . .
ii) Absorption by the reacaing mixture (when an
~ absorption experiment was\performed), A
d) -Reﬁ?gzuction of microdensitometer tracings of recorded
spectra by computer- synthesrzed spectrp ‘that made cor-"
rect allowance for ins;rumental response during the re- S
cording of experimental data. - iﬂ ' . ;‘ :‘
e) Evaluation of the oscii!ator strength. =~ .

15
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1. 3’ UutTTHE“Uf“THESTs:T“——-*“ —‘:rtiéii Rt . ‘@“5:5¥

?he the0ry negded to account for thermodynamic proper-l "
t1es of Argon, d1atomic Hydrogen and monatom1c Hydrogen m1x-

Jtures behind’ 1nc1dent and reflected shock fronts 1s developed Lo

"in Chapter 2. * There, too, “the effect nf added pgrdered samesﬁi’

_ ples is o0n51dered The experamental arrangements, spet1a1

ﬁshock speeds in Argonkand Argon Hydrogeh mtxtures of var:able

technﬁques employed.and m%tnods used are presented %n Chapter
3. Chapter 4 conta1ns a compar1son of pred1cted and measured )

compos1t1on In add1t1on. the fntensity versus t1me behaviour 4}

7
..

i
of several spectra] features 1s exam1ned 1n this chapter as

R P K R

T

' . well as the 1nf1uénca.of the observat1on zone des1gn upou the

1nc1dent shock speed (and as a consequence upon the temper- R

;ature ex1st1ng beh1nd the ref]ected shock front) " The chap- v

ter conc}uded with a ]ist of impurity radfat1ons em1tted from;q¢

‘;.-

in’ Chapter B.» With1n that chapter, the characteristacs of '{d'..

’with ca]culated shock temperatures is noted Chapter s is qﬁﬁlri

those spectra are d1scu§sed and the“var taon of tﬂe spectra

-devoted to quantitative spectroscopy*‘theory necessary for an :4f}

‘from optica1]y thisk ]aye

f

toe
a4

understand1ng pf‘uﬁtens ty variat1ans with1n spectra obtained

13 presented thase~=esufts are ;}:?4
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Chapter 2 : _ o '
} 'EVALUATION OF SHOCKED GAS PARAMETERS
o ) 8 *
This chapter treats the questiom: \ bt -

.ﬂydrogen under contro]ied initiai conditions, What are the

- s

When a knownmasy of powdered samnie is subJected to

R T4

thermal exc1t;t¥qn by a shock wave of incident speed U1. -
traveliing in a shock tybe .of uniform; cirguiar éross- section

through a test gas origina]iy composed of Argon and diatomic &

“

resuitant equiiibrium values of'temperature, pressure and

spec1es concentrations behind the 1nc1dent and nefLected ) o
shock fronts°‘4 T \ . . ° ‘ .
5 .

A]though .the foiiowing pages dea1 specifica]iy with a*
Magnesium sampie, the anebranc results app]y direct]y to .
A:;hﬁnium .and Beryiiium - other sampie matergals used in the = -

f ..

;> .
S y

present studies: e ““'$,

" o,
- -~

‘ Know]edge of temperatureg»and species concentrations iS'
vital for the’ quantitative interpretation of shock excited
of osciiiator strengths, banE

moiesuiar spectra. in terms

strengths and-eieetrqnic‘t

*

goai of this research was quantitative spectroscopy oi the

nsitipn moments. As, theﬁﬁgzgf d.‘\

Qw

MgH A2n x22 band system from shock- generated spectra, the .

' physica1 conditions within the shock- heated reacting mixture

»

£

had to ke deterMiﬁ“d“T*r éach set oi“eipEFTMeWtIT“fon

.Those parameters were evaiuated’es functéons of the incident

. .

LT .

. ”‘11
.. .

PN .




shock speed and the experijmentally controlled pre-sheck '
‘~equ1]ibrium conditigons by application of conservation laws

- oae

for mass,-energy, momentum and ndmbax of atoms and by im-

-posing constraints specified by equilibrium §ta{3;itifmo_

dynamics.

The a]geb?a?g formuiation of the Moblem is straight-
foryard. However, the multitude ¢f gumeric calculations
needed to account for'd:fferenf gamp1e s{zes and variable.
test gas composition are tedious and suScePtgble fo”hum;ﬁ
errdr - garticd1ar1y»;h eases whgre sequﬁnf;@l iterations
are needed. Thére?dre, the net of equations linking end
state Eroperties.was ﬁrogra;m;a first for ﬂﬂenlBM 7649;}£hen
ava?]ab]é at U.W. 0., and Tater for an IBM 1130 comput;r
presentcat Mount Allison Un1verswty, where much of this

thes1s was wr1tten

w’ Y
-

*'7

- Fo]loW1ng a description of the shock-excitation processes'

-—

Jin. sect1on 2’1‘ﬁthe algebraic solution is, considered un&er

»

f1ve heaéings . ' ) R - e

2.2 ‘kssumptions, L1m1tations aad Notation \
‘2.3 Inc1dent Shock ParameteYs

2;2\ Dissaciative gqh111br1um apd’ Species. Concentrations

4

2.5 Parameter Values in the Region of the Reflected

~ Shock

:
Is

Summary of Results
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. ‘
‘2.1 Shock Excitation '

'A broead undgﬁstanding ot the operafion of a shock tube
‘may be gained from a qualitative description based upoﬂ ) .
’ figure 2-1, an x-t diag}am: It depicts,the one-dimensiongl
/. flow patterns within a simple, bursting-¢1aphragm, preésurei
driven shock tubé. (The notatioa is standard (55§d0n~& Hurle,:
1963; Glass, 1958)). - K
Initially the Hri;er gasf(in thé Chamber, régfon (4)) and
the test\gis (in the Channel, region (1)), aré separated'by a
;My1ar dtaﬁhra'm. Each gas is separately in the o&ynahic
equilibrium; i.e. temperatur;s T(Ii'ana'Tfj), p?essu}es\i(})»
# and P(4) are co stafit and there s no net flow in~thqa%g_ |
direetion, V(1) [= V(4)%=.0. (‘V(EI)A'is the particle Lokl

on I measSured with respect to a laboragory-

fixed reference frame with"positi¢e velocities dinectég to

, the right.) The pressure=ratio P41'(5P(4)7P(1)?1) and the
identitieé,'composi;iong,.temperatﬁres'aﬁd molééu]ar weights
) L ’ . R
of %he driver and test gas mixtyres are known, pre-selected

variables. The sound speed, a(4), of the driver gas is

- "

‘o greater than that of the test gas, a(1). (h4l>1) ,'_
When the diaphragm'rupturesﬁunder preésﬁre_differencé
P(4) - §(1){ gas in region (4)'équr1encgs‘ah<isentrop1c >

' expﬂnsioniandlg ra}dfactdqhxw;v; (of véiogity--a(4)) Pfavels

into fegion'(4)‘crea%1ng reg1oﬁ (3): Af'firét.;he driver

»

4 - 1
o«
5 . CJ - d e ‘
< e gas—trtes—to—expand—into—region{3)-at-its own sound speed.
- P * oL
* o '] B . v

. L]

However, the test gas can adjust to sudden preésure cﬁéngés e

o

-
e v
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a) t=0 , ' .
: MYLAR, DIAPHRAGM :
Chamber  V(4y*0 Channel - Vil)y=n =

¢

F1gure 2-1

x-t Diagram Dep1ct1n§)Shock Tube Flow Reg1ons

t=0 - Before D1aphragm Rupture ‘
t—t] - Fiow Pattern -During {ﬂf+d€ﬁ%-Sheek—ﬁeﬂeﬁatlonv“~w~—"
t=t2 - Flow Pattern After Normal Reflection

L)
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at_a speeg no greater than a(1) (a(1)<$(4)). Thus coﬁbression:
ueves which rapidly coalesce into a shock wave travellinto the
testegas. The boundary between.compressed‘dnd undisturbed "
test gas ts'ca11ed tne incident shock front, S,. It moves;

"into regfon (i) with a velocity greater than fa(l) and the

’undisturbed particles<pannot escape from it.

Campressed test gas is separated from the expand1ng
driver gas by an rnterface, c, tpe contact surface The

_ contact 5urface moves at the flow veloc;ty (a constant value,

- Tess than the sholk front velocity) in the x -direction. It e
separates two' regions, '(2) and (3), of equa1 pressure and
.ve1ocity but d1fferent entropy, density and temperature
The contact surface may be envisaged as a piston adiabatically,

‘;compress1ng the test gas into a slug moving in .the x-direction.'
At any time thstant this slug has a volume defined by the. tube
cross-section and the relative positions of the incident shock
front and the contact surface. | |

Molecules of the _test gas passing through the fncident

’shock front undergo a discontinuous ‘change in temperature, '

' pressure, density and entropy. The sudden reduction in their .
mean free paths causes an ex;reme1y rapid heating of the‘ﬁi?fim ;-“
‘tie1es . For Argon-Hydrogen test gas mixt;res. the transla- \
tional and rotationa1 degrees of freedom remain in thermal

equl]ibrium during this transition but v1brat1ona1 and dis-

(Rink (1962) reports that trans1ational and rotational modes -

1

‘ B ”
"

-



‘require ca. 10-50 collisions to become bherma11y eqdi]ibrated,
whilst vibrational and dissoc1at1ve modes of Hydrogen may re-
quire -100~500 collisions or more. Bo1tno}t (197T) found that °
about 30 collisions-were needed to estab)ish rotaticnal equil-
ibrium behind the shock .front at.1200°K. Kiefer & Lutz (1956)
v - determ1ned Hydrogen to be 98% vibrat1ona1] equzlib;ated, at
| : zogb °K and 4 atmosph&fes pressure, 1 usec affer crossing a_
ishock front.) ﬁConsequent1y, test gas.mo1ecu1es enter region
. . .(2*) directly behind the intident shoekiftontiin a state of
‘ "frozef“ eguilibrium at a temperature T(2*). Dissociative
relexatiop occurs until, in region (2), the seoek-heated
mixtu;e has achieved comp]ete the}mal equi]ibrfum Temper-

ature T(2) is less than T(Z*) for the relaxing system must

re- apportion 3 fixed amount of energy among the available

‘degrees of freedom. If déssociation. occurs, pressure P(2)

w111 be greater than P(2*).

1

g The .shock and rarefaction fronts travel along the tube
until they encounter the end plates. There they experience

normal reflection; particlies behind the refleetee’wave fronts
‘are brought @p rest. relative to the end ;lafes.‘ Thus ﬁegions
(5) and (6) are formed. n R

, Hhen‘the incident shock froﬁtjhhs’reeched the end‘pIaQe,
ebmpressed gas in regions (Zfi and‘(zf is still flowingito-

)

wards ‘that end wall. Therefore, a region of“greafer com-




. plate and (11ke region (5*)) builds out from it. There must

17

- CL\‘ ~ »
It‘is another region of frozen eqnglibrium. However, temper-
ature T(5*) is greater than twice T(2) in simb]e Eases (Gaydon

& Hurle, 1963) and P(5*)>P(3) so that comp]ete equ11ibr1um is

‘established much more quickly than in reg1on (2). Region (5y,

formed by -this relaxation, first starts at the shock tube end

[

still -be no net fiow within region GS) Consequent1y par- °

-ttcles in this region have no net velocity in the x-direction

(v(5)= 0) while region (5) bu11ds ‘out from the end wall with

- speé€d U(5) directed.to the left.

-

2.2 Assumptions,yLimitations°ano Notation

<

Equat1ons Tinking ghs properties (in a shock tube of

h

un1form cross -section) with the incident shock front speed

are deve]oped for binary test gas mixtures having a variable

amount of diatomic component in a monatomic di]uent. Par-

ticle flows in regions (1), (2), (2*), (3), (5*) and (5) are.

.treéted'as isentropic end inviscid. No allowance is made for

energy loss via conduc¢tion or radiation and fonizatjon of the
test gas is considered to\be negligible. {(The last assump-;
tion will be considered separately when species concentrations
are derived in $ection-2.4.) .,‘ v o -

As the mathematical tfeitment is. developed spec1f1ca11y

for Hydrogen-Argon mixtures, chemical symbols are used as

A

subscripts to 1dent1fy§oropert1es of particular components.

¥
‘_ L]
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A more compact notation results from the use of numeric sub-

scr1pts to derote flow regions Thus P(4), used previously,

3

\ .
and .P4 are equiva1ent‘ Quantities -accompanied by double

numeric subscripts denote ratios. Thus =

'y

A _ P(a) _. T 3 _ a(s)

p = "4 = 7 .and a = °§ =

41 — —— 52 . —=. .
P, P(1) ‘ B al?)

" _Parkinson's (1959) work on oxides, the,  author's. (McGregor,
]9@2)°on ceramics and sulphides and other experience in .this
laboratory have shown that molecular spectra'cén be excited
in the réf1ec§ed shock zoné when its. temperature is below
6000°K. At hfgﬁer reflected wave tgmperatures only atom%c
1iﬁe specéra have been observed. ‘Thﬁs‘a‘value_af 6000°K was
arbitrarily chosen as the'upper‘1imit to reflected shock

)
temperature ca}cu1ations.‘

In an experimental study of den§ity gradiénts within

, mixtures, Rink (1962) found - ;

PputP

Xe-H Ar-H2 and Kr-H

2’
2 N . ) “\' ,
for incident shocks with speeds in the V.033-3.738 km/sec
rangé, "ihatﬂinequaTity has been employed in this Qorkﬂ‘
Here too, the,subsc;%pt 2% is used to denote that region
‘direCtiy‘behiﬁd“thg incident shock front in which: Hydrogen
and Argon héyé the bame trans]atioﬁa}4temperafgre; vfbra- |
tional and rotational levels are populated abdord{ng to

-

Boltzmann Distributions at that tenperature; and negligible

dissociation has occurred. The existence-of such a zone was




justified in section 2.1..

Within each flow region, every component of the mixtupd

is assumed to follow the’ Perfect Gas equation of state : ki E
(Davidson, 1962, pages 55ff) , ) "
PV = nRT i (2-1) -

‘- a relation Betweenlpressure, P, volume, V, temperature; T,
€;nd mole number, n. V will seﬂdom be employed as a symbol
for volume.- Hhen it is, there should be no confus%gn with
the particle fleww~e10c1ty. Genera]ly (2-1) will be used
‘1n the. form - | ~ ' - :
| : P=NRT - (2-18).
in which N = n/V = species concentration in moles/litre. R
is the molar gas Eonstant |
When several companents are present simultaneously, the

total pressure is given by Da]ton s Law

= [K] S | . (2-2)
K . ' R

where [K] denotes the partial pressere exertek by§§pecies K
contained within volume V. {IK] is equive]entégo'; for a
single-component'eystem;) | ) i |
The mess of substance K present in one mo{e,of the;rei.
aeting mtgte:e is . "(< _.\ . ;
M = X WM = £§1.HMK ; x (2-3)
Where‘ijis the mole frac®on of constituent K a%C'HHK.ite

molar mass. Obviously, .(2-2) and (2-3) require

4

oo £ X, =1 - U (2-4)
K |



' LR MK-.-E{L%I-NMK} (2-5)
WM is the molar mass of the mixgure. .

Statement (2-1) is a cénstraint only upon the transla- .
‘tional motion of gas molecules when, as_in the present case,
the molecular structure and energy ]evéls are independent of
the kinetic eﬁergy of'translation. Allowance for effe;ts due
th internal structure - electronic excitation, vibration and
rotation - is made by considering the specific enthalpy, h,.
of each species to be ‘a function of a temperature-dependent,

constant-pressure. heat capacity, cp -

_
e % f
he(Te) = hy(Ty) = J‘ cp(T)dT ~ (2-6)
T1 ' ¢
while the principal, molar specific heats are reltated by
Cp(T) CV(T) = R . . N (2-7)

e
H

i

?or computer solﬁtibn, power seniéS'expansibns fgr h qu"
¢, as funttions of T are preferabfe to tabulated values.,
Therefore, the polynomial-expansions listed by Heimel et al
(1963) were employed in the present work.‘ They had been ob-
tained from simultaneous least squares f1ts to extensive
tabulations of thermodynamic data derived,from s?ectrlscopic
and physjc0rch§m1ca1 o@servations on equi]ibrated systéms.

Those-rejaffaﬁs take the form \

— *

”"U“

= ) 2 3 4 S,
a; + a2T4+ a3T + a4T + asT




%T = a4 + 321 + a

7 33 %%

——

T2+ a,T3 + a,1% + % -

-

- where ay, aé3 ay, etc. are constant coefficients.

v

Although measurement of shock parameters is usual{y per-
* formed in a 1abdrafbry-f1xed reférencé frame, expressi?ns re-
lating them are customarily referred to an axis system witH
origin fixed in the ;hock front. Figure 2-2 depicts the' re-
Tationship between thesé two measurement systems U denotes
particle speed relative to a fixed shock front and Q‘W1th
respect/£o a f1xed end wall. The co-ordinate transformations

between incident wave flow speeds are (Gaydon & Hurle._1963)

iU] =Wy - V] = W -0 = W (2-8a)
’ Uz* = NI - V2* (2'8b)
UZ = HI - V2‘ - ' - (2- BC)

They find immediate appIication in the next paragraph

2.3 Incident’ Shock Parameters Y

. e o
The conservation of mass, mdmentum and ener®y for unit

mass of test gas experiencing adiabatic compression across

unit area o"an incident shock front 1s expressible within

. a shock-fixed co-ordinate system by "

Mass: T pox Upw = £y U, (2-9)
1 . '
. 2 = 2 2 - .
Momentum: — Py + qUf = Pou * 0paljy = Py + 0p03 . (2-10)

21

" Energy: hy + %-U% = hz; +.%,U%*= hy 4_%-0% +AEp, (2-11)
- for any gas, real or perfect (Gaydon & Hurle, 19863).

¥

g
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tad
o

;/é/// (1), (2*) and (2) refen to sté&e& of 10ca1 thermodynamic v
q

u111br1um discussed in the prev1ous sect1on. Norhally, gan

density, o, is measured in gm/cc; U in cm/sec, P in atmosﬁheres, .

r . " .

and h in cal/gm. Cossistency of energy units 1n (2- 11) demands T f:

N ' e : 55
that the kinetic energx termss; .in ergs, be d1v1ded by the coni;:%

. version factor IO 73 (J = number of jaules per ca1or1e) 'Tﬁis

e b4

Ca . . .

 factor is included exp11c1t1y in later relat1ons.” QED2~i§ the

. . N T N
energy of the shocked gas that 1s;used'tnfprodyge equilibrium
dissociation of the diatomic component, to vapguriie'ény pow- .

’{ dered sample and to produce complete chemica1%eeqjlibrigm in

.

the reacting m1xture. . ' ‘ 2
Eq (2 9) requires U2<U2* as p2>pz*. Coneequent]y, par-

ticles in region (2) have less translational kinetic energy

than those n (g*).anf SO T2< Tou: Pressure ratios across L=

the'incident hock front can be obtained as thnctig/;)of the

density ratio for fixed 1nitia1 parameters and the density

“ratio by combining Egq (2 9) and Eq (2-10) to yield

. -

N
. » . ‘ C . . .
. ) -
- i . PR o -

. y2 e .
P =1 + P17} (k= 2* 2) v (2-12) .
k1 o —F?— 1 - ( ) ) E
. . §3 Pk
Re - arrangement of (2 11) and- substitutiun for Uk from ‘
: (2-9) leads to o ’ . \\
. ' \2 : . ‘
. A 2 .. p o _
. IS SR (_l) sEp (2-13).
‘ 2.0.107 Py /. oL
) s e ‘ : S e
W'ith AEDk"O When k=2* . .“";:aa - (e '

e e i Setad N

~
/'-OThe right-hand member of Eq (2-13) 1s a funsﬁ%on of‘;s/U

. -




oL Ak

for pre set 1nitia1 condftions, the left hand side ‘can te con-

38

sidered predomwnant!y Aa functien of Tk (hk 1s a function 5
only of T for idea1 gésés*'AEDk depends uﬁon values of T, ~

[H] [H T pﬂus the sample materialaand fts chemical derfva- e

m-sit‘,

t1vesT A rap1d1y convergent 1teration scheme may be estab-

~1xshed 1f both sides of Eq (2 13) are treated separately as

T et e @)
ELSR AT AT . o
n Az o ey “?: T g SR
e o Bh(p,) = - 4 -(f-l) fAEDk “31‘(-2’-15)
S 2.9, 10 R ~ _

P
+

AcceptabTe va]ues,ﬁf the evéﬁuated parameters resu#t whenl
m\(T o 'Ah(bkﬂﬁ it e

. e

'In thts work E 0 02 was chosen as a reasonable compromise be-"

e

tween su1tab1e prec1sion and computing time -Tk’ Pk and Pk

must sat1sfy thg eqnattcn of7state. Rﬁuriting’(zjij in - the’

and apﬁ]ying_the above sihu1taneous]y to r?giohs (1) and. (k)
P - ,;“

P
k1 T T, M R ¢

yields the expression
' k1

as the-constraint 11nk1ﬁg déhsity, ptessurt. tempetaturé.and‘*v
" molecular msss ratios. Owing to sample addition and disso-
c1atfon, the molecular mass varies with‘reg1on in the~shocked
gas f10w That var1ation, the appropr1ate values for AEB; cnd
the mole fraction of” each component were eva1uated in'a sub-
. 1_g Whose basjs‘Ls*gescr1Qegm1n_sggtign_ZAAJ___T__m_m_d_ ]
when;trial values of pk] and species concentrattpns are’

r ’ . . [ 1
r : .
”



CoLT . LA .
known, Eq (2- 13) can be SO]Ued iteratively to y1e1d Te- A

new va]ue of Pk cah be obta1ned bf/tak1ng the posit1ve root
of the quadratic

WM, .\ 0 U2 J; wn s
~. k1 191 k1 ,
- -&;;—){1 ' Tr} LU (T— 0 e

- wh1ch resu1ts from eliminating‘Pkl between Eq (2- 12) iﬁd~

(2- 16) - after a new set of concentratian va]ues, éﬁrrespon-.

o

"ding to temperature Tk’ have heen ca1cu1ated

Thus re1ations (2- 9), (2-12), (2-13), (2 17) and others

'specify1ng the mixture compos1t1on forﬁ a set of coupled
equations ‘whose so1ut1on y1e1ds all the phys1ca1 quantit1es

of interest, .once a reasonable set of starting Values is

4

v
ava11ab1e. ‘The evaluation %: those quantities and the iter-
ation schemer used to determine accepted values fof‘the shocked

»
gas parameters is described fully in%Appendix C.

2.4 Dissociative Equilibrium and Species Concentrations

The: following discussion appliee to gaé mixtures in shock
flow regiong,LZ), (Zf). (5*) and (5) A Cdsaslin which & pow-
_dered‘sahp1e 1s_presen} and those in which it 1s'noi.are treated -
sephrate]y, Requisite input ddfe are the initial conditions
(in region (1)), species 1dentity and values for P and T.

*  The subscript k has. been dropped as th chemical 1nteractions
are assumed to occur u;der isothermal cond[tions -ai.e. refer,

AN
to one region at a-time. -

*
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\( o. . ) i . /7~
2.4.1 *Concentrations in the ‘Absence of a Powdered Sample -
. : : = . . -

In any region, at any ‘time, the totalypressure, is given

- ' 4 ) a‘ R " . R ., ) -
o, = BH] + THp1 % [ArD . (2-18a)-
. and [H]*O in regions (1) and (2*) IA reg?ons where equili-
‘brium d1ssoc1at1on does occur. the chemical reaction
-*F B
H-+ H . Hz R

must conform to the Law of Mass Action (Dav1dson, 1&52, pages

b

©97-101)*so0 thaf

P [ ] "’ . ’ ] w
. ' ko1 Hf L o {2-19)
PR . ’ [H}Z » , . . ‘ . ' e
’ Kp1 is the equ111brium dissociaﬁkonﬂconstant for Hydrogen

referreg to an- atomic gas ‘as thermodynamic referenqe state
-1

4 Kp] has units atm™! ald is a funct1on omly of temperature for .. |
. « ! ) . . . . !
- ideal gases. ot . ' ‘~ - ~.2
o p1 was eva1uated from thermochemica] data. (Refer to

Appendix C). A1though H and H, concentration&dare related

by (2-19), another relation - bePween Argon and Hydrogen -
" is needed thallow exp11c1? determipotigm of the threevquan;

F?ties, (K], [mz] and‘[Arf° The relapion used comes from . .
-Gaydon (1966, page 290). It is a statement of the conserya-

' - v

tion o atoms acrsgé the shock ﬁront 4 'f : . : o

7’

Before shoch 1:‘t1ation the .number of Argon atoms re1at1ve > |

. N
to Hydrogen atoms in the test gas 1s (by Eq* (2 la))
ﬂ ‘ w
o ( _ . | ]
| Nar1 NAr a1 cPan/RTy Pars_ . [Ar], |
\ JRARELTIS LR LRV I A LY

L4

* .
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At a later time, in shock Flow zone k, this ratio must still

have the same numeric value“but then

. NA.r' Ar . ‘ ° ‘. -
"4 % N e < 2TH, HIH] (2-20a)
' Hz H o . < -
so that '
[Ar] {z[n J+[HJ}

Thus Eq (2- 20a) and (2- 19) can be comﬁined with (2~18a) to
y1e1d a quadrat1c in [H] - .

. , 1[H]2-4;$1+2¢1)K } + [H] { 1+¢1} - P'= 0‘ (2- 21a)

whose’ positive root yields the partial p?cssure of monatom1cwf~‘w
hydrogen. [H ] is then obtained from (2-19) -and [Ar] from ‘
(?-20) The concentration of each combonent fo110ws direct1y
from (2 14). | j/: SR

. - : g‘. _

2.4.2 Loncentrations When a PowderedBSa@§1e Was f:::::t "f ‘h
\ . B

In, the pyesen& work, spectroscg/;c observatio S were made

- near‘the end wall of the shock tube, transverse to the flow,
so that only regfons (2) and (5) hehe'of Exper1m2nfal interest.
Consequent]y, the effects of a powdered Magnesiam samp1e -upon
. those observations were treated in the fol]owfng ‘Way.
At the 1nstant the }ncident shock reachedq;he end wall,
the sample material was assumed to be comp1ete1y vapourized,
uniform]y distributed throughout the compressed test gas and ‘
l_in thermochemica? eqatliﬂ?ium wi{h the ‘other components The



result of chemical reqction was to cause Mg and MgH ;o’he the
6n1y ﬁétaI-coﬁtaining substangs_jh the rquting mixtune.‘*,m___
(MgH2 - the only other known binary'hydride.of magnes}hh“;

°C (Hurd, 1952, page 51). . Mg, was

is unstable above 280°-300
exb]udedlgecause its concentration, at the temperatures attained

in these,experimenfg,dis‘negligible.in cbmpérison with that of

MgH (Ba!fbur, 1970). Finally, no spectra of other know mag-

nesium gbmpéundé was %ound in the records subjected to quan-
titative bhotometry.)‘ . . : k - -
' The presence ‘of Mg and MgH in the test gas mixfure,
Recessitates modificatjoﬁ of equations (2-18a), (2-20a) gnd

(2-21a). For example, the expression for the total pressure

becomes | , : '
/- v P = [H] f,[Hz] + [ArJ + [Mg] + [Mgﬂq : (2-18a)
Magnesium and'ﬁagnes1um'MonohydriQe coﬁce;trations.'de-.
s termined by thg reaction , : . » )
’ K J ) H + Mg T MgH , '

must be related via

Koz _vfﬂgj%ﬁj“ ) | (2-22) .

L
&

actdrding to the Law of Mass Action. -sz (the dissocigtion
constant for MgH referred to‘the 'separated atoms' thermody- ;

namic reference state) is constant at a speéified teﬁpérature.

-

Consequently, ) T o '

o0 W IMGHD - Kp-[MelE] - (2-23)

4

Across the shock fronts, relative numbers of Mg -and H must

-
.

be conserved, Thus

-



¢

® I
, 0

| (2-24)

must be cbnstant. ¢2 has a numeric value, (via Gaydon's re-

1§tibn, noted previously) determined by the pre-shock con-

-

ditions, as o . S
n
= Mgl A
¢2 2nH 1 * v ?
‘ 2
- An expression for [Mg] as a function on1y of [H] and. temper- |

¢ ature is obtained as

: | ) 1+ 2K o1 [H] | ‘
[Mg] - ?2[”] » ‘[’7 2 TH](1 ¢2) (2'25) >

[}

by elimination of [MgH].between equations (2-330 and (2-24),

following some algebraié re-arrangehent and substitution for

& the [HZ] term from (2-19). ,
$7 must be modified owing to the vresence ‘of sample

mater1a1 fE? Hydrogen atoms are present .. 1n the MgH molecule.

* The correct expression is

~ [Ar] .
6 " ' (2-20b) -
\ | 20H 1+ [H]+[MgH] ~
- anallit 3 quadratic expression for [H].may be reduced to -
g " the form ‘ Y - e Lo
| N f"lz-“f,r;{1 + 247 ¥ 2¢2} + {#1 {1 + (¢]+¢2)(1+xé2‘:mg-1)}.-. Peo .
‘. , . | I A t ; R _ ; (- Zlb) .
X by manipu]ation of Eq (2= 18a), (2 19), (2 20b) and (2 24).
. ' Clearly re]ations (2-20b) and (2 21b) are 1dent1ca1 with (2 203)




and (2-21a) in_ the absence of sempfe haterial'(i e $,° [Mg] 0)
In the experiﬁenta] woPk, only a sma11 amount of samp1e

material was used. Consequent]y the K.+ [Mg] term in re]a--"

tion (2-21a‘ was considerably less tha: unity. Thus Eqs(2-21b)’_,'
and (2-25) were solved iterativeTy as a'COUpIed pair to yield
acceptedmvalues for [Mg] and [H] The remaining partia]
pressures were determined: [MgH] from (2-22); [HZ] from (2 19);

,and [Ar] from (2-20b). Once again“concentrations &fre found
from Eq (2-1a). 7

2.4.3 Eve]uation of AEDk

T ‘ The indicated cycle was
T] 1 LT1 ~ .
reactants prodycts used to set up the necessary
(H29Mg§) . 4 (H, Mg :MgH) ’

' thermochemical calculations.

It purports to show twe (of -

., the large number of) paths
T .//‘“L,}T Ag
reactants ‘products for taking the imnitial
(HZ’MQS) T (H Mg -MQH) '

Channel components to the

end state of temperature T. As the present treatment“coh-
s1ders only equ111br1um end states, the changes 1n thermody- >
. namic properties of the reacting”’ mixture must be path Tndepehdent :
L (Davidson, 1962). Thus, as the diagram 1ndicates, the rentant?
: 'might be heated to T and then allowed- to react‘isotherma11y to
give the products at the "observle fina1 conditions,‘or the

reactants could be treated as reacting at. the inftfal tempera-

ture, T,» to give produtts in the concentrations found in the -

»



N

with 'a heat of sublimation (9;1)Mg= 35,600.0 cal/mole and

~
final state fo1lowed by heating of these products to the final

temperature, T. .The second alternat1ve was chosen as a basis
for comg\tat1on for it replaces the ewaluation”of heats of
reaction at all1 T values with one calculation at T1

In the absence of sample mater1a1, the only reaction of

N
2‘(“) '*(H)

Al

interest is

wh1ch requ1res a dissociatlon énergy. (D °) = 52097.7 cal/mo1e_
. 1 H

H formed (Heimel et al, 1963). Wher a magnesium samé*% is

present, two other reactions are important
. (Mg)g > (Mg),

o

o : o A . )
(Mg)'+ (H ) > (MgH) S

1

with a heat of reaction (D.r )MgH = -46,987.5 ca1/m01e at 25°C

" (Heimel et al, 4.963) Their effects may be summarized with

reference to the cycle. In the formation of products from
R - »

reactants at T]=298 15°K: ~52 Kcals of energy must be Suppiied

- to produce one mole of Hydrogen atom&‘ '35 6 Kcals of energy

are employed to vapourize one mo]e of the solid sample, ~47

Kcals of energy are returned per mo1e of MgH formed by chem-’

ical reaction of previously produced-atoms. “The remaining

change in enthalpy is due to heating of products frOm T] to T.
Therefore one ‘gram of the shock-heated ' mixture (products) h
4 .

¥ . ey
. .



at'temperature-T has an enthalpy, h_ (T), greater than it has

P
as reactants ( before shockAexcitat1on ) at Temperature\J],

. -
h (T ), by an amount ..

Ah =’hP(T) - b (Ty) 5\ 'zt:xi-(HT_(T).-- Hy(Tq))
WM {T)

Xi is the mole fraction and Hi(T) the molar enthalpy of com-
ponent i at temperature T. They and WM are all temperature,

dependent. ' - =

an (A, (T)- Ar(T,))+x -(HH (T)-ﬁH (r.)) N

Ah= '-(ﬁ ) R(T{)+(0 ).)

1
HM(T)

*Xyg (g (T) -y (T )+ (07 ]>“ )
. v

g g ()P T )+ (03 )Mg+(n )M9H+(o )

L
-
[ 4

sh= o (T) - hp(Ty)

1 oy, , %y . (x- " 0y 1,'
* HM(TW‘{(DTT)H(XH+XH9)+(DT1)Hg(xﬂg+xugﬂ)+(nr1)MQH{XHQH}

Ah= hp(T)l- hp(T1) + AEBk | , | (2-26)

) ]
where, using the definition of mble fracfion, X, in terms of

partial pressures given in Eq (2-3),

BEy, = e (°)(“*””hw yyﬁ tLHgH])

Dk wm(t)) Ti'H |
MgH: ' | 1 (2.274
+(DT1)M9H( =) . (2-27b)

- ’

The enthalpy chaﬁbg«imp]igd in £q (2-11) is identical with lhe



definition of (2-26), i-.e. hk refers only to contributions

from the species present 1n the heated mixture.

The first two terms of relation (2 27b) represent kinetic ;

’

enqrgy decrease caused by the formation of gaseous atoms; the

third term corresponds to a kinetic energy increase as some of

these atoms undergo exotherma! chemical reaction to produce

gaseous MgH molecules. Eq (2-27b) simplifies to.

R o H }
-8Ep = §WOTY “’T,)u[rl ., (&)

<

in the absence of an added, pokdered sample. In region k,

' 'S
AED;beeomes AEDk.

! ° . _ ‘ -
2.5 Parameter Values tn the Region of the Reflected Shock- -
. .
Referred ?o a co-ordinate system fixed in the reflected

shock (see Fig. 2.2)} equations eiﬁressing the conservation

. .
‘of mass, momentum and energy for unit mass of material adia-

bafica11y passin§ through the’?eflected shock front take the
form given by Lapworth (1969) - _ ,
Mass: p Uy = p2(Uk+V2) B o (2-28)

e = ) 2 ) - )
~Momentum: Pk + pkU§ P2 +;p2(9k+vz) - (2-29)
. INPS - 1oy +y.)2 i

excepthfor the energy expression, which has‘been modifiéd“

'(Gaydon & Hurle; 1963) to account for dissociation and chem-

ical reactions. Vy 1is the particle speed 1n the totally

-~ &

LS

-



equilibrated region behind the incident Shock front referred
to a laboeratory-fixed reference frame. The subscript k4now
takes the value 5* or 5. EEDS ‘= AEDZ as dissocifation and

*

vchémica] reaction in region (5) are frozen at their values
in reg1on (2). Complete equilibrat gn beh1nd the refTected
shock occurs only In region (5).
‘ A]ﬂ'}hrameters of interest behind the reflected shock
ma} be expresséd as functidns of density and temperature by
' _a treatment similar to ,that given fér the incident sﬁqck case..
For example, thesfarticle speed relative to the shock front
‘becomes » .
- U, = u1i¥‘921-‘ | -~ (2-3%)
o - °x1-521 | .
:after ébmbining Eq (2-8C), (2-9) and (2-28) (ﬁrom Figure
2-2, it is c1$ar that the reflected shoé¢k speed, W r’ equals
5*.) The ratio of test gas pressure behind the reflected&

" shock to its pre-shock value is found to be [

, o Y S " ‘ _
Poao= 1+ (P11 P21-1 (1 + k) - (2-32) '
k1 ._.'.5_._ e .\ k1 .G._. . T .
- * 1 P21 1 ‘

- a result of combining the cdntgn(s{of Eq (2-10), (2-28),
(%;29) and. {2-31). Change in test bas enthalpy from fts = . -,

itial value to the value in regdon k) may be wr1tten as

) U2 P P
hehyp= )0 ( j - P11 kl) - akg, (2 531,
S - 2.3x10° e’ P2 P21,

by an algebraic manipulation«of Eqs(2 11), (2 28), (2 30) and
(2-31). The right hand sides of _these 1ast three equal1t1es

’

. , . ’ #
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(except for the'AEDk term) SFEqunctions only of the density
in region (t)‘as P21 has a]readﬁ\ijfn evaluated in terms of

2

‘the initial variables and U]

By treating the left hand and right hand members of Eq
(2-33) separate1y as was done,for Eq (2-13) - the correspon-

‘ding expression for the incident shock - a rapidly convergent

£

1terat1on scheme was set up for the variab1es Tk and Py . When
an 1mproved estimate for Tk was obtained from Eq (2- 33),.and

new values for spec1es~@oncentrat1ons obtained, a revised

value for Py.Was found from

T - ' p,U2 u2 | u2
k1| _ (, )+ ( k1, A LR\ S L (1+ 171,
°%1 WM g Pk1. ‘P_ °21 WM, P T‘ P21 >

]
. (2-34)
Eq (2-34) arises from elimination of Pi1 betweén relations
(2-16) and (2-32). This syséem of equations was iterated
uhti1 the differénce betweep']eft and right sides of Eq (2-33)
was less fhan 0.02 cal/gm in magmnitude. As (hk-hi).t;kes

values of-100-900 cal/gm in typicg{bcéses, such a termination

‘scheme*Jed to no significant error. )

"2.6 Results v

-and made functional on an IBM 1130, 16K machine. With it,

Once'hcceptable values for Py andATk had been found,

values of the other parameters gpllowéd*?rom (2-31), (2-323

]

P

and the quation;\gqverning mixture composition. .

\ }// . ‘.. ." {

3
1
-

. . 1 . -
A ragher,cgmprehensive computer program has been writte

’



-

equilibrium properties behind the incident and reflected,

shock can be evaluated. The effects of an added powdered

;éample material upon the temperdtufe;ypfessure and density

in the equilibrated regions behind incident and reflected
shock have been investigated;%kAll estimated temperature
values, associated with the spectra displayed in later chap-
ters, were obta1ned from this shock-tube computer programme'
Convergence of this programme is rapid “and successive
temperature estimates at the end of an iteration scheme agree
within 0.5K° of each other over the interval 1600<T<6000°£.
The precision of the cumputed results is not machine limited.
Rather, it must be assessed carefully in-terms of:a) the

accuracy with which the input thermochemical data is known;

and b) the precision‘associated with incident shock speed

“measurements.

As the amount of chemical reaction depends greatly upon

_the d;psnsxons of particular shock tube faci]itles, 1nttia1

*

load1ng pressures, test gas composition and mole fraction of )
sample materials, no attempt has been made to~peeduce geney-
a1ized-chafts for properties ofrshock-heate; mixtures. Instead,
the 1nforggxion'i11ustrated by figures 2-3 to 2-12 refers to -
conditions actually employed in the present study. »

Figuré 2-3 shows ths_values of initial pressure ratfo;
P41, needed to produce shocks of giVén speeu‘in Argon-Hydrogen

mixtures at constant Pﬁ;with' Hydrogen driver gas. ‘Similar

data are depicted in Figure 2-4 for a constant composition




L]
[

test gas mixture at sevehal initia1 doading pressures. Fibure

2 -5 illustrates the effect of added powdered sample mater1als
upon P 41 for a fixed composition test ~gas mixture at oneﬁ\ym
irvitial loading pressure. The ratio, P4]! was eva]watedx,

using N
AN

Pa1 = P2y b - (Y4-1) (" )}Hj o ('2;3'\55‘).\"

(Nagamatsu, 1961) w1th V2 the f1ow speed of the- equllibrated,
dissociated gas mixture behind the 1nc1dent shock Suitable
Sets of initial loadings, Py and P, were:deteryined from &he
‘ desired incident shock ‘'speed and Eq (2-35)ﬂ@t‘severa1 1nit1e1°
test gas pressures and concentrations, but'sdhject to the n
physical 1imitations of the available shdck.fupe and diaphragm
- material. 'As relation (2-35) presupposes 1nstantaneous dia-
phragm removal and makes no aT1owance for the finite d1stance

-

necessary for shock formation, 1t was expected that the ca1-

“

culated 1oad1ngs would yield shocks of lower® speed than Eq °

A Y

(2-35) would 1nd1cate This expectat1on wzs met as phepter‘
4 will show. s )

» -
L]

In the present'work,‘the’shock tube has béen.used as a.

heat bath of knowh température in the reflected shockfeone.
Thus the variation of te%perature, TS’ 15*shown' as a function
of 1n1tia1 Ar H2 concentrat1ons at fixed 1n}t1a1 pressure in '

Fig. 2-6; and as § function of initial. préSSure and variable

Ar:H, concentrations in Fig 2-7\ ‘ PR o v
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PREDICTED EQUILIBRIUM TEMPERATURE BEHIND REFLECTED SHbCK FRONT, Ts
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v . A
Figure.2-8 shows the ca1cp1atéd ref{ected shock speed,
W.,» as a fuaction of incident shock speed Uj, for various
Hydrogen fractions in the test gas mixture at one initial L e
pressure, while Figure 2-9 shows the rate at which region (5)
bullds out frop the end wall. Values of N were used to de- )
term1ne appropriate delay-times for absorption flash synchron-

ization when sfﬁdying material heated by the reflected shock.

Chaﬁges #n ¥ due to—addition—of Mg,—Al—andBe powder
samp1es are shown in Figs. 2-10 to 2-12 for typical_shock )
’ gxc1tation conditions. Thé‘?HHgE"GT“SHmPTE masses (0- Tﬁ“mgm?“““*"“*
overlaps those used in the-present experimental work. Eor
all ;hree samp}e“materialo, T5 is Tower.ghan in the no-gomple
case. This Towering- amounts to'"5%'fo} samplos qs;smali;asA
’1 ngm of Beryllium,‘s mgm of A1nminium and 10 mgm of Mag-
rnesium; There are two-principal contributions‘to.thg more N

pronounced temperature 1owering‘by Al and Bes'a) Al and Be

0 have heats of sublimation- about twi;e.that of Mg at.room ° |
temperature and greater specific entha]pies in the gaseous‘

‘ state, b) the mo]ar mass of Beryl\ium is much- Tower than thgt
of either Al or Mg and so a given~Be sample mass’ requ1res more
energy for 1ts ablation than does Al or Mg.

The effects f1lustrated in F;;U;e 2-5, as wgl) as the
temperaturé.an& density.variations, aro in the same direg¢tion

as those discussed by Nayfen (1966)1for ablating Teflon gpheres;

<

He ca}cu1ated theﬂtime@hisfory of the‘entire'ab1atfon process

from sample addition to equilibration in the-absence of_ohgm-
. .

) . oo : “

A\

.l
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ical reaction.

- Here, only'the equilibrated regions are treated, but
equilibrium chemistry has been gnclude&. iA]sd present in
this Ta§t gréup of figures-is an estimateﬁof_fhe change to
be expectedviniT5 when the re‘f_'lected shock returns with a

ve]ocify only 90% of its predicted value, i.e. when ene y
"\ -

-is no Tonger conserved.
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‘CHAPTER 3
EXPERIMENTAL . .

The experimental equipment and techniques employed to_generate
shock waves, to determine their velocities, to record the resultant

shock-excited spectra and to reduce this data quantitatively are des-

cribed in the appropriate sections below.

3.1 Shock Tube and Accessories R ‘ -

The addition of platinum resistance thermal probes as shock front

4

detectors (described in section 3.1.3) has been the only major alter-

ation to.this facility since it was described previously (McGregor,

1962). Tﬁerefore. only a brief descriptionof the shock tube, routine - B

operating probedure, and peripheral equipment will be givenahere.

4

- - - e e e e e e

3.1.1 The Shock Tube
v -2

A pnessure driven copper shock tube of constant, circular - 2" I D.

,(nom1na1) - Cross- secf?on was used. It was made in fbur sections one
for the chamber (the higb pressure sect{on) thre€ for the channei (the
Tow pressure or test section). These sections were 1nterconnected with
2" I1.D., 6" face dﬁameter, companion flanges separated by 1/16" rubber

gaskets which prOV1ded vacuum t1gh;>sea?s Both ends of the
- 3
. S AN -

50 . - -




f P dg?:hock tube were terminated w1thﬁbrass f1tt1ngs.4 Mylar po1y- ”
) ester film, 0.002" th1ck, served- as the d1aphragm mater1a1
separat1ng»h1gh and Tow pressure sectiops. One 1ayer of this
. ./ C film ruptured cons1stent1y at 63+3 psia of Hydrogen and 55+1

psia Helium in the -chamber ‘when. the ehanne] pressure was

o
o oo o

<0.05 Torr.” The copper*tube safe work}ng pregssure rating - ,,\‘~_

450 psia = was never exceeded Chamber preSSures of 60 to

456 psia were sustaj

Med by us?ng mu1tip1e Mylar 1ayers ) '
Hyd?ogen or HeT+um gas - depending upon the ekper1ment -
wai}adm1tted to the chamber thrOugh 1/4“ copper tub1ngq

fitted ‘to the brass end cap. ~(Refer to Fig. 3-1;) ﬁ1gh

o

. N - ‘ g - o o A
. pressure was measured with a ‘Heise, burdon type pressure

-

e i - '/\//
gauge (accuracy 0.5 psPal equ1pped M1th ‘a peak load ind1-

cator that recorded the pressnre at wh1ch the d1aphragm

-
~

.ruptured . t ) -
One of the three chanﬁ/d sectlons was mounted perma-
N .u..nently on ilnexlon framework &(Cpnsu]t Fjge 3k2 ) To th1§
section were attached the 'vacuum pump out?et gas 1n1et, atr
\ ' vent, sample HoTder, and vacuum gauges Channd1 preSSure

-

was monit ed with a vacustat - for pﬂes5ures be1ow 10 Torr -

ercury manometer The 1onger of the rema1n1ng sectigﬁs
5 - o
insertel between the: cheﬁber and the permanent1y mounted

. and a

///port1on of. the channe] (Fig 3-1 g1ves’d1mens1ons and'F1g. e,
: - 7 3- 2 a photograph of the test settion. ) »Use‘of this remorable -

sect1on offered two advantaggs«= The f1rst was=ah‘%ncrease in.

. o

LR
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total volume ef the test section} thereby reducin§ temper-
ature-lowering. effacts of added“powder samples {as 1ndicated
in éhapter 2). The second was better reproduc1b111ty of
Tné1dent shock ve]oc1ty (refer to Chapter 4) by allowing
° the shock. a 1onger formation d1stance Uefore neach1ng the

first shock- detect1ng thﬁrma1 prdbe wh1ch was mounted on§'

the permanent section. A second probe .was _Pplaced on the

f1na1 section - the 'head‘ - 50+£0.2 cm from the flrst A
} th1rd probe, a]so attached to the head, was positioned 10
cm further downstream from the second one. The head.was

designed to affo:d Tongitudinal and transverse’ viewing of -

the. shock+-produced 1uminosity.” It was Terminated in a brass

- block with 1 5/3”'d%ameter transverse and 2" longitudinnt '
bores. Quartz.windows; sealed with rubber 0O-rings nedessed i

in the brass b]ock; were held in position by brass screw

caps. This aésemb]y readdly’maintained a vacuun‘of 0.0

Torr, yet could withstand 100 ps1a$pre$sure fol1pw1ng tﬁe

! . ‘- ,,pass‘age of the reflected shock. wawe.

, « 3.1.2 Shock Tube Operation ]
¢ ¥ , s - .,%_,? ' )
e - L, o 4 ‘ . :
: . 3.1.2.1' Powder Sample Preparation B T . "
‘ N A Mylar strip, 1/4" wide and 2 l/2“ Tong, was cleaned
] : ’ '

with acetone and folded ovefr the hook of the sample holder.

Then e'%naﬂl qui?tity (2-10 mgm) ofﬂfiner powdered'meta17 _
.. : - . ' o




i . . '

’ ! Y - - }

-

38 micron diameter and >99.9% puri;y) was.f1oated over the
outerrsgrface w1th racetone, ethyl alcohol or ether. The»w
) sammf&‘ho]der was 1nserted centrally w1th1n the shock tube,
25 ‘cm upstream from Ebe f1rst therma], shock- detect1ng probe
with the Mylar w1dth transverse to the f1ow d1rett1on . -
2 The latter step was taken to assure maxupum poss1b1e'

1nteract1on between sample and shock- heated gas, for lum-

s . 1nos1ty resu1t1ng from shock excntat1on is very strong]y

47 dependent upon the amount of that interaction. R
5,1_ ' .

3.1.2.2 Preparatiol and Operation of the Shock Tube

Consideration of measures-to minimize contamination.of.
| J
the shock tube and fowder samples, as welleas safety pre-,

cautions for hand11ng high pressure gases, led to tfe fol-

1ow1ng’r02¢1ne operat1ng procedu\e

‘ . ! - 1) The channe1 x:s separated info three sectlons and

>

cigpned at léast three times w1th c]oths soaked
. . C. ’ &
y ’ in-acetone. The; w1ndow support1ng 0- r1ngs were

greased windows ;1eaned and the viewing head re-

, assemb]ed (The 0~r1ngs of the sample holder and
.

\ ve]ocxty probes were re- greased on1y as necessary. )

" 2) The rubber gaskets were greasedz membranes insers
e

ted’ between chahheI and(chamber and the ent1re : J

L]

shock tube reassemb]ed

R

3) ‘The channel ahd chamber were evacuated to a




pre;sdre <0.05 Torr. _
4)‘;A1ignment of the optical system was‘rechecked by
, _ reverse’co{1imation aqd fiTm p1aceé at thé spec- .
‘\) ‘ Atyograph focal planey (In’reveréé collimation, o
Tight' originating at the spectrograph focal plane

L 3 .

" 1s passed through ;helentire optical system to be
broughg to a quus appropriate for a specific ex-"
periment.) The optical configurations employed

“ will be discussed Tater. (A plan view of them may

EY)

-~

be seen in Fig. 3:13.) . - v
~5) “When the“thanne1.pr::;ﬁre was <0.05 Torr, the

chamber was filled with driver gas (Hz,oﬁ He) to

.~ a pressure of+25 psia and the hanne] filled with

Argon (6r an Aran/Hydrogen mixture) to atmospheric

)

pressure. , . : .

-

6) The sampfe was prepared, inserted and the shock

L

tube’ evacuated once more.

-

7) Step 5 was repeated and the.tube eéacﬁatgd ohcé,’

again to‘pinimi?e contamination of test and driver

’ - gageéfpy/air. e “ -

8)r The &hamber was pressuriied“with dfiyerrgag to 25 a
psia.’ . ;'f “
9; . The reduisite amount of ﬁydrogen was admitted to
| the channel- followed by-A}gon aﬁdjtion to giVé.“ ,
: f the desired Foté? pressure, P],A I . ¢




3.

1

.3

10) Driver gas was fed into the;ﬁhamber until the .

I
W

: (
13) The spectrographﬁshutter was c1osed "The shock - .

$ . . ’ '- N * ! 'y )
“"the unit during various steps in its manufacture is shown

N

[
My

pressure was 50-70 psia fower than the natural
burstihg presfﬁre of thé.diaphrégm. |
11) .Velocity probe cifcuit, shutter circuit, photo-""
ce11; photogetectbrs }hd associated electronics «
wére set-opérgtibnal ahé the spectrograph shutter
. dpened. | b | . |
12) Drivert:Zj/faé very siow]y added t; the ch;mber

until d1aphragm burst under pressure P4 ~(The

. “‘! )
solenoid- actuated plunger, shown in Fig. 3 1, was -

seldom used as the spark produced ﬁgon closmre of
\—4
_ its’circuit causedcpripature tr1gggr1ng,of the -

e]ectron1c equipment.)

tube was vented into the room fromlwhich an ex-

haust fan qu1ck1y removed the fumes and vapours. .
14) The electronic circuitry was deactivated.. . . '
15) E1Fher’a comparison spectrum (usually of an fron Qy&

arc) or a sensitometric calibration exposure from

*

a standard lamp was.put on the film. S . .
T - _ ’ .
. ‘ ‘ N ~ 5 '
Platinum Resistance Probes for Shock Speed Measurement

AA'assembTed thermal .probe is shown in Fig. 3-3a and

L 4 s

in-Fig. 3-3b. ) . - )

’ R , - . /_ . P .
’ . _' . ) ty, /’ -
I ) , L T
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) Figure 3-3 '
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Platinum 'Resistanqe S},hoék Dét-ecting Probes .
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vA %ihe strip of Hanovia iiqu?d Bright Platinum #OS-X
was painted on a diameter of one end of a tire-polisﬁed,
clean, 1/;“ 1en§th of 10 mm pyrex rod and extended alpng the
rod'sw]engt"‘n. Then tke rod was fired in a we*—ventﬂated -
oven for 15 minutes at a temperature of 650°C-680°C. The

.-

resistance of the resul.tant bright film was measured This

process was repeated unt11 the res1stance across the end of

-

_the, rod was <509 Two F1ne copper electrodes were soldered

tOPthe platinum strip and passed through holes in a machined
.

1uc1te ho1der. Next, the rod and’ e1ectrodes were aff1xed -
s .9
to the hoTder with an epoxy resin. When the res1n had set,

‘ the eléctrodes were soldered into oppostte term1na15 of a

LY

four prong socket to complete the assembly.

. -
'ﬂrThe Cir;2%$ used to poher the probe is shown in Fig.

3-5a and a cdfparison of-the available Futput signals’is

g1ven 1n Ftg. 3-4. The 1200¢" res1stor acts as a 18ad on

v

the battery wh1ch the probe: "sees" as .a constant current
&®

power supp]y when the shock wave passes the #h1n plat1num

-

film, the h1gh temperature gas raises the film temperature

a few degreés in a t1me<1usec (Nagamatsu, 1961 p. 118).

-

_ The assoc1ated res1stance change, detected as -a 5 100 mv °

"

' vo]t?ﬂe pulse across the th1n f11m was either- present@ﬂ on
an osc111oscope d1sp1ay or amp11f1ed f0r use as a trigger1ng

pulse to a C.M.C. #756BN digital dispjay tlme‘1nterva1 meter..

o

That instrument has <a %;ecision of £1 usec.
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Compar1son of Therma

Supp1y output pu1ses
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' : heat transfer . .
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The thermal probe power supply,.two: time interval meters,

-

tpan§1§tur1zed pulse amplifiers and time de];y units were rack-

mounted in a cabinet (refer to Fig. 3 2) and the ent1re assem-

bly referred tp-aSOCHARbPE‘T;"

F] »

3.3;4' E]ectronlc Tr1gger1ng_$1gna15 from’ Shock Luminogity

M ’ a™ S
During studies of Tuminosity emitted from the geflected
, L ., o .
shock regipn, particularly when triggering ssignals were need-

ed‘for pho f]ash equ1pment, standard phototubes - RCA 930
and RCA 929 - and photomu1t1p11er55K RCA' 1P21 - were used.
In addition, two Texas Instruments LS-400 photo-transistors,

A\l

normally used as auxiliary rad;a;ion detecfbrs, could be’

used to provide triggering information. The simple circuit
shown in Fig. 3.5b, was suff1c1ent to a]]ow operat1on 1n a
regi @i where typ1ca1 (unsaturated) s1gna1 rise and fa11
times were 1.5 = 2useéc and 17-10usef as specified by the
manufacturer (Téﬁas IhStruments, App]icatdon'Note, 1962).
These 1qmahosity detectors .are ¥deally suited for use
Wwith shock tubes. Their small size (0.085" diameter,” 0:T6"
length, nominal), great sens1t1vity to V1s1b1é’and near T.R

PR

rad1at1on and fast response allow the t1me h1story of rad1a-

0}

tion emanating from yos1t1ons 1-5 cm apart 1n ‘the shock tube*

to be fol]owed w1thout delicate, much- repeated, optical

alignment. ~ '
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(b) Photedetector Power Supply

Fig-3"5 Probe and Ligr;f Detector Power Subpli%,
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7 In ordgr to protect the LS-400s, to exploit their pro- -.

perties, and to provide a fixed optical configuration, they
were mounted in a cylindrical brass holder which could be.
threaded into the windbw'retainfng caps. Consequently, these
o dévices could be used to-detect Tuminosity either longitu-
dinal o;"transverée to .the shocked gascflow.‘ Optica{~f1]-
ters - limitiug the spectral range detected - and spacers -
' curtaiiing each detectosz f151d of view to a cone of*angfe
2°-6° - could be inserted in the.ho1der§' The 1ight sensors

could be positioned on either of two mutually perpenditulir

’

‘diameterS' on one, they looked out through circular apertureg

0.080 cm wide and 3.97 cm apart; on tne other, the openings '
‘were 0.060 cg in dxameter and their separation 3f94 em. To -

prevent saturat1on of the LS- 4005, on]y the latter sét af

¢

openings was used rout1ne1y
J @

~
L]

. L ‘ S ‘ .

3.2 Jectrograph ar\ Films.

a

A1though the shock-excited 1um1nosnty was of high in-
tehs1ty, it lastgg/for on}y‘0.7ftb 2.0 msec, depend1ng upon
shock strength and the spectra] feature. Meaningfu1 quan-
t1tat1ve, intensity measurements of hydride bands requ1red
the record1ng of .rotational fine structure of these bands

'with one shock exposure, %sing narrou'sTitsi(40-70 micron

w1dth for emiss1on spectra, 25-50 for absorption spectra)

The add1t1ona1 constraints that 1) the fine structure be

~

*

‘

¥




‘ ' - v,
N reso1Ved ahd ii) f11m blacken1ng"be apprec1ab1e, dictated )
" the use of a fast spectrograph andra very fast f11m deve1oper

Qcomb1nat1on The f11ms used are 11sted in Table 3-1 where LN
a compar1sona1s made of their proqarties J '

As the spectrograph used to record a]l the reparted
spectra wWas bu11¢.1n this laboratory by Mr. games H. Re1d -

3 a physics M.§c. student -.andéas its features are non-
stanoard,,it will be described brierly in the erisuing
paragraphs. . . o A

_The instrument efgorded’high light-gathering powger in ~ .
év the secand order from 42003 to 65003'as|g1ess Aero—Tessar,i

r .
f/6, 4" diameter lenses served as collimator and camera.
¢ . -

- Dispersion of the collimated input light beam was produced
; ‘ s
\ by a 6" square, plane gratwng of 600 11nes/mm blazed for.
first order, 1 micron. The 11ght gathering power correspon- -.

,g

reflect1ons frpm uncoated surfaces caused <

. Y o
significant 1ight lossés. A baffle (indicated on Fig. 3-6) ’T

ding to the maxipum f- number of the 1enses was never rea11zed
o
because inteﬁnaJrn

had to be inserted to prevent unwanted exposure by light :
reflected from the front surface of che collimator. Intéﬁ- ,
changeable fllm ho]ders al]owed the use of both 35 mm aﬁd 70 A ;
mm film. Two slits were cut in the 70° mm film holder: one .4
covering the spectrel region 5%703-59003{ the other centred .
. on 60603. An RCA 1P21 photomu]tip]ier.mounted on the bock oﬁi'

the film holder could be used to record the'coursefnf shock-

3
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Fig-30  Plan View of Spectrograph

LEGEND:

0-A%% Optic Axis
F = Filter Holder
S = Slit Assembly
F-P-= Focal Curve
F+H-= Film Holder _
G = Grating =600 lines/mm

Bigzedfor in
First Order _

L,=L,=Aero Tessar Lenses 1/8

B= Light Baftie
P-M-=| P21 Photomultiplier




- ‘\\ L]
produced or absorption fldsh luminosity as seen at the spec-

J‘ trograph focal curve througﬁ eithgr.of thege openingf._
. When the spectrographAegtrance s1it was a1igned'para11e1
. - to the grating grooves, the spectral line images of the-slit
were also parallel to those grooves, Tests utilizing a 1P{1.
photomultiplier confitmed that fhe aqgﬁ;t of light reach}ng
the focal curve was a'1ingar function of s1it width for ;idths
>10u. |
_The focal curve of\thé spectrograph was found by trial
and error, using spectra excited in an iron arc.  Fjgure 3-7

L3

i1iustrates the variation of b?ate factor - reciprocal dis- 7

//
-

o~

SErsion - with wavelength for the beétgﬁocus. The curve was
- . .
™ derived fram a least squares polynomial fit to a set of 82
: - -~ © o .
Fel ldnes extending_over e spectral interval 3969A-8495A.

n

. "3.3 High Speed Shutter

A highﬁspe‘ed‘movi.ng shu'tter"was used to control 1ight
input to the spectrograph. If fulfilled three distinct
fypctions: ) ) - o

1) When used alone, it limited film exposure to radia-

‘tion emitted within the reflected shock region by
preventing any incident shock luminosity from

entering the spectrograph. .

3

2) Mhen synéhronized with an absorption flash unit,

it prevented exposure to any emission béfore and _

I §

[P
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after f#lm exposure by an absorption flash. T&e

spectrograph -s1lit was uncovered on1y‘dur%ng a por-

tién of the absorption flash.

3) When Fynch}onized with an absorption fiash'uﬁit
and triggeréd by a pulse from a reflected shock
radiation detector, it wag used t6 allow recording
of an emission and an absorption spectrum from fhe'
same test gas sample. A stepped,moving s1it was
used so- that one-half of the open spectrograph slit
was uncovered for ~356 usec 1mmgdiatef&h;o1lowing
,shockiref1ecfion, and the rema?ning portion of the.
sPectrograph s1it was uncovered for *400,u§ec

‘" thereafter. An absorption flaéh: synchronized N

with fhe change in the specErograph slit 'open’' -

pprtion, was fired within #25 usec of this change.

A modification of the high-speed shutte; described by '
Camm {1960) was used. *Fig;re 3-8 is a photograph showing‘
tﬂe unit attached to the spectrograph. The movable portion
- the s1i&erc- was a piece of clear plaﬁtic (1"x3/4"x1732")
from which the central bortion had been excised ‘and ‘to which
carefully aligned strips of black electrical tape were af-
fixed, thus defining a s1it. -A dovetail groove, cut in the

machined aluminium holder, ensured smooth running of the

N [ ]
slider. Spectrogtraph and moving slits were separated about

1 mm by an adapter which allowed the aluminium holdeg to be

* ”
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Figure 3-8
. High-Speed Shutter Assembly lttached to Spectro~ y
) graph S1it Housing ’ :
' .
* e \
f N




3 ‘ ' - g ‘

RS e

- moupted direct]y‘on the specprograph 5113 assembly. (The.
tape side of the slider was adjacent to the spectrograph
s1it.) . - X )

Just before use, the slider wa% pressed firmly aga%nst
the actuator wire - #18 chromel - threugh which a 10 micro-
‘farad, rapidédischarge capacitor (charged-to 5kV-7.5kV) was
discharged. "The wire was insulated poth.;rom the hoPdEr ahd

from the spectrograph slit assembly with mica. When 8

O

capacitor was*ﬁischarged; measurement of the discharge half-

cycle gave a valtue of 17.ufec. The resulting, very rapid
thermal expansion of the. actuator wire could propel a 3 mm

/"wide mobile slit across a 50 micron spectrograph slit (in 3
a closed- open- c]ofed sequence) within 500 microseconds.

Figure 3 9 records two typica1 cases of light 1ntensity

reach1ng the spectrograph focal curve when the ' high speed
shuttir was$ used. The circuitry of the capacitor charging
enit and the shutter triggering circuit;are illustrated by
the schematic/diagram, Figure 3-10, \ |

e
]

3.4 Agsorption Equipment

The next three sdbsections‘deaT with equipment‘empIOyed’

in the récording of absorpticn spectra pﬂ,shock-heatjﬂ,

71
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y (Arbitrary‘Units)

Intensit

TIME

lit.subjected to constant
mination. -~Shutter 'trig-

a)- Spectrograp
intensity i

- gered after 275 uysec delay. Rapid- -
discharge capacitor voltage=5kV.

S1iding s1it ~3mm wide. oot

Intendtity (Arbitrary Unfts)

4

S S LTy
, b) Shutter & Multidblitz both triggere .
- . wfter 225 ypsec delay, &apidﬁdischarge‘ .
© eapacitor voltage=7.5kV. S1iding siit :

o o v MH’I&' wide R @iﬁbﬁ’ .

L3

L4
—

IS

@

N
| Figure 3-9 i . ‘
Light Intensity (As Measured By a 1P21 Photomultipifer &t
the Spectrograph Focal Curve) vs Time for Two Representa-
tive Tests of the High-Speed Shutter. e

s ) ‘ . L)
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3.4.1 Sources of Absorption Continua

Most of the reported aosorption spectra were obtained Ey
use of a Multiblitz Co1or commegpial photoflash unit® Its —
luminosity was derived from capacitive discharge throogh a
Xenon filled ouartz tube and consisted of atomic impu}ity
~Tlines for the fir;t 50 usec of the discharge period, followed
by a 1 msec duration Xenon continuum (co]or‘tempeoa;ure ~5500°K)
on which‘pressure broadened Xenon emission lines were supefpoﬁed:

The absorption spectra of AlH were recorded osing‘an FX-33
flash tube supplied by Mesg}s. Eogerion, Germeshausen & Grier -
Inc.. An energy storage unit for this device (designed and
built in this laboratory by Mr. R. Koehler) coqsisted of four
capacitors - 0.5, 2. 0 38 and 56 ufd - which cou1d be charged
separately or 1n.any para11e1 combination from a continuously
variable 0-2kV supply. Lumihoos pulse duration under these ~ {
conditions varied from 50 usec to 100 useo.

These two flash units were comp mentary.ﬁ'One was used

to observe averages over 'long-€imes? within the shock-

heated gas; the other to record" ort-term' properties.
Yhus the F£t33 could be used to ensure observation of the
heated test gas powder sample durihg times short enough
that no sign1f1cant change of conditions within the shock
tube occurred.: A comparison of light- output versus time

for these absorpt1on flash sources is given in Figure 3 11
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a) Comparison of Intensity Pulse Time
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1.3kV and on same intensity scale.
° Figure 3-1

Compa*ison of Light Pulse fromrAbsorption
Flash Sources
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3.4:2 Time- De]ay of Trﬁgger1ng Signals

When heat transfer gauges, defect1ng shock front passage,
or photo-sensitive devices, responding ¢o shock-excited Tum-
inositx, were used .to provide informaﬁion on conditions within
the shock tube prior to firing abSorn;ion'flashcs or the high
speed shutter, some time-lapse had to be prijded. This was
achieved by means of the time-delay unit shown in the block
diagram, Figure 3-12. That unit, too, was cuilt locally

.Lagain by Mr. R. Koehler) to coptrol both triggering and
synchronization of the moving shutter and electronic flash

‘ .

units.

It has one internal test pulse generator for checking
'ihe operation of the device itself and the external units it

contro]s In addition,-%here“a;e ¥hree switch selectable
{{ .

1nputs wh1ch can be used to 1n1t1ate time- dblayed trigger1ng

sequences -

L4 P

1) Pulse Amp]if;er - which accepts the output signal ~
¢ . @ of the thermal, sbocﬁ detector
. . pulge amplifiers. ‘
2) 929\- which powers and receives the oht&ut of g 929 .
photo-cell (a b1ue and'u1travio1ec sensit%ve

device).

3) 930—-—thax_powe¢s—and_accap¢SLxhe output of a 930,

(orange ‘and red sensitive) photo -cell.
The main delay unit provides a delay continuous]y variqs(ﬂ

between 4 usec and 1.5 msec. 1t affords two ouxput pulses.

<

- $ . N h
. R J
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one (at 100VD 2 for auxiliary use sdth ai triggering of the
E _ highaspeed shutter supply; the other serV1ng as 1nput to the
secquary delay unit The outgyt of the 1atter device is

used to controi two stave uriits, one of Which provides a

o high. voitage pulse for trigbering the FX- 33, whiie the other
produces a shorting pulse to tvﬂgger the Multibhtz .
'}v“::; Y ) ;.'-;—',‘vlr . . o 'r, . ‘j , , ' '
e \‘é"’. '.r g o o o
L 3.4.3 Arrangement of Opticai Compbnents for the Recording
@ of fpectra - . s -41* . i

‘e

'—’“"‘j“"‘“ T In the works repvrted“fwdifﬁﬂe%*ﬂﬂwﬂﬂm
' -t ' tions -'snown schematicaJ]y in Fig 3-13 - were used. but
.only two of them were employed for absdrption spectroscopy
(Fig 3 13(ii1) and (fv)) In the=f1rst arrangement ‘Tlght

E)

from a fiash source was focused in the centre oﬁ the shock

. ' tube near the shock- reflecting end window Consequent}y,

(\

% most of the ahs@rption, recorded using.ﬁhis configuration, - |

<

!

was‘produced in & smail volume of materfal present at’ the Al

w“*swmms_mmmwmmmity
‘ 4 _ from‘the absorption TTash w5s_FEHH!TEu—paTaiie?“befure
2 ‘ passage throdgh thé shock tube. The resgitant beam passed 4&1'
N
¥

[y
1%
-,

through 3/4" diameter circular stops centraily Iacated on i

’

e e s

the transverqe viewig?¥window retaining caps. (Fig. 3-14b
¢ s a photograph of this arrangement w 'ﬁen‘thi‘ﬂﬂTtibTitz“CUT _
photoflash- unit was used. A line drghing.of thﬂ-entirerapga;,QHVQQ
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shown inwahe p]an v1ew of Fig. 3- 15 ). The para11e1 light' . .
~ system resu]ted 4in a much more pronounced absorption as it
afforded a' Tonger optical path - effectively a 3/," d1ameter
,cy11nder .0f length equa1 to the separat1on of the transverse
'v1ew1ng windows. |
"With both absorption systems, the light Beam emergent °
from the shock tube was focused upon a Hilger Step Density .
Fitter and the filter- attenuated beam brought tQ another

focus on the;spectrograph s1it after passage through wave- A

L]

B
P

lenqth-séiective fi1ters. Seyerallworkers,‘in this labora=.. o
\, :

tory, have calibrated the. step fi]ter in -the spectral range
4000A 6500A An averaged set of their values was adopted.“

s s - e e = - - - ~ I - »

'
e

¥ ‘3.5 Sensitometry - . .

-

The precision of quantitative photographic spectroscopy
is determined to a very great degnee by i) the recording of
an experimental exposure and a standardiz1ng spectrum from a

source of well-defined spectral distribution and~+ﬂtens*tyf* R
<2

oy . d ! S ‘ -
on cne—same~f%iﬂ3%tr+p—tnd—by—++}—the—pﬂhsequeﬂtr+deﬂ%4ea4¢

, - treatment of experimental and calibration exposures. .

below. - : BN

© -

. 3.5.1 Standardizing Exposures S f~ewwi7f4éw+a:

Quantitative photometry was restrjctgggtg;iﬂsgmwfiﬂﬂ
.strips which had both experﬂnental'andjstkndqrdizing'exposures‘\ tﬂ

L'
- . , ..
b L) .1 »
I . .

4
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imposed on the same strip. Standard expoéures wene_produced
bf pass1h§ 1ight from a Tungstenfstrip‘fi\ameﬁtzlamp (réceﬁtly
calibrated at the Natiopal Research Council bf Canada labora-
tories) through the same optical system ag that used in the.
experiment. Such an arrangement is {1Hustrated by Fig. 3-14a_ ol
for an emission spectrum calibration.

Tﬁe Tamp current was measured ds”é voltage drop across

two prehision 0.1 a resistor§~(1ﬁ'para11e1) using a Leeds -

4

and Northrup Model K Potentiometer.'
”‘—4%4Hﬂm%4ea~eame#a~bedy—senxed—as_a_shutten_innwihe

" standard lamp exposures. Tests of the 1/5 and 1/, second

L4

S

exposure time settings - the only-ones used - 1ndicated a

repeatability better than 1%.

i b

IS
A . s .o

3.5.2 Standard Deve]opment Procedure . o ¢

~ Every f11m strip that had been exposed to experimental
and standardizing exposures was maintained in ar11ght—tight .-\-ﬁ'l

.J["-ea

: cgntaiuén_£un_a1_leas1_Lng1xa_hnnrs;héidrﬁ_nfiiissiné;?,fh?&i R

&

-

T precaution assungd a time interval between'TWIm exposure*iﬁ‘

fiim development long 1n coapar*spn with the interval be- "
tween film exposure to experinental and - standard1zing spec-:'}>‘”
tra. Such aﬁprocedure at;enpts to ensure the same ;uouut of i

1atensif1catian of the pre-developed 1u|ges 7

™
R .

The film was tank- developed for eight uinutas in fresh ‘
Acufine developer with ten sacand ngitttfon*ttwdhawn*nutgfff;'f*-’f

intervals. A thirty $econd water rinse follewﬁngiaeveibpngnt'“‘
”* : ’ ' - R

a




\

~acted as a stcp beth;‘ The negative was hardened and fixed
byya ;en minute immersion in a Kodak fixing solution during

which ten second agitations were provided at bﬁe minute in- .

tervals. ~ Then the f11m was washed for thirty to forty# minutes

in fresh running water, after which it was given a thirty _

second_rinse in distilled water. A final rinse treatment in

L4

wetting,solution lTasted for another thirty seconde. The film,

sti1l on its developing reel, wa% placed in a dust free con-

tainer to dry in circulating air.'¢

r

3.5.3 Den51tometny -

B]ackening of the negative as a function of position -
<«
was converted inpo a series of pen response versus position

graphs using a Joyce Loebl Mark JII1 C recording densitometer. .
That instrument uses calibrated, continuousldensity wedges
to indicate density as a Tinear function of recorder pen de-

.Mlection - in first appreximation. Precise density values

were obtained with the eid of correction curves suppiied‘for

each.wedge by the manufacturer. Usually the corrections were
very small and it was sufficient to assume that pen deflectien;

was directly proportiona1 to density change. -

K
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CHAPTER 4 -~ = .
e e e . A‘_ie - - -
CHARACTERISTICS OF THE~ SHOCK TUBE " -

-
S

‘ . ’ ° Ty : 4 -’
’ . . s - . H‘z
1 »

The-following pages are concerned with properties of S

fhe particular shock tube described in Chapf}r 3. This chap- .

ter contains: summary .0f shock vedocity measurements for -

Hydrogen driven shocks in Ar: Hf mixtures; the time- dependence

of shock-excited Tuminosity; the identity of spectral impur—
jties detected in light enitted from the reflected shock Y

a,L

these results are characteristic of one shock tube.

. o

How does the shock velocity depend on the physicallde-
sign of this shock tibe?

rﬁsjm,_ann_uumdicm_on_o;f_tbLkruues_mmwdv—Ml of - ..

4.1 Shack Veloaitx Heasqugents ) , . 3

'establish the reliability of the shock speed.measures and to,

‘Measuredzgnlues of the incident shock velocity have been .

used in the calculation of T5 by methods out&ined in Ch&pter .‘ o

2 and Appendix C “Al1 teaperatures quoted in Iater chaptens l‘

were determ1ned in this way., Thus it seemed necessary to. 5

LY

determine. the effects on the 1nc1ﬁent shock front speed of
1) Diaphragm rupture, Channel length.'snmple‘addition

5. S



and - i1) Change in Channel cross- septignal area caused by
the -transverse bore in .the 'head'
The incident shock speed, U], was a?ways determined frnm
\
the time interval, At]z, between reception of voltage pu]ses

from. platinum thin film heat transfer gauges - probes P] and

S — ‘_e£QEigT—4Ll_;_signiiying_passhge—of_the shock front
Py

86

‘Observed values of the shock speed calculated from

AXe
$ﬁ2'= 12 with  8x,,=50.0£0.2 tm

At12 |
are mean values over the inter#g]. 'Cbnsequeﬁt]y. they may

0t correctly represent gas flow beﬁﬁviouf beyond that B

terval. . In the Mach number range - 3<“§<7 -‘embloyed in

these experiménis, shocks have been found to accelerate

(Hhite. 1958) or dece]erate (Bleakney et al, 1989) in.dif-

ferent regions of particular shogk- tubes.. Therefore shoeck

speed measur:x:nts were performed on the downstream side of
e

probe P2 to ermine the subsequent behaviour of shocks

whose‘spged had;n]ready been found. The, fullouing three sub-'A

sectionsﬂsummarize'somevdfwtheﬂresﬂ%ts~ﬁbtaiﬂed ferfuyé¥egenu-

driven shock waves in Ar:H, Test gas mixtures. The first

one deals with the effects of Channel Iengtﬁ,.diqphragm rup=

ture and sample addition.

4.1.1 Comparison of Observad g,'and ?redicted, Vigr vafues

-

was calculated directly (or fbﬂﬂd by 1nteraolat10n 1n tibles

-t ’

’ N
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-

AN :
s U;) fokvEC?fic initial conditions within the

- e ’ E':

of P41
shock tube by the procedures outlined in Chapter 2. Those

procedures ‘invoke Eq (2-35)

e L A~( (u;]) V, 4 L
) Par = P23 {_A‘_‘_, > _a“;l) with Vv, =Ty o

\’;,),whicnﬂis.based upon the invalid assumption of instantaneous
- - diaphragm removal. White (1958), onathe grounds- i) that work
must be done by the «river gas t& break and to push aside“the
diaphragm and ii) thet some driver gas must mix with the Test

4gas,duning_io:maiioneoieiheeshnck_uaxe4_toncluded that the in- -

cident. shock ve1ocity‘shou1d be lower for Hydrogen driven -

shock waves in Argon than a theory invoking (2-35) would pre-

dict. F1gures 4-2 to 4-4 show that his conclusion is sub-

stant1ated by the present measure?emxs
These figures contain data for HZ/Ar‘shocks. The first
- twa - based “on time intervals d;terminﬁh from oscidloscope
traces - illustrate the effect of diffarfhé Chdhne} length
upon the incident shock speed. The -data of Fig. 4-2 were ‘.

*'bbtafned'when<vrobe~inwes~abeu%~442«emw£r9m~¢heﬂd4aphxagm*w“”,ﬁ_ﬁ“_

That of Fig. 4-3 was taken with. a i:parat1on of 235 cm between’
probe Py and the diaphragm (The hort'/!' Long modif1cation
‘of the Channe] was produced by removing/inserting a 93. 5 cm

"section adjacent to the d1aphragm station:.) Both graphs show

that the observed shock speed ts less than the predfcted speed.
However, they  ltead to %heofa¥ther~eonclusion thateueaker”shn;ksﬂ_;_

are attenuated more in the 'Long’ Channef.than in the 'Short’

» -
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&
Channe1 configurat1on
At a pred1cted speed of 2. 00 km/sec, the shock is ob-

served to travel at approximately 1.75 km/sec in both modifi-"-

Y

‘cations. Consequently, bqth'channel configurations produce

9 ?

thg “same ttenuation of the shock between. the time of its
férmation and passage between probes P1 and P2 However, at

a predicted. speed of 1.1 km/sec the shock front 1s found to
H

travel at 1.03 km/sec in the 'Short' madification and at

0.97 km/sec in the 'Long! modification. Thus it would seem

that wea r shocks attenuate mbre in the ‘Long' Channel tefore

3

reaching irobe Pr. The possib111ty that the shock attenuates
stead11y during fts passage betwean prdobes P, and P, 1is in~®

“vest1gated in a later section when downstream time interval

-~

measurements are presented; :

‘ Linear least squares'fits to data for batn 'Short' and .
’Long modificat1ons reproduce the observed shock speeds w1th
a‘prec1sibn greater than the manufacturer s quoted 3% toler-
ance on the osci]loscone time base. For the e1ongated
ChanneI sectisn, a one-term fit has essential?y the same

standard error of estimate as a two termlfit On the other

‘-hand, data for the 'Short' Channel requires a twnuterm fit,

which has a standard error of'estimate a’but half that found .

- for a one-term fit to the same data.

_ The effect. of powder sample addition upon shock speed
in the 'Short’ Cnanne1 can be deduced'ﬁ;oprc0nsiderat1on of |
Figs. 4-2, 4-4, as well as columns 1 and 2 of Table 4-1. In

the  'Short' Channel’, the Ancident shock.Srontlmust travel

- |

-
L)
; . \
a

.

."‘nq
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TABLE 4-1 . | :

Comparison of Incident Shock Speeds, V12, from Least Squares Fits
to V12 versus V?z for Hydrogen Driven Shocks 1n Argon

Q ‘ B .
Source of ,Data *
For L.S. Fit | Fig 4-2  Fig 4-4  Fig 4-3 = Table 4-2 |
Time Interval *Scope TIM -~ 'Scope TIM
Measurement ' : ' )
7 Channed short Shert - Long" - Long .
- ' -
Sample Added No Yes No ‘ No .
| s.E. dn ¥, 0,016 0.018 0017 . 0,022
J ' D
YN V12 (km/sec)| /""_m_“”_d,v~_*3__m";;".' o .
L qu ' E?‘
- (km/secﬂgii X o o
1,000 - . 07950 - 0.945  0.882  0.872:
1.250 185 0 1,154 1102+ 0.
(1500 |71 1,360 T 1.362°  1.323 1.309
{1,750 |, o 1.565  1.57M 1.543 - 1.527
2.000 ‘4. . - 21.770 1.780 . 1.768% 1745 .
2.250° ‘}- 7 (1'.97&" 1.990-  1.984 1.963 { |
]
J '_ -

B
.
o



- the sample. ' As it passes the sample ho]der, the metallic

sheck front speed by causing changes in the commpn pressures

. sample_&izeé.used were,sufficientiy small that samp1eeshock

B L

about 95 cm from the diaphragm station before. encountering

* |
powder is ‘scrubbed off the Mylar substrate and carried atong’
in the gas flow of regions (2%) and (2) behind the front.
(Interactions between the samp]e.and.theeheated stug of ges

between shock front and Contact Surface could modify the

and ' velocities across the Contact -Surface.) Apparently, the

3

wave interactions did not stgnificantly influence the incident

- )

data of Fig. 4-4 shows more scatter about the least-squares-

" the present experiments, the diaphragm consisted of from one

shock peed———$h+s—eone4usion_iellhuss_inom_e_eg_nerison of v

fitted shock speeds versus predicted shock(speeds given in
Table 4 A, wh1cﬁ'shows that the mean speed between the loca-
tions of probes P] and P2 is the same, within experimental_e
error, %hether or not a samp1e material is present in the
purely Argon Test gas. ’

The data of Fig. 4-4 1is of 1ntr1neica11y higher orecisionh
than that of Fig. 4-2 because a TIM (timelintervaleheter) was
used in the‘evaluation of shock front transit time. Yet the

K
fitted line than does the data of Fig. 4-2. This ‘observation
caused no concern for. data scatter was expected. In faot, 1t
is quite remarkable that the data of Figs. 4-2"and 4-3 shows -
$0 1itt1e’scatter Scatter in the observed shock speeds is

controlled by the opening mechanism of the diaphragm Inﬁ

to eight Tayers of My]ar. These were.caused to burst by

/




slowly bui1ding up Chamber pressure until the'membranes rup-
tured spontaneous]y Variation in the tear pattern of the
diaphragms and .in the rate at which pressure was built up de~-
termioed the way in which the diaphragm ruptured and allowed
. the’dri;er'gas to ‘enter the Channe1 - These variables were
:d1fferent from shock to shock and so 1ntroduced scatter into

-

the observed shock speed measurements. ' : ~

Scattering of-datq about the least squares 1ine in Fig. °
4-5 is. comparable with that shown in Ffig. 4-4. ,Fig. 4-5 con-

tains measured versus predictéﬂ‘Shook speeds.for ejghty mole

L]

-

percent,kr”un twenty mole percent Lr.ﬁz
which metal]ic powdered samples‘had been added. As Fig. 4-5

refers to the ‘Long’' Channel modification it may be compared

with Fig. .4-3. The s]opes of the two one term fits differ by -—

on1¥‘0.5% This difference is just sl1ghtly greater than the

sum of the standard-deviations in the slopes. The difference

in slopes should not be atgributed'to sample'or Hydrogen. |
addition to the Tesi'g&s.'~Rather, it is due_to the_use of a . gg7
CTIM aod not osci]]osoope traces in the_measurehent of shock
‘front transit times. Reference to Table 4-2,.a summary of /:<f
shock speed measurements for Argon plus Hydrogen Test,gas
mixtures, indicates that the observed shock ve1ac1ty 13

about 87.5% of the predicted value for Test gas Hydrogen con-

a &

tent in the 0 - 20% range.

¢ 1

The first entry in‘Table 4-2 ig based. upon a completely
different set of 1ncident shock data from: that presented in

‘ /\ .“

| Fig. 4-3. Of course, the:data tovers the same range "of shock

’y Ll
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. TABLE 4-2 LT

Influence of Ar: ﬁ Test Gas Initial Composition upon the - .
Least Squares Constant in Fits of the form Vip = aqu to

§2 versus V?z data for Hydrogen driven Shocks (vgz - : U
determined from TIM Readings.)

Inftial ~ - a °  S.E. in V1, Data Points V3, *
% H, : (km/secs Number Limitin

S e e ~ - -Values-—{km/sec)
0%  .0.8723 £ 0.0020 - 0.022  39(36)*  1.14/2.07 . )
5  0.8729+0.0032  0.017  59(54)  1.29/1.87
10 0.8762 + 0.0020 0.021  31(31) . l.28/2.02 . . -
15 - - 0.8791 + 0.0036 0.028  20(20) - 1.16/2.00

20 0.8783 £ 0.0017 W 0.018  35(34) - 1.25/2.08

-
-3

* For each H, concentration, the 1ﬁtg§er in parentheses is the
number of points contributing to the fit: The integer pre-
ceding it ts-the-number of data points initially available.

" ** powdbred sampte material preéent for all other H2 percentages.
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cbnditions; but, for Fig. s 0scillograms-were employed in

. _ uthe_determinetion of’ﬁpock_ eed. -Tah]euigz_uses,data from
TIM Measurements exclusively. The eppnoiiﬁatelyﬂ[% lower

}‘slope of the first entry jn Table 4-2'1in c;mbarison with Fig.
4-3 is due in part to siightly different data scatter, in

part to the use of an uncalibrated oscilloscope time-base and

98-

in part to the elimination of systematic observational bias in

reading oscillograms by’the use of automatic triggering of

pulse amp11f1ers at pre set voltage levels on the velocity

probe output signa]s Columns 3 and*4 of Table 4-1 compare

-«—————————the—+eest-sqvafes—fTtteﬁ—vaTvEs—Uf—UbSE?VEﬁ_Fﬁvtt“Sﬁééﬁs in

the ‘Long’ Channe1 determined by TIM and oscillogram measure-
‘ﬁents of shock transit times,“ Although the TIM data are
about 1% lower in value than ;he others, the difference bee
- tween - fitted values of observed shock speed at‘any predicted
~-speed is less than the sum of the standard errors of esti;ate

¢

in those fitted values. Possible sources of this difference

have been mentioned above. ’ )

- . The ﬁint of a'iligh;vinerease in slope with 1ncreaeing
Hydrogen content given by the variationﬁiﬁ the third decfmal
place withinATable 4-2 may be a true indication. Yet the

. input data are not sufficfent1y~precise to ;arﬁant such a

- conclusfon. Table 4-2 supports the conclusion that.incident
";ﬁock speed determihed'by the transitvtime between pfobes Pi
and P2 1s about 87.5% of the theoretical value for Hydrogen
dr?#en shock waves into Ar:Hz“Tesf gas mixtures within the

shock velocity range considered in this thesis, whether or.
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not a bowdered sample is added to the Channel section.

——e e a2 b 3 o

4.1.2 Comparison of Incident Shock Transit Times over Twe .
Contiguous Intervals -

The preceding few paragraphs have treated the pas;gge gi
the incident shock front between‘probes Py and P, Tﬁeﬁaext

» few consider trans1t between probes P2 and P4 RefereS;e to.

Fig. 4-1 w111 show. that in this interval the shock must) pass

. A )
N 3 0 » -
the transverse viewing windows before experiencing normal re=

flection at the end of the tube. If V34 denotes the mean

“speed between probes Pé and P,, then ‘

<l

| “"zz)= 1axg C(ae1),

where a is the constant 1n a one-term linear least squares
fit of At24 Vs At12 data pa1rs observed for the same.shock
Two serigs of shock transit measuﬁ?ments were performed.
In'thg first, .the shock-tube was operated "in the customary
mode forﬁexcitation and recording of emission and abgorption
spectra. In the second series of experiments, carefully
machineq insérts - b]aced in all window openingsff7converted
the'vipwing 'head'.{npo a unfform righ:_étrcular cy11ndr1ca]
extension co- axia1 with the copper shock tube’. - In the latter
configurat1on. probes P2 and P4 were separated by 22.9 ¢+ 0.2
cm. The results obtained using this conf1gdrat10n are pre-
sented in Table 4-3. , : ) ' )
For the exper1ments in wh1ch a]] inserts were used jn

_the 'head', ne1ther samﬁle ngi.ﬁydrogen was added to the

L
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Argon Test gas. This procedure attempted to separate out the

effects of shock attenuation that were not due to shock wave- -

r

sample interactign from those that were. Two independent
sets of At?z and Até4 data (for the same_qbock) grq‘presented
in Table 4-3. In thoge’measurements, the oscj{loscopeitime
base had been calibrated against a crystal oscillator to
reduce the error of time interval measurement. Both sets of

data lead to the conclusion that At24=[0.45710.001]At{2.

Wikh this value for a and the probe separajions given in

. Fig.- 4-1, the ratidu of ?ean speeds (with its rms error) in ’/’-
. - , - L J
. ‘t L L3 1 4 M e e .

. :002£0.009,. -
,_ V?z , / ]

tonsequently, when all inserts are used, the.shock speed in- -,
the 1ast 22.9 cm of the shock tube has the same value as in :;’ﬂ
the precedmg 50 cm within a 1% experime“tal error. (This
error est1mate-1s quite probably too large for the error in
AXoy - which dominates the rms error in the ration- is likely
to be half that wuoted. Such an ernor in Ax’z4 would lower
Zhe absolute rms error to 0.0063.),

When the"effects of seMVTejadeition and window bores
are eliminated, the incident shock ffont travels the lest
72.9 cm of this shoek tube at constant vef;city. Table 4-3
and Fig. 4-6 show that such is not the c&se when ,the window
inserts are removed (Table 4-4 gives requisite neasurenents

of the ‘head’ intern 1 dimensions ) The devia"on from con-

stant speed s d1rect1y attributable to the 16% volume increase
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T%AVEL BETVTEN PROBE
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& e | * Deta from Sshort! ond‘long' chomel experiments
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Ls. fit to 36 (final) points . :
(2 points ~circled -deleted)

Aty, from time interval meter measurement
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3 “TABLE 4-4 ! -
2  Internal Dimension¥ and Volume of Shock Tube Viewing ‘Head" . .
? Lengti  Diameter Volume
. - o - - (cm) (cm)- (cc)
/ ITransverse Bore - *6.55  4.10  86.45 o
, . lLongitudinal Bore 760 7 500 - 1850 .
oo - —— == - [Volume of Transverse Bore hot. 25.1¢
: Lo Common tq Longitudinal Bore :
- * lend Window Support 0.60 4.1 7.9 7
Total Volume in 'Head’ access-|. . 1884,
ible, to shock-heated gas | .
" Ipistance from sheck-neﬂecti end window to — ]
3 centre of Transverse Bore {cm, 5.20
b o ) 'za T i . - - <
“ Measurement error in Length and ﬂiameier fs 0.005 cm -
¢! ~ Common- velme determined using 1ntegration by series

expansion and by the procedure and tables of Hubbell.

(’1964)

Y

Both methods yfeld 61.34 cc.
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. terpret'@he transit timesincrease as due to.a decrease in

“pean speed over the interval AX, - from the shockss Ffirst
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fn the 'head' produted by the transyerse bore which (es Fig:
4-6 illustrates) leads’ tQ an increase of 3.5% tn the transit

timeubetween‘prohes P, and P,. It seemed reasongb]e to- in-

.

5encounter with the window bore to the refiecting end wall -

5 )
beécause spectroscopic‘observatibns were to be made in ,the Rt

refiect;d shock r&gfon after the reflectad shock had passed
the transverse bore (in the opposite direction) -

. Test gas shock heated before: the incfdent frOnt s en-

counter with the side Wﬁndow bore continues v 1 w into

" ‘'this region w{th a spgpd breat€r than that oftmaterialgshock—‘

. heated by passage throujhtthe shock front after the Iatter

-

| N
has reached thé wimdow focetioh. <The pressure\disturbance .

equilibrates at a rate determined by the sound\speed in the
shock- heated,matter When the,J»cident front has passed the

transverse bore, it%*speed is still influenced by the effects

, ot/hateriai entenﬁng ¢h$% bore. The pgint bywpoin& caicuia-

tions required to determine precisely the time dependento

behaviour of shocked gas uithin theatransvegge viewing region 57

were not undertaken The would have been most tineaconsuning

&,

.
;
/

/
/-

P

-and girtualiy irrelevant a the time- independent regidn (5) -

was to be thetsubject of s 'ctroscopic investigatien., The

high® temperature and pressure existing behind°the ref!eéteh

shock front and the flow of‘shock heated materiai from region‘

- (2) into region (5) would quickly estabTish a unjforu set of -

AR

conditions behind .the reflected shock front,. after that frpnty‘
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« had passed the Side viewing location..

-

When the mean speed of the- incident shock within adis-
tance ax, of the end wall is 1dent1f1ed by vV, then .tfe ratio

.

of V "to the measured speed VS § may be expresse¢'as

-y

C

- o {iAxw ( L — |
R v v . - : °

e Yo ° ’ ’ '
- V3, {At24 TS !5w} . -
? A Rt T I P 6 |

using the fact - establi;hed by the experiments using w1ndow

inserts - that thé shock travels the distance (Ax24 - AX, )
-0 N ,ffrom probe P, with the mean speed Vlz Thus » in the present

) case, with ax,, =7.25 cm (from Table 4-4) a&d Atz4=[0r48§s0 001]x
'At"2 (from Fig. \126), the ratio of mean speeds is

-]

Lomy . :
& T R L . 1.

V; : '
— = 0.901 + 0.023 . . ,
Ve . ) S -
‘l 2 . - . / I . ’ ) . o~ . ;
' - tThe rms error is dominated by the meesurement error 194Ax24
1f the latter quantity were 0. 1 cm - rather than the 0.2 i ’

assumed - the rms error in the ratio would be 0 012)) Had
.0 483 beeﬁ'chosen for a instéad of- 0 486, the ratio of mean

&
speeds wou1d have been 0,918 with: the same rms. error, )

N e . Tﬂe abovéwspeed ratio was deritenwfa¥lﬂydrogen driveh L

v

b shock waves dn Argon from the data p:ssented in Fég.°4-5

Those points are all values upon. whfch the first two entrses
L]

- in Table 4 3 are based‘" Note that. data poi ts for ‘Shovtf., .
N , C .
(¥ .. _and 'lLong" Channel configura;ions have been combﬁned because '
J : : ' - ” ’ . k] . . ng 7’;\ . .

A
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the\fLo;g' CHannel data cevers such a sma11~fange of At{z - -

N i
values. Fig. 4-6 shows that the- combined data scatter is :
very sma]] and sustains the conc]usion that the»attenyation

produced by the ‘head' on a shock of knawn speed Ve 13 is 1n-
dependent of the Channel configuration. T

The third entry in fabie 4-3 extends the last conclusion \
to shocks into Test gases containing Hydrogen and sample ma- :"
terial. Once again t;; range of nt;z values 1s small, but '
the agree?ent with 'Long' Channel dqta 1n pure Argon is very

encouraging, In fact, all three sets of data for the normal

viewing 'he show most satisfactory aoreement;r<€onsequent1y,

just as 'velocity attenbation during the shock fermation Pro- -

o bes unaffected éﬁe Test gas H}grogen and
squ]e material [content, so too t ttenuation orodhced by

changes\in éros -sectton area within 'the viewing 'he:o'
is 1ndependenf of«the Test gas compo n., - Therefore;

within an experimenta] error of 1.5% - 2. 5%, it may be assumed

H

cess was found
d

that the mean shock speed over the Iast 7.25 cm’ of the Channel

G - 9

is 10% lower than that measured over the intervai Axlz, f.e. 1s

equa) to [0.90.:0.02]01.
° .’ rl . . . '
o A

4.1.3 Reflected Shock Trane?} Time Measurements y

Reflected shock front transit times were measured only

for H2/Ar shocks. - of the reflected shock measurements. those

using the. 'tong Chahﬁe] equipped with a1l window 1nserts are
presented in Fig 4-7, There two sets of data - der1ved

from diffeggnt series of shock runs -dare plotted together. . Zf‘

¢ I - ] -
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VARTATION OF REFIECTED SHOCK TRANGIT Time wiTH INCIDENT SHOCK TRANST, WAF

A
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In one set, transit times-were measured over the'distanc;
R Ax42. /In the other, the transit time At43 for: the interval
X g (10.8 cm shorter than Ax42) was the observed quantity

With at values scaled by the distonce ratiéo - 22. 9/12 1 -:

43
the two sets of points lie on a continuous curve for At]2>390‘
usec. (At]2=390 uspcuyietds dshock speed of 1.32 km/sec and:

e Mach numﬂer of 4.10). "By treatin% the point, at At]2=350

. : | usec as a spurious reading, the scaled At43 values can be used to

to exténd the curve to At]2-3lo usec before these reading%

too, show considerable scatter.

ff . " For. At12<350 wsec, the scatter in both sets of data has )
. 'been 1nterpreted ;: being caused by the arrival of the Con- )
° tact Surface at the location of probe P2 or P before the
I o arrival of the reflected shock front. The subsequent reflec-

ted shock front-Contagt Surface interaction leads to increased )

—'transit times that. are not determined solely by the reflected i

Al

£

shock. These transit times are useless as a measure of the

reflected shock speed since the'intergstiontyaries‘from shock

to shock, deﬁdnding on uncontrollable.varietions in the for- .
o ‘mation of the incident shock and theﬁemount of diaphragm

material carried along by the gas. in- region (2). On the

other hand, for At,,>380 usec, the two sets of data show

that the shock crosses the imtervals Ax43‘;nd Axgy 3t the

same speed’ Consequently. it may be asserted that the re-

flected shock front travels from the reflecting windon to .

% - :
N A proie P, with constant velocity - for At]2>380 ‘usec,
5 ‘ 2,

f‘”c3lcuTHtTons:—assumTng_Tdetifinvistfd—shvct—behivtour




b

‘indicate fhat the Contact Surface should traverse the dis-
tance bg?ween probes P2 and P3 in ~115 usec for At]2=380
usec and ¥n- 160 usec for At]2=500 usec. Consequent]y, the
region of reliability of the At43 measurements should extend
\\_/;ozttiérvalues lower thar those associated with At4é measure-
ments. . The data given in Fig. 4-7 certain‘& supports that" '
~contention. ATHus, in thes figure;'all observed 4t,, "data
for at,,<380 uSEC'sﬁould be‘codsiderEd unreTiablé '
The cause of unre]iable measurement resides in the pulse )
amp11fier circuitry - These dev1ces were designed to trigger |
TIMs or to provide sharp pulses on osci]1ograms when the’
output‘%oltage-of the heat transfer gauges was positive-
. going ‘and had increased by a pre-set amount. suo‘provisioﬁ‘
was made’ to abort on(or following) a negative-going voltage
signal. when the contuct surface moved past a probe, its
yo]tage-tjme_cbaracterist1c deve]oped a.negatjve‘slogaas the ‘
resistance of the.olatinum‘ffim decreased, due to cooling of
the probe by the expanded Driver gas. Exeminat1od of oscil-.
logfgms showing output voltage -time curves of both probes P2
- .  and P3 Ted to the above conclusioas. ,f A _f
Theoretdcal values for the time taken by a constant
’ speed ‘reflected shock front .to traverse the distance Ax42

have been evaluated using the relation -
ui v 1 S
W =3= {1+ — - - ~{(4-3)
"32 i | —_— .

*
)

'3
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- .the 'Long' configurat1on with the volume- 1ncreasing effects

110

a " o
! : ’ - Ce '.
applicable to an ideal monatomic gas. (Derived by comhining -
Eqs 54, 55, 67%and 68 of Parkinson (1957) and introducing the
value of 5/3 for v.d U7=bU]. with b an arb1trary attenuation

factor -and U] the measured incident shock ‘'speed. I Fig. 4 7,

D

"all the valid At42 values fall between the curves determined

by b=0.94 and b=0.98 for ¢t12>380 usec. COnsequent1y, for
of the -'head' e]ilinated the ref]ected shOck speed may be
interpreted as that- characteristic of an incident shock of

speéd [Q.QGiOtOZJU] - where U1 1s determined from Atlz measure-

‘ments »

Some data points with £t,,<350 uséc 1ie very close to

the’ b=0.94"curve. These points mey represent ua1id-measires;_

~but the scatter of other points in' this time domain precludes

their use for reflected shock speed calculations, If they ™

-are valid, however. they may be used to infer that the Con-

tact Surface and reflected shock front must mieet very close
to the location of probe P3, because the COntect Surface has
to be moving slowly enough that it will reach probe P3 fol-
lowing the arr1va1 of theﬂinc1den€ front at probe.Pz, after
a time 1nterva1 having a lower limit of [At24+At43] This
argument when applied to the data accepted as ‘valid, calls"
for automatic rejection of reflecteg front ve10c1ty deter~
minations derived from at,, transit times associated with

At]2<390'usec. If the channel length is 1hcreased_1n any -

‘ ‘ \ will {red as the jbﬂg?
limit for acceptdqze 6t,, vdata. | .o

*
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' Table 4-3 shows that the incident front does take longer
to cover distance 4x,, when the window inserts have been re-
moved. Consequently, with tﬁe shock tube ushqiin its 'épec-

tf&sé&bic‘ configuration ('Lonk’ Channel with no inserts),

. obsérved';t42 vglues will ﬁot lead to gpf?gct measures of

the reflected»wéve sﬁegd when At]2<390 usec. Examinatio; of

Fig. 4-8, which summarizes data taken when the window inserts ‘
were rembved; indicates the onset o} scatter (interpreted as '
due to Contact Surface arrival prior to réfﬁgcted froﬁt)I .
bc@urs about 396<At12<400 usec as expecféd. ‘The aﬁpa}ent
division. of vélid data into the distfnct response grodps
400<At]2<500 isec and 500<At]2<§75 u%e; most ﬁfobably is due

. to.a slight relative érror'in the two oscil1o;cope time ranges
emplbyed (0.1 msec/cm'apd-so usec/cm). As th;‘accgpted data
iie between the theoretical limiting curve§;0.85<b!0.95,.1t'
was concluded that, for the 'Long’ Ch&nnel;withdui‘inserts
configuration, the reflected shock speed cdu]d be taken as
‘that corresponding to a shock of incident spee@'[d.QG;0.0Z]

Uy - with Uy détermined from Aplz_meésurement;' This result
is- in excellent agreeﬁent,with the brevihus &onciusion'that’
the 1ncfdent'$hock front travels through the viewing 'ﬁead;

with a mean sﬁedd][049010.02]U]. o o .

4.1.4 Reflected Shock Temperatures in Ar:ﬂZ;Test Gases

Evaluated from at;, Measurements '~~~ .

The e

same behavfbur both with respect to attenuation during shock
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formation anQ later 'in response to passage past the transverse
viewiﬁg wiﬁdows, form the justification for thewassumptign

uthat ref]ecged shock front s S7in Ar:li2 mixtures wquId ;xf
hibit the same behaviour acros viewing 'head' as that
found for H,/Ar shocks. (As Fig. 2-9 indicates, the equilib-
rium region will build out from the end wall at a speed con-
siderébly Tower than this.) Thus all temperatures used for
identifying spectra and ose11]ograms'in t;e-rema1ﬁde} of this
_dbcument Qere eva]u&ted by considering fhe incident shock
speed through the observat1oq region to be equa].taao.goul -
With U, determined fro; At,; measurements. )

The seven spectra shown in Chapter 6, for which sbectrdm
synthesis was a€lempted} were obtained from3.57<ns<4.25
Hydrogen driven shocks into Ar:H2 Test ggses.;ontaining'ISS
to 20% H2.~ The conrespend1ﬁg,transit tiﬁes io.pure Argon

Wwould be 435>Ati23366 usec. As the At,; measurements recor-
ded in Fig. 4-7 have led to thg-conélusiogltnat-the Contact
Surfaée and reerEted shock front ﬁeét near brobe P3 for

-

At]2<310 ugec, it is expected that the interaction for Ar: "2

mixtures will occur betweeu probes Pz and P3 - yet quite '
c1ose1$o probe P3 Perhaps for the lowest Atiz-values the
location of the interaction will be gven a s11ght distance
from probe P3 towards the end wall. '

e

- 4,2 - Studies of Ttme Resolved Shock-Excited Lyuinos1ty

Time- reso]ut1on of the shockaroducéd luminosity was. v

undertaken 1n1t1a11y to determine if the grey powder dapns#ts‘,

®
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G

_found onuthe observation.windows after shock excitation of

powdered samples would have adverse effects on the quan;ita-'

tive spectrophotometric experiments planned for MgH. The

- first of these studies involved the use of a Beckman &

-

Nhit]ey, Inc. Dynafax Framing Camera.

-
-
»

4.2.1 Framing Camera Records of Total Shock Excited Lumin-
osity .

The Framing Camera Was focused onohe of the transverse

viewing windows and operated at a rate of 25,000 friges per
second, /W1th a 2.6 pusec exposure per, frame. Two records of
shocks produced under iddntical initial conditions are pre-
sented as.Fig. d-éb and 4-9c. A plot of photographic 1mage
mean density vs time for record (b) is shown as fig..449e.

The shock reflecting end wa11 1s 1ocated above the records

in Fig. 4-9 - towards. the graph»- and the top of the window
is at the right of eaih imagec '
i

At an arbitrary \nstanf. t=0, the window appears clean
and faintly ifluminated by some readily excited luminosity N
in the reflected shock zone - presumably the Na-ﬂ'l1nes.

(Other studies using LS400 photo-detectors, did 1ndicate that

.Sodium radiation.was-the first to appear.) Within 100 usec,

the radiation becomes much more intense. However, during that

early pe;iod the radiation pattern'ihdrcates turbulent mixing

‘of-radiating and non-radiatfng gas within the transverse bore.-

About 250 usec after the radiation was first detected, it has

e

FEHCHEU”E”miYTMUM“TﬁtEHFTfY””“fﬁ""“ﬁouf 50 useéﬁon either

e
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side of this maximum, the obsenvation window appears to be.
un¥formly illuminated by-" sHock- projhced radfation. About

,/46i/usec after the arb1trary t=0, darkéned regions appear on

the photographs ~Some of these are true deposits, others

are coo]er masses of gas mixing with those still amiit1ng
« 7

radiat1on Record (b)'cIear1y shows darkendd areas on the

0@

quartz window for 600<t<950 usec as ‘a bright gaseous region

aapparently undergoes a clockwise rotation. Thus it'appears

"that, for the first 500 usec after initial detection of re-
¥1ected shock 1um1nos{ty, the formation of deposits on the

viewing window shoufd have minimal. effect upon quantitative
-photometmc studles of MgH. _ "
The post- shock depos1t on the quartz windows was not

composed only of grey powder; Mixéd at random in it were f
B

fine shards of diaphragmdmaﬁ/ptar, -and-beneath 1t {usu gity""“*fW‘~~

imbedded in pits within the window) were bright siI spat-

ters formed by collision of liquified sample dropletstwitha

the window surface. Photomicrographs showed that particle~‘

sizes in the deposit were at least a factor-of 10 sma11er
than the 38 micron Magnesium sample. ‘size. " These partfcles_
and the Hqu1§drop1ets ‘gradually p'itted the windows until -
etching had so severdy curtai?dd transmtufance,that it be-

came necessary to 1nsta11 new windows.

Bur1ng these. stud1es to eJaluate the effects of deposit.

formation, another interesting observation was ‘mide. .,It has

already been mentioned; buf its significance has not. For

approximately 100 psec after the reflected shock radiation
) . . )

N




H

is detected, that radiation has a rather low iptensify.

L I . e -

interval has been interpreted as

which significant Foncenfrati?ns
chemicaliﬂnteractiong within the
at which these reactions produce
molecules and Mg atoms cannbt be

resolution”of total luminosity.

P 117

- This:
an induction period during

of heated MgH are formed b},
reacting mixture. The rate
electronica,ﬂ_! excited MgH - R
determined from the time-

1
X

It can be determined by time- -

" resolution of spectral features particular to each species ///.

“Therefore, the fo]]ow1ng paragraphs are addressed to such

investigations.

S ~

4:2.2

Time- Reso]ution of Radiation Emitted by Specific

Species Behind Yhe Refiected shock Front

- Two 1mpurity features - the

Na-D lines and the Ca I

resonarice line - ptus twomg I lines and the MgH (0,0) P-head

were investigated.

peter with its dutput fed into a Tektronix 535A 6scilloscope

was qsed to follow the time dependence of shock-excited

luminosity. That luminos{ty was

A Leeds and Northrup.scanning spectro-- -

‘focused upon the 100 u °

spectrometer entrance slit by a lens which prodsged a re-

duced image of the transverse observation window

Only one

- spectral feature cou]d be observed per shock run. ' e

Osc111ograms 111ustrat1ng the course of 1um1nositl for

Na I 5893A,,Ca I 4227A ann Mg 1 5183A rad1at10n§ are shown:

in Fig. 4-10.

dependent intensfties are the $ame,1nd1cat1ng that these

The general features of the three time- . '}'

Three emTtters are preése

gas mtxture.

ent Th The Same region of the shocked

rJ
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Iy

The faotfthat the Na Iuintensify—time curveyis not.
1dent1cfﬁ with the other curve superposed on theame osgil-
1ogram'deserves some comhent ‘ﬂThat ather curve is the out{h
- ~put of - an LS400 light detector lecated 1 Sy cm - closer to
probe P3 than the region focused on the spectrometer. The
spectrometer fiefd of view was wider than the n%rrow cone
observeo by the LS400 ‘Finally, the LS400, although located
-beh1nd filters that effect1ve1y 11m1ted 1ts response to wave-
lengths 1in the range 3905+50A did. not fol]ow just the course
— ., of the Na I em1ss1ons. The LS 00 re&ponse does seem to start
with1n'30 usec of(the spectrgmeter response on each of thé )
“three osc111ogram§ w1thin Fig. 4-10; but the peak in the LS
400 response curve occurs 1ater7than the one 1n the spectro-
meter's output The only significance attached to these ob-
servations was that response at the LS400's location was ',
_ delayed about 50 usec. witherespect to the spectrometer due
to the finite time required for the’ equi]ibrated regioh to
‘build up between the two locations - '

On the'Mg I trace there exists a small blip in the *

'response curve at t= 150 usec If this is 1nterpreted as the ;

-

'instant that the reiJected shock - front passes the- spectro-
meter field of view it is not uné%] about 100 usec later

P St ~ﬁ£ that the Mg I response has become an appreciable fractibn of
: q
s ‘;1ts maximum value, This hehavaour 4s in excel1ent agreement

el l

w1th the results obt\+hed from Framing Camera pbotographs
N . | j In Fig. 4- 10, all the spectrometer output gurves show a

,'\f“usec'w1de intensity peakr "This was caased by dischargihg

3
oy s

~ L -

@ . -, : : | ’ | .
‘ \ »#'% ' \ ! ) ;- L

{

o

X
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“head" and are cqntro]ied by the same mechanism. The oscil-

‘ time."Thus time-reso]ution‘of Mg I and MQH spectral features

400 outputs for these shock runs are compared. Th se output -

“exhibit many atomic lines whether or'not a samp]e

‘ has been used. These lines belong to'a large number éf ele-

: 120

-

an-FX7§3 flash unit. (At the same time that time-resolved
1uminositycwas-being investigeted, a calibration was being
berformed of-a time dela& circujt for controii{ng the flash
unit.) - ‘ S 1m3 \ i ‘ |
Intensity versus time curves for the Mg I 5528A 11ne
and the MgH (gaﬁﬁlf -head are shown in Fig. 4-11. The re-
markabie similarity of the three cyryes_cleariy shows that

—

these radiations originate in the same regions of the viewing

lograms indicate a-iinéar,increase in emitted intensity with

3

has shown thap these emitters exigt in the same region and

features change from shock to shock. | S

o

4.3 Impurity Radiation from the Shock Tube _

Spectrogfpmslobtained at T5-va1ues greater than 4000 K\

aterial

-

4 ————

ments and seem to arise from the remains of previously 1ntro- '
duced sample material lodged in regions of the shock tabe J
1naccessibie to the experimenter ) . . 7

Such lines are a cause of grave concern when quantitative .
spcctrogcopic measurements are to,be made, as aiiowance must

be made for their presenbe Thug*as many lines (1n the in- ;‘
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. ' (a) 5210 A - MgH
t ‘ (0,0) P-head'
| T “a149-°K -
, C 95 6.68 atm
.N‘.‘m‘ A ‘
{ B
- TmE - (b)) 5210 AMgH' .
_,‘. T $+ 100 usec- . (0,0) P-head
5 Tg= 3858 °
A Pe= 6.00 atm
Eol_ | d
2 | .
Ll
E ‘B
H </
; (g)sszaingl"‘.
‘, Tg= 3951 °K
3 2 5’ 6.22 atm
=4 NOTE: :
o maﬂcm,‘fnceAis,
~ 1S 400 response to [5905 .
E '+.50] A radiation. L$ 400
— wit 1.9 emcloser to -
-vfebe P, thtn spectromzter
0 ’M}A tram tﬁ ered by
incident Shock Front arri-
— val at probe P, Tecation.
- - - ' ., - ’ ' ,
’ - FIGURE 4-11 -

T1me-Resolved Intensity of Mg I and Mgh Radwtioﬂs excited by Reﬂected
Shock Have (Intensity scales have arbitrary units.) .-

-
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" TABLE 4-5 s

-

High Temperafure Background Radiation from the Shock Tube (in the
wavelength interval 4200A - 6500A) Emitted by Metallic Impurities.

Active :Wavelength
Species (A)

Bal *5535.484

~

6110.784
6063.117
6019.470
5971.699
5997.088

*4554,033
4934.086

Ball

6141.718
. 6496.896
5853.675

Cal *4226.728

6162.172
6122,219.
6102.722

A 4454 ,781
4434960
4425.441
4455, 887
4435.688
4456.612

.4302.527
4298. 986
4318.652
4307,741
'4283.010
4289. 364

6% -

Multiplet E.
(No.) (ev)

6's - 6'p°

(2)

53 - 5d6p3p° 1.18
(7)

62po " 0.0

LO

2

52p - g2pe

(2)

0.70

als - alpe

(2)
43p° 3
(3)

0.00

1.89

a3pe - 4%

%4)
aa

a3pe ) 23 1.89

-

0.00 .

1.89

Iw.

i

By

(ev)

2.23

.20

8

3.89

'4.66

4.76




Active
Species
v Cal
’ N «
‘ ) Cul
‘ - . Mgl
-~
0\ Iy
" .
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. TABLE 4-5 (Cohtd.)

Wavelength
[+]

(A)

5588.757
5594.468
5598.487
5601.285
5602.846
5581.971
5590.120

.5270.270

5265.557
5262.244
5264.239
5261.706

5349, 472

. B
5857.454

High Temperature Background Radiat1on from the Shock Tube (in. the -
wavelength 1nterva1 EEOOA - 6500A) Emitted by Metallic Impurities-

Multiplet

(No.)
33 - 3dap’pe
(21)

33p - 3d4pipe
(22)

1 1

3'D - 3ddp Fe.

(33)

1.
4'p° - 4p~
(47)

2 Tp

5105. 541 ~%\,,£ 2 2D 42p°

5782.132

5218.202
5153.235
5220.070

5183.6042
5¥72.6843
5167.3216

*5889. 953
5895. 923

4fp° - 420

(7)

" %o g3 -

().

- 3%g - 3lpe

(1

-«

E

L.

(ev)

2.51

2.51

2.70

2.92

3.80
2.70

0.00 °

E, . .
(eV)

4.72

"\

4,86

5.00

5.03

3.80

6.17
5.09 -

2.10 -

123
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TABLE 4~5 (Contd.)

High Temperature Background Rad1at10n from the Shock Tube (in the
Wavelength interval 4200A - 6500A) Emitted by Metallic Impurities.

Active

Species

TiI

avelength

(A)

5210. 386
5192, 971
5173.742

5064.654
5039.959
5014.185

*4981.732
4991.067

u1t1p1et
(No.)

aF - 2%

(4) =

a% - 2%e
(5)

-

a“F - 5G°
(38

Ez

(eV)

0.05

0.05

- 0.84

Ey

“'tev)

2.42

2.48

‘ 3'3‘b

4999.504

5007.209

5014.277 . . , .

5016.162 . :

5020.028
’ 5022.871
! 5024.842

< 4533..238 . a’F - yoF° 0.84 3.57 ’
$ 4534.782 - (82) . .
4535.574 . | _
4535.920 . .
' 4536.051 \ ,
4555.386 . - e ;
/ :  4552.453 ST ' :
. @ . 4548.764 - 4
4544688 |
4512.734 _ '
y 4518.022 _
- 4522.798 " : ‘ '
4527.305 ‘ . S

v

.. .. Il . *4687.80 < a%F - yoee 0.73 3.36 -
4710.08 - 3{ “ J »
- 4739.48 o S .
4772.32 a '
4815.62

* _ indicates a 'Raie Ultime'
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terval 4000R-§OOOR) as possible were identifidd. They are
listed in Table 4-5. \ _ ™

_.

4.4 Pressure Measurements in Region (5)

The pressure in reg{on (5) was not monitored during the .
present work. However, on two occasions the catastrophic
. failure of the end wihdow placed a lower limit on the pressure
achieved. On the first odcasion, weakening of thé window due .
to continual pitting was assumed to have decrea;ed its stréngth.
Following t#e second ruptgne, it w;§ found that‘the window |
should have safely sustained a 1oading of 10 atmosphereS while
the calculated pressuré within region {S),was 12 atmospheres.;/
To prevent further occurrences of that nature, external brass
sSupports were made to fit into the wjndow retaining scfew
caps. Calculations based on information supplied by the. ' .x q”
Tanadian General E]ectr%c Company Limited provided assurance F
that a support with a 3/4 inch diameter central hole would
withstand preséures up’tp 25.4 atmosgheréé. Such supports’

!

were used wjth shocks for which the calculated Ps value was

$

greater than 20 atmospheres and no fufthqr'window failures

were encountered.




CHAPTER 5

///-Qualitatjvé Spectroscopic Studies

From a conéideratién f the thermodynamics of metal-
hydrogen-hytdride systems, the author concluded that the dia-
tomic hydrides MgH, BeH and ATH would be formed in quantities

sufficient for quantitative spectroscopic®analvsis when Mg,

Be and Al powders were shock-excited in Argon-Hydrogen test

° ‘»

gas mixtures. Some results of"expérimepts performed to test
that hypothesis are presented #§ this chapter. Those rgfuTts
fake the form ofJemission and absorption spectrograms, tables
of observed atomic lines and Deslandres Arrays‘of detected
bands. Bands belonging to the A - X transitions for all three
hydrides were detected Bé?h in emission and in absorption.
Atomic lines and molecular features were identified with
the aid of: 'Identification of‘Moleéular'Spectra‘ - Pearse &
Gaydon (Brd ed., 1962); 'Spectra of Diatoﬁic Molecules' -
Heraberg (?nd ed., 1950); NBS Monograph 32 ‘'Tables of Spectral-
Line Intensities' - Meggers, Corliss & Scribner {1961); NBS
Circular 467 'Atomic Energy Levels' - Moore k194§, 1958); ‘A
Multiplet Table of Astrophysical Interest;’-‘hoore (revi%ed
ed., 1945); and the 'MIT Haveléngt;'Tab1e§'~- Harrison (1932).
/ , o . . | ,
- © 126"
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’ Precision in wﬁve]ength estima%ion was achieved both by pre-
paring 1a;ge scale phoEographic enlargements from spectro-
grams and by making m1crodens*tometer tracings of those spec-
trograms that expanded the apparent d1sp1acement between
features by a-factor of 50.. In this way, it was ascertained .
that specgya1 features with a wave]ehgth separation of less
th;p 0.80 A could be resoived.

Each set of spectra presented in the following pages is

‘accompanied by a reference’ spectrum, a wavelength scale or
both. In additidﬁt each spectrum is jdentified by a set of
calculated Tg and Pg vaiues indicative of conditions within
ghe reaction mix;ure when the spectrlm was obtained. Mofe_
compiete iiformation concerniﬁg the state of the shocked gas

(based upon measured incident shock speed) js included with-

in the tables forming Appendix B.

5.1 Studies*of MgH

5.1.1 Emission Studies

The five emission spectra o? Figure 5-1 are representa:
t1ve of those obtained when Magnesxum powder was subjected to
'shock excitat1on 1n an Ar H, Test Gas m1xture As/(he,spectna
illustrate, bands of- the MgH A T - X2£+ system. andflines'of‘
the neutral Magnesium atom are prominent features of the
1um1nos1ty from the shock tube. Table 5- 1.is a 1ist . of all

’

,the Mg I lines detected in the shock-~generated spectra. The

L
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o

identity‘of all MgH A2m.- x2z" bands detected in the shock-excited
luminosity is‘presented in Table 5-2. The relative magnitudes of‘the
Franck-Condon Factors, also listed in Table 5-2, give an approximation
to the relative intensities of the emission bands. Thus, according to
the relative FCF values, the Av=0 setyence should be the most intense’
feature of the MgH spectrum - which it is.
\ The spectra of Fig. 5-1 cover the range of excjtation temperatures
. 2300<T5<5020°K and illustrate a feature of the shock-excitation process
that was detected in earlier studies'(McGregor, 1962). At low tempé
eratures (provided that chemical reactions are fast enough) interaetion
between sampie and Test Gas -leads to predominance of molecular featuresl
in the emitted luminokity; At high temperatures‘- where molecular
dissociation is appreciable - atomic and ionic lines are the dominant
features of emission spectra. A mixture of atouic lines and molecular
_bands occur at iﬁtermediate temperatures. )
At the highest temperature used to produce the spectra of Fig. 5-1,
T5 5020°K atomic features do not arise soieiy from the added sample
material - impurity 1ines occur as well. These impurities arise from
remnants of past sample materials (lodged in portions of the facility
inaccessible to the experimentery being swept*up by energetic shock
waves. ) | '
The spsztra'of Fig. 5-1 that were excited at T5=2343°K and 3394°K .
illustrate a point about sample size. The second spectnym is fainter
than the first yet the Mg I lines in it are more Intense relative to

the (0,0) P- head than is the case in the otner spectrum. The second

obsérvation ieads to the conciusion that the two spectra are correctly

° -
)
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ordered as functions of incr“'ﬁg temperature. The faintness of the

second spectrum indicates that W t.was emitted by a smaller amount of -

sample material present in the hot gas than was. present for the production

of the first spectrum.

ah

»

“A

TABLE 5-1

Mg I.tines Detected.in Luminosity from Magnesium

Powder samples shock-excited in Ar:H, Test Gases. -

Wavelength« Multiplet Ez Eu
(R) (No.) - ° (ev)  (eV)
B - @ -
4571.0956 - 335 - 33pe 0.00 . 2.70
(1)
5183.6042 33p°. 43 2.70 5.09
5172.6843 | (2) - '
5167.3216
5711.0880 3lpe- 515 4.33° - 6.49
| (8) > - e .
5528. 4047 3lpe- 4)) 4,33 .6.56
(9) - - " .
4702.9909  3'p°- 51p . 4,33 6.95
L (1)
'4351.9056 . 3lp°- 63 - 4.33 7.16

o

*Stafidard Air Wavilengths from Risberg (1965),
Multiplet designations, numbers and energy

levels - from Moore (1945)7
. ‘ ¢
¢
£ . N v
. s
‘ ) \ T4

B



TABLE 5-2

13

P-heads (A in Standard A1r) and Franck-Condon Faltors

for MgH A%xn

- X2z*bands detected in the Luminosity

produced py shock-exciting Magnesium Powder in Ar: HZ'

Test Gases.

Y

v"l 0 1 2
v' d {
i
0 5211.0 5621.4 .
*9.944 0.0518 2
0.944 0.0515
0.941, - 0.0538 . -
1 4845 - 5182.3 5568.3 )
0.0558 0.839 0.0929 , -
0.0556 0.838 0.0829 °
0.0583, 0.8284 0.0994, )
2 i : 5155.2. .
0.7
o T
0.719,
]

*Order of the three FCF entries:

McCallum, Jarmain & Nicholis (1970) using RKR
potentials,
Popkie (197]) using RKR potentials.
Author using Morse potenthals wjth constants deter-
** mined by least squarei‘i;i? to Guntsch (1939) aAG(v+1/2)
values. Dropped digi indicative only of need to ~
round off the third significant figure. )

-

— - . - -

Ihe thir
seems to have $he greatest over-all intensity of Mg and MgH

features - as if the largest amount of sample@shocked gas

interaction had occurred for this ecase. A1l other spectra in
/ .
'b

Fig. 5-1 were recorded when the*pressure behind the’re?Lec€EJ

shock fromt, Py, was about 7 atm. For the third spectruﬁ the

Py

pressure was ~14 atm. “*he observed enhancement led” to ‘the

» ’ -

spectrum - the one emitted at T5=3526°K‘4 e




- N - gy -

, 2 '
question: 'If doubling P5 can enhance Mg and Mgu, will fur-

ther51ncreases in Pg produce grea}er enhancemenf?‘ .
Shock tube runs des1gned to y1e1d h1gh P values re- ¥
sulted in the spectra shown in Fig. 5-2. The ceritral spec-
trum. was obta1ned W1th'P5f'7 atm - the othere had P5'va1ues
ca 14 and 20 atm respect1ve1y., Although the.Mgh AZx 1‘th+

. ° . ‘
system and the ﬂz I triplet at 5183 A «arg still present with

apprecfable intensity’, there seems to bejno increase‘in_the« -

-
-

atm in Fig. 5-1.

»

\ ’Howevér, the spectra obtaired ay’such high. P, - values’

exh1b1t0an unexpected feature -‘,trqng CZ-Swan band emlss1one

'S:bsequent exper1hunts proved'fhat tpe Cz-Swan system wou1d3

‘ often appear as an 1mpur1by over the temperature 1nterva1
13500<T.<4500°K when Psgwas TO atm or higher. A Tist-of- the
observed Swan bzpds 13 1nc1uded “as Table 5 3. Theasource of

the Carbon lmpur*ty was attr1buted to thermal decoﬂpos1tion

of the Mylar f11m samp]e support as 1t was Carried %onpstréam

s - . . R n
by th : L

FE

L2

- 0"

- =

A [} - ' Vo ' w
i ; {

A ciose ekémindtidn“oT th (Q,]) Swan band in: Flg é 2
g L SN

'

Will shoﬂ tha? severa] rotat?on 11nes a;e mlssing Emiss1ons

”~

at'theSe wave1en§ths have been completely absorbed by atom1c

lines of the C4 123°D - 3d4p®D° multiplet (ca.5590 A).

- -

. . ‘
-’ 3 -
. - 8
” .
LI ot » . v

- ) 3 - o

» 5 1, 2 'Emissio'ngand Absorpti.on Spectra fromtlie same Not Gas

The H1gh Speed Shutter was - arn@nged to uﬂtover half the

-

[

a
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) TABLE 5-3
. ’ / . .
Heads (K in Standapd Air)  of C,-Swan Bands observed as Im-
purity RMdiation Emitted from Ar:H, Test Gas Mixtures at
Pressure P5>10 atm. '

t

vAN v 0 1 T BT T O

0 5165.2 56;:;57 :
e b . ° h )
I 4737.1 512973 5585.5

4715.2 5097.7  5540.7

2
T S 4697.6 S '5501.9J
4 " . N +

5470.3

1y - . ——-

4 N D

e fbectrograph entrance slit for 250 psec, close off the en-‘
tire slit for 80 usec ana\then to dnééver the remaining half
of the g}it. An RCA 929 photo-tube, defeciing“Mg [ and MgH
(1um1nosity (as shawn in Fig. 3-14b)..was intend;d3§o triége(
discharge of the Multiblitz flash unit about 275 usec after'

’ xﬁE/:Litial portion of the spectrograph slit was uncovered.
6onsequéntly, an emission and an absorption spectrum cpuid
be obtaingd from the same shock-héated gas sample. |
' ‘?19.25;3 shoﬁ; the results of four'attembts in_thg tem- .
perature range 3182<T5<407°5°K.h \ggviously, the ¢ystem did |
not fupction entirely as planned for the two cemtral spectra.
Iq.;hq;g‘cases;“the flash unit was triggered juét‘as the

i> spettrogfaph 1it was being closed off. Tﬁé atdﬁ{caliﬁes

having 'tapergdf intensity on the spe@%rograms were caused

14

=

-

-

[4
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by the moving s1it of the_aigh Speed éhutter unit being
alTigned not exactly pare11e1 to the spectrograph slit. Thus
it took a few microseconds more for the ‘top' of»the'exposed
slit length to be closed orf than it did épr ;he'bottom:

The atomic lines of 'tapered’ ihteqsity'wére emitted by the
. L , ‘ .
Multiblitz unit in the 50-60 usec period that its full diks-

L

charge was building up. -
The triggering ma]funct1on notw1thstand1ng, the four
§pectra of Fig. 5 3 establish three‘gseful resul ts:

i) Only for the Tg = 4075°K spectrum de theeMg I lines w
appear in emission oh top of the absorption con-
tinuum. .Hence, this temperature is too great for

~ yse of the Multiblitz unit as a continuum source ,
for quantitative absorption spectroscopy of the { . -
Mg 1 11ne§ R . '

ii) The Tg=3182°K exposure ihvelves essent1a1]y the
same molecular, 6 and atomic 1ﬁnes in both the <
emission and absorption exposures, Small differ-
-ence. betweenh the two on-theﬁpr1nt is due, probably, _
to lack of contrast in the p otographic paper, o -~

iii) For T4>3200°K, the comp]ex1ty of the absorpt1on o
. -spectrum. l&;hﬁﬁLijn_Lhitﬂﬂfﬁ;h&AquESﬁQﬂﬂJRQNVWM S —
emission spectrum. Therefonb;-e1ther the MgH
dbsorption_ spectrum is characterized by a Jlower
mean -temperdature than the emigsion spectrum, or
the effective temperature »f the Multibliitz con-
tinuum makes it unsuitable' for quantitative studies

at T;>3200°K. ‘ -

5.1.3 Absorption Studies o N—

Additiona].absorption exposuresﬂderé ﬁade to determfne
if the Multiblitz flash unit would be suitable for quantita-

tive etudies of the MgH spectrum. Fig. 5-4 shows some re-

£

sults.. Absorption exposures ca 400 usec duration were

a4
’
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jnitiated about 200 usec after 1nc1dent shock reflection.
Only 1Jght from the Mu1t1b11tz flash was permitted to enter
the spectrograph by using the High Speed Shutter in a closed-
open mode. The spectrograph s1it was uncovered abouz 50
usec after the Multiblitz unit had been triggered.

« The spectra of Fig. 5-4 are erranged as a continuous

function of TS' However, it is difficult to say with con-',

v1ct1on that the second spectrum from theatop 15 located 1n )

/ e

its proper order w1thout havinyg ap 1ndependent est1mate of
the gas temperature during the- t1me the ‘exposure was made.
- b

Perhaps the 1ncident shock speed was 1ncorrect1y determined

L) for th1s case When compared with the others, the two

dppermost of. these fivel spectra doseem'to be deficient in

sampde material. The lower three spectra, for which T5<3000,

would seemﬂto indicate'that the:Multiblitz unit could be used
as a source for quantitative absorption ph‘tometry: The only

N epission'features present in these~spectraweref*e 1 and'XehIf

11nes or1g1nat1ng in the-flash tube. Aﬁf of the spectra
appear to be free from absorpt1on lines due to 1mpur1t1es
Nevertheless, Fig. 5-5a, a 50 usec duratloh FX-3$'f1ash, %
-

exposure initiated about 150 usec after shock»reflectjon.

(With T5=4078°K)'shdws\the'presence of a considerable number

of impurity absorption lines - Cu I and Ti I, for example.

Note also that the impurity lines are much sharpér than- the

broader MgH absorption lines., Further, absorption b%'Mg,I

]ﬁnes has removed almost the entire continuum at their wave-

— -
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.Tengths. Attempts at quantitative spectrostouy of those
lines would have to rely on the line wings .rather than the
. ] central line profile for definitive results.
‘o An exposuref at T5=3161°K, using the Multiblitz flash
triggered about éOO usec after shock ref1ectio$ - Fig. 5-5b -b
- gaves no indication ef impurity limes originating within
.

the shock tube and provided adequate absorption by MgH and
Mg I lines for qu;nt1tat1ve photometry

In summary, the em15510n absorpt1oﬁ and absorpt1on
studies have fhown that'the MuJtiblitz continuum is adequate
tor quant1taﬂfue\sbectroscqpic stJdies on the MgH mo]ecu]e
and the Mg atom in the spectral range of the Av=0 sequence

. ‘ * of the A%% - X z+ band system of MgH prov1ded that T5 values
v | are below “3200?K and the exposure is started about*150-250
usec after shock reflection. (That time interval allows the

gas between the transverse viewing uinﬁows to equilibrate

: »
\\\\\ before the photographic -exposure is made.)
. e j

-

e

5.2 BeH Studies - .

(%

5.2.1 Emission Spectra

Shock excitation ¢r finely divided (<38 micron diamefer%
- : Bery]]ium'powder in Argéh:Hydrogen mixtures pfoducéd an in- "

: . - A A .
tense biueyﬁh-green output pu]se\pf radiation after shock
j F

reflelction. Spectra of the em1tted 1um1nos1ty revea1e¢ the

Av=0 eque;ce of the BeH A7 - X%:*. band system tetbe the
. _ ' : ’ . N
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A

- sole feaere of’thatAmoléchle detected in the interval 4300 o«
:ﬁ - 6000 R.‘ Furthermore, i#n tﬁat‘region only one Beryllidm
"atoqic line was tengatjvely ideﬂtif%ed. A list of the BeH
bana§§'detected in the spectra via the1r~rotation;1 line
distributions, is presented in Table 5-4 while Table 5-5
gives information about that lone Be I line.,

The dearth of Be I and Be II linestis simply explained.

In the spéctna] region from 4300 A - 6600 A there are three

1inég of atomic_BeryLIiJH at_4572.664 A, 4548.538 A and
4407.935 A, The 4548 A 1%ne would not be detectable”in this
,\éxkeri;ent for ips»infétsity has been found to be so Tow
that tﬁe resonance line at 2348.61 R {s a factor of 3 x 10’
‘more intense that.it-{Bozman et al., 1953). The 4572 A line
prgduced a'blackening of the photograph{c'eME]sion that was
just detectable. Moore (;945) gives the intensity ratio of p
the 4572 A:4407 A lines as 15:10. Thus it is not surbrising
that the 4407|Z line was also not‘detéctéd.u The high ﬁpniza--
tion potential of the Be atom (9.28eV) ﬁreéludes the appear-
ance of Be II lines ﬁndér the shock excitation éonditigns

=

used in these experiments. & : : : F

. . %

. The rotational structure of the (0,0) and (1,1) bands

~ is ﬁdentified in the absorption spectra of Fig. 5-8, for these

épe tra are less compiex than the emission spectra of Fi
5 6 {P Fig. 5-6, the apparent doub]ing of lines in the spec-
trum taken at T5“3235 K is not due to‘the doub]et nature of

4

the bgnd system. (That doubling is unresolved in the present

-
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TABLE 5-4 | o

Band Origins (A in Standard A1r) and Franck-Condon Factors
for BeH bands of thé”A?nm - X%t system observed when pow-

&

dered Beryllium was Shock- -excited 1'n"Ar:H2 Test Gases. ©

id

Band | (0,0)  (1.1)  (2,2)  (3,3) = (4,8)
Origin | 4988.3  ~4983.3  4980.5  4979.9  4981.4

FCF 0.997%* 0.993 0.991 0.990 . 0.991
0.997 0.993 0.990 0.990 0.990
b.9975 0.9936 0.9917 0.99]6 0.9928

]

“*McCallum & Nicholls (1971) using RKR potentials.

Popkie (1971) using RKR potentials.

Author using Morse potentials with constants obtained
by least squares fits to O®sson's (1932) AG§v+1/2) »
values. _The dropped integer is meant-to indicate P -
only the -sizetof the next dlg1t and not as a claim’

of greater precision. .

¢ &

Origins from Olsson's analysis.

TABLE 5-5

-

Bery111um Line Detected in Lum1nos1ty from Shock excited
Powdef Samples of that Element.

<

Nave]ength . Mw1t1p1et | Ez Eu “
(R) y . gNo.). ~ (eV) (eV)
4572.671° zlpz 3‘310 5.25 7.95
3) - ~ ,

~ B o L @
v
o €

spectra.) It is caused by the slightly differisg spacifgs

between lines of the (0,0) and (1,@) bands. The lines of
these bands arenintermiied. Q-branch line Spacing'is very .

small for thesé»Be bands and so the over]ap‘of two or three

Q-branches from different bands produces the region of appar- -
' L]
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Ai‘?

o ' i
< . -
s

ently uniform intehsity near the centre of thé spectra’
As Tg 1nereases from 3235 K towards 4053°K. the region.
of over]app1ng Q- branches 1ncreases and more rotational lines

appedr in the R and P branches between the lines of the (0 0)
and4(] 1) bands a1ready present in the yppermost spectrum "
At the h1ghest temﬁeratur;, the overlapp1ng P- brag;hes ;xtend
to wave]engths greater than that of the Cu I 5105 A line

o beymd the_measuremeqts of. ﬁmulwulwm

P

presence of the Cz—Swan system Tines in the Tower three- spec-

.9 N &
‘as an 1mpur1ty . P -

tra
The Franck- Condon Factor§ .quoted in Table 5-4 1nd1cate
that almgit alT the A m-X 20t bang,system emission (and ab-
sorpt1on) W111 occur in the Av=0 sequence. This statement
is based upon the facts that 1) LFCF for fixed v' or v" must
be mn1ty (the FCFsp1n the tagkfe are almost unity themselvesi)
and ii) that the emission 1ntensity 1s a preduct of other
factors and an FCF. _ g \ 4
FCFs‘baséd upon the ye:se petentialﬂgivé e;sent?a]ly
the same resu]ts a# the mare pédgeméus RKR potential. Thus
the ¥ibrational motion of the BeH molecule may’ be adequateiy

approx1mate& by the Mqrse osc111ator

€

* 5.2.2 Emlss1on and Absorption Spectra from the Same Sample

The spectrum-of Fig 5- 7 was produced by- using th!.High
Speed Sh&tter to a]low one ha?f of the spectrograph slit to

remain uncovered ,for ~400 usec following incident shocl wave
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’refiection Then the‘shutter cTosed off ‘the ent1ﬁe s]it ‘for »
T

;*50 usec- as the Multiblitz flash unat was triggered pr1or to .

uncovering the second half of the spectrograph s]1t far about

v

—__\_\\ ’ ] . . .
500 usec. "y 1 J . : .

“y eCompar1sqn of the emission portion of F1g 5 7 with - the

\~b' o spectra of Fig. 5\2_:nlisates that the comp]ex1ty of the for- ;“
v ': v meF¥ correSponds rather well with the comp]exlty of the spec- 7.
«  “trum obta1ned at T5-3960 K in F1g° 5 6 ,
- 5 Q! * )
. ' A §1m11ar coﬁhar1son of- the absorptian port1on.of Fig. o
! 5-7 with the spectra of F1g 5-8 1nd1ca¥es a complei“ty 1n- Uy

termed1ate between the two spectra formtng Fig. 5- 8 A very

. rough est1mate woukd be that the ahsorpt1on snectrum of~ F1g s

3 -

'5-7 corresponds to a’ temperature of 3000 J” ' e

°, b Thus the atverage temperature during the-first 40Q~usec

. fo]10w1ng incident shock ref]ect1on’?§/greater than the tem-

A

Qperature oﬁ the- shock heated‘sample during the time lnterval
T & ., 460 usec<t<960 usec Consequently, to assure the highesx

jeffect1ye temperatures for absorpthon spectra from any shock

.'\exper4ment, the absarption should. be performed as so&paas "
possib]e after shoc& reflection has occq:red Of course,
j’/gpoper al]owance must be made for the finite/ttme needed’ to :

egtablish loéal. thermodynamic equ111br1um at Tslin the region

;—e”u" used for“performtng the absorption studies. °

. 0v
w4 ’ . h ﬂ: ‘ s ) . y . ‘"\4 "
"‘ » P ; - . f»' g - - . -
5.2.3 orptihm §pectra Lot e T s - 5 -
) . » ‘ The two absohptTQn spectra contained 4n F1g 5-8 have
. e : - v - \ - . ’.¢
. . " ) ) o | . 'y

L ” o « " /.
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been labelled w1th the 1dent1ty of. P and R branch 41nes be-

) lomg1ng “to the (0,0) and (1,1) banb&. Those identifications ¢
were 'made rather straightforward by use of;0lsson's (1932)
and watsdh's‘(1928) measurements of rotational line wave- ™

numbers ) Not1ce, too, that . 1t has beem.poss1b]e to indicate
ﬂ

a few lines of 'the (2,2} R-branch and. of the (3 3) P-branch.

Ahe complexity of the higher temperatare absorption % »

spectrum compares qu1te well w1th that of the 3235°K emass1on e

spettrum "shown jn Fig. 5-6. It is not surpr151ng that the

'apparent temperature for this eiposure is about‘300 K° Tower

than pred1cted Both absorptlan spectra of Fig. 5 8 were eb# -

~‘T €a1ned by tragger1ng the Mu1t1bl1tz flash unit about 325 psec
after 1nc1dent shock reflection and then by using the High

"ﬁpeed Shutter to uncover, for. the hext 400 usec, the inftially

Jk covered spectrpgraph slit. s e
e : ; p .
5.3 AIH Studies I
, R | y "

. .
5.3.1. Emission. Spectra

’

Three spectra obta1ned from a]um1n1um powder shock-

. . ! . . -
*' [} ' R a
o » ) - -
P L4
- k]
.
3

v ! 8xc1ted at temperatyres 3400<T5<4000 X are presented in F1g

- L]

2 5 9, Although bands of the A]H 4241 A system are present,

&

’

» . they are accompan1ed by bands of the ATO Green sysﬁém - tvj
particular, the A10 (1,0), (2,1), (3, 2), (0, 0), (1,1) and

(2 2) bands ban@be readily discerned Further. there seems

S’—zj
o

' "to be a cdntinuum under1y1ng the AlH bands that has neithers

!
L]

L]
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the characteristics of incandescent particles nor of a light-

leak in the spectrograph. o 7

The continuum’was .ascribed to unresolved emission lines .

{

from the A10 molecule followimm a set’ of experiments in

which a different source of Al powder was employed.. The

sample material used to produce the spectra of Fig. 5-9 had .

>

been exposed to’ the atmosphere for a’ cons1derable period of

timeé. Although. h1gh purity (>99 9%A2) powder had been pur-

/;ghased in a -seated, air- t1ght conta1ner, breakage of that

eal had a1]owed an- ox1dat1on process -to start [Sidgw1ch +

’(1950) states that a]uminlum au?bkjy%becomes,covered'by a .

‘ATH rotat1ona1 11ne; in em1ss1on wh1ch would norma]ly have i

Aresu1tshas come

1ayer of impervious ‘oxide upon exposure to air.] Thus the

results shown in Fig. 539 -refer to shock-excitation of alu-
‘ _ e
mtnium particles eovered with ‘a layen.of pxide,"

Emission spectra obtained using sample materia1 from a

e

fresh]y openegegont iner d1d not show the oxide/bands.. How-

ever, the. oxi bands have served a UEEful purpose for, by

underTying ‘the AJH features, they a]]owed the etection of
% ¢

9

been of too (Qu/ig,1ntens1ty to register on the photographjc

g

emulsion. 2

-
)

¥, , -

The spectra of F1g aaa;show tha?’atomic features are

more pronounced at“the highest temperature whlle mo]ecu]ar'

f ’

features are more prom1nent at fhe 1owest temperature - “This

Jto be expected from 9hock exciﬁedéem1ssion
o

1um1nos1ty. No alumin1um atom1c lines were detected. ' The

: -
[ - - “ - :
. : ] ” - 'l
. ) .
‘ -~ L) . ! . : 4
- r' . N

£
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. prominent: Al I lines at 3944.03 A and 3961. 93 A 1ay beyond
. ‘:,'

the violet Timit for wh1ch Rhe spéttrograph had been focused.
Bands of the ALH A T - X I system detected in emission
are llsted in Table 5-6 and the last rotational lines de-

tected are recorded in Table 5-7.

~

5. 3 2 bAbsorptmn, Studies

Ld

e The spectra of Hig. 5-10, show1ng strong absorptlon by
, AIH 1Lnes, were ETF{tha1ned by use of the short- durat1on
]1ght pulse from an FX-33 flash tube. An, RCA 929 photo- tube, >
.detecting em1ss1ons from the Ca I 4226 A u11g//(and pPobably
~ from’ the A1 1 3944/3961 A aoub],m), trlggered discharge pf
“the FX-33 about 350 usec after shock reflect1on Charg1pg
‘ c:nd1t1ons for the capQCJtive energy storage un1t were 38
uwfd @ 1.3kV for‘F1g. 5-%a and 100 pfd.@l.3k‘V for Fig. 5-10b.
> ijg.-371; indthtes'an ebéorptjen flash duration ca 50 usec ‘
.~ for both sets, of tonditiohETT\-Onlx aluminium powder that };f&’

had hbtxbeen\appreciab1y e&bosed'to the atmosphere was used

as sample material. g
*

Fig..5-1Da w‘a:, produced by giving the;'print equa‘r" oX- |
.« ’ . ’ . <9, ) (o] .
‘posure ‘times over the wavelength 1nte:va1 4220 ~ 4680 A so
l ] ] < . 3 \" R .
that it would indicgte the over-all response of the optical

' system used to record the spectrum (conf1gurat1on IV of F1g

'7}-13)) For the remaining prints. the region 4320 - 452ﬁ A
was’ g1ven a 1esser exposure than t/g reg1on 4520 - 490Q A in .

an attempt to show changes - in rgyat1ona1 llne absorption

' ] £ e .
~ A S
.

» .
’ ! [ Ra .
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"quantities are 'edges' of.overlapped Q-branch lines. uan-

.théﬂﬁ“otatﬁonal 11nes of h1gh J-value were much broader than

TABLE 5-6

- R . SR
Standard Air Wavelengths (A) of -the AIH Band Heads “detected
in Emission and Absorption from Aluminium Powdér- Samples
hock~ exc1ted in Ar H2 Test Gas Mixtures.

. L4
V' e 0 1 2 ) 3 "
4241.1  4546.5 4882 ° " R-head
(4259.5). 4576.4-  4929.] Q-head
1| c4066.3  4353.1°% 4671.0  5024.2 SN

. (4072.6). (436Q.5) (4B80. 7) (5037.9)

Datd for (0,2) and (1,3) from Zeeman % Ritter (1954) The
(0,2) R-head s an est1mate from the present woek. -Remaih-
ing data from E. Bengtsson Knave €1932). The bracketed

tities without brqckets denote true heads in the sgnse that
11nes of higher J~-value return ‘upon lines of Jower J-value.

N '__...‘.. o

‘ \ - : P o - ) )

features with reflected shock temperature, Ts. Film bRack-
. . ‘ f, : ‘ L.

eniﬁgvbelow 4520WA is. very faint on the negatives due to-

greatly incred%ed absorption by the (o0, Of“nnd {1,1) bands
of ATH, witH 1ncrease in T5 Note how the w1ngs of.the AlH

rotat1ona] 11nes have effectively absérbed all rad1at1on be-

*

low g= 45004from the FX 33 d1sqharge at T =3338°K’ As T5 in-
creases towards 3338 K, so too does absorptlon ‘by bands or-

or1glnat1ng on the lower state vihrat1ona] levels v"=22andd33

No bands involving the ¥"= n“level were detected. .

f!% all the observed A]H absorpt1on ‘bands, it was noted '

-
'1 [ ]

those with, Tow J- va]ue " Measureménts made qpon denSthneter
trac1ngs showed that the‘P(13) and P(14) lines of 'the (1,2)
band were about 2 174" A and 4 1/2 Qrﬁ1de al the base compared

e
" Al

P

P 3

> 7
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lwith a tiase width of 1] for the Q4) line of the same band,

é
A1though pressure broadening does affect the width of the

ATH rotationa] 1ines, the markedly tncreased wwdth at h1gh
J-values is attributab 'to predtssoctation resultant from

an energy max1mum in the Aln state (Knave, 1932) )

An 1nvest1gat1on of the AlH pre¢1ssoc1ated spectrum (

was performed. Deta11ed results of that 1nvest1gat1on w111‘ s
be givyen e1sewhere . {t 15 suféacient, for the present, to .
note that absorpt10n spectra obtained in th1g werk for P5
approx1mateﬂy 9 atmospheres (about 1% of that due to Hydrogen?d

¢

. showed str&cture and J-dependence in very_good agreement

w1th Figs 29e and 30c of Knave (1932) Those figures aré
dens1tometer traces of emission spectra obta1ned from an
arc running between Aluminium eTectrodes in 9 atmospheres ofi

o -

Hydrogen.

5.4 Conc1u51ons , \

The experimental results reported in th1s chapter sup-

< port the conc]u31on thgt selected d1atbm1c hydrides cad be’

L]

produced by the interaction of metallic powders with Ar H2<
Test Gas m12turgs'dur1ng the shock exc1tat1on process The
presenceaof the hydrides MgH BeH ard A1H was confirmed- v1a .
emissio and %bsorptjon spectrograms BFf the A-X electron1c
bana'sy?.'hs of these molecules. No other band system
attributable to these molecu]es was qu3Cted in the spectral .

reg1on 42008 - 60008, | .

-

In the absorpt1on spectma of BeH and MgH, only the Av=0

. .
v . L] : ! . A s

LI
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sequence Was,df sufficient strength to be positively-
4

identified.  Absorption tranditions involving the av=-1, (N
1 and 2 sequences were detected for the AIH A-X system.
o L .2
The ‘emissian spectra detected for BeH came from the

Av=0 sequence on]y, those for MgH came. from the V=<1, 0

T..and 1 sequences, and the A1H emission spectra included a]] the

A1H bands seen in absorption. : - 9
d ? -
The effects of an energy maximum in the ATH All state °
&
which leads to broadening of rotat1ona1‘11nes due to pre-
. ™

dissociation were observéd in both emission and absogpt1onj

Spectra The observat1ons made upon absorpt1on spectra were

.in agreement w1th results reported by Bepgtsson Knave (1932)

1)
based upon.emission spectra obta1ne§>at h1gh pressure (9 atm).

Provided that the shock- heated gas has a temperature. T5;
less than 3200 K, the Mu]t1b11tﬂont1nuuk1s an "adequate

source for quant1tat1ve absorpt1on spectrephotometry of the

~ av=0 sequence of the MgH A2 - Xzz band system.

1]
1
'

¢

. o



CHAPTER 6
QuantitatiQe Photographic Photometry of the Mgﬁ_AZH - XZZT av=0

Sequence

-~

Bands of the 2v=0 sequence of the M;h AZn - x2zt system overlap
the Mgl triplet %57.321@5 A, 5172.6843 A, 5183.6042 A. This fact served
¢s“thé basis fér a method of. determining the gf—va es for individual
MgN rotational lines and the "sum of the squares o:gkﬁb electronic
transition moments” (Whiting & Nicholls, 1974), zR 2 for each of the
v1brat1ona1 bands from the known atomic o§!.11ator strength of each
;nd the Ye5u1ts obtained under the headings: é»' -

6.1 Th¥ory of 'Parallel-Light' Absofption Speétroscopy
6.2 Apﬁ]ication'to Photographic Photometry of MEH

6.3 Results | | )
6.4 Error Ana{ys1s

Underlying the entire theoret1cal framework are the assumptions:

. i). Local Thermodynamic equilibrium exists within the absorbing

©

system;

ii) The Ideal Gas Law holds in that system; . .

ii1) Absorbing species are uniformly distributed tﬁroughou{ the
! - . . + . «

., system; ' o . :
PR . . p ,

> ' .
iv) The external source of illumination provides a plané-wave ’

~

flux of energy to the systef under sfudyr
- I ’

o

156

line form1ng that tr}plet The present chapter sets forth the procedunéf‘

AY

I3

-
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’ 6.1 Theory of 'Parallel-Light! Absorg;ion Spectroscopy

T8

-

‘Arnold, Nhltlng & Lyle (1969) haye shoun that, f:%:plane-

parallel rad1at1on of specific intens1ty I (Wa;ts/cm -sr)
f s . ' ' hY
- incident upon one boundary of a gaseou3r1ayer in thermo- s
] “_dynpmic gquilibrium chgracterizgd b{zfémgsi:tufe T, ‘the .
> spectral rédiapcy leaying the layer va distance.z from the entry
é boint is . ¢ T . “
HIA=BA(T?{1 - exp(-k}i)} + 17 6xp(~kAz) - (6-1)
with - : e 2
. ‘~E§A(T)== Planck Black-Body Function (W/cm©-yu-sr)
= 2hc?a-Sgexp(he/kTA) - 1370 '
2 =lgeometric path length (cm) o ~NGA
ka = absorpt1on coeff1c1ent at waYelength A corrected ¢
for stimulated emiss1on (em g
# . k.z = OptwcaT depth of the daseous layer T
’ ) ~« and- A . “ . ’ . - v ’ . 4
v ky  =AE/{B(T)y % . . o~ - (6-2)
E = spectral emlssave power‘aue to spontaneoys
A emission (w/cm #u-sr) -
. ’ B 0= f% dr = al emissive power spentaneously emitted
, . Ixna with centre at Ap(H/cm3-Sr) .

Re]at1on (6-2) is a statement of K1rchhoff s Law. relatr .
ing the: absorpt1on coeff1c1ent tg the spontaneo&s em1ssion |
spectratl 1ntens1§y. "Thus the integrated absorpt1on of a 11ne
ha&ing 1té'centre at-A, is related tp the power em1tted per
unlt solid angle in the line via the re1at10n

o-f, trefe, 0018 (7] 8 (T)}"‘fa di= E/18,(T)) (6-3)

,where, 1n,the 1nterva1aAa that kA is s1gn1ficant1y greater ‘
than zero, the Planck, Fqnction may«be taken as constant.

The next two subsectfons are given over to the develop--.

ment of éxpressions for k° appropriate to radiation from

I 4

.

’
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) 'c” o . a ' hd .
atomic and molecular spécies. ‘ ! . o ‘
'”’ © " B ;
"6.1.1- ‘Atomic. Integrated Absorptqonghseff1c1ent
‘ ‘ : N1cho]1s & Stewart (1962) g1ve the emt1re ppwer em1tted N
N . per unit so]1dE§ngle within a s1ng]e 11ne as c
o &
. N hvA ’ e
. 3 _ U ul -7, 3 M N : N
, N L) {W/em-sr) . (6-4)
) in which ¢ -
) = .}IE = - ' X,. . ' " < »
c hV" 0 hC{AEuA AE]} R . . R
- Substltut1on for the Einstein® trans1t1on probab111ty in
) terms of’ ‘qf via- R @ . )
M . e &
- 8n2c| e? : : _
: ) 9 Au] T{j{?}glflu ‘ S
and for the upper state pOpulat1on by means. of the Maxwell-
Boltzmann expression (Allen, 1963) ’ ’ ‘
: ' : 4
_ at -~ "y
Eu" o Ju exp( - %%AEU) = “ o
at ot ’
, *  into (6-4) and the resultant expression- 1nto Eq (6 3) yle]ds
v Z\op 2 (o t * o
s o_"® \ehcT J94Fy, N% hc 27 A
Y ok= . — s exp{-t8E.) x 10 (6—5) ’
m.cdad |8 (T2 CURT .
e 0 v X at . ;
Thé 1ntegrated~ab§orption'coefficientVfor a single.atomic
: 3
line 1s obta1ned “from Eq (6 5) by subst1tut1on Jfor B (T)
- and is . Nat ‘ tg- T ®
hc
a% —4—7 Ao 9, 1u) = exp( -eFoE )T - exp(- FT)}X]O |
. | “at ot (6-5a) .7
" | When the atomic line is part of a multiplet, use of
| “the gf-suﬁ’ru1e (Allen, 1963) ’ff’ CL o ;
’ 291F1u79¢Fhy o o

- L _ "‘ ‘-
, R | .
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valid for Russe]l Saunders coupling of angu]ar momenta,

——

leads to the re]atvon - - -
2 2\-5 .9 . R
o _[,at me” Y. .2 ¥ hc o
ST LTS ](——7)%0-——.9_,( (-praE) 11 = expl-
gt .

In the last expression,“on1y the duanti;ies within the square
braces are - in general - unknown. Thé other terms in the
eiuation are either fundamentaI'constants'or quite precisely

N 4
known pqppertles of atom1c enqwgy levels. ' Ngt, the total

atom1c species concentrat1on, is® at the exper1menter S

¥

disposal as a gon;fol_gprameter and'zg]f]J is eXper1menta1]y

"'deteﬁminjb1e. Currently, 'there_is'a good deal of gctive

el .
exp‘e'rjmqntaﬁox,({summarized by Wiese, Sm?'& Milgs, 1969;

Martinsoﬁ' 1974) and thboFetica] effort (Viz Bates & Kltick.

1973) d1rected towards 1mprovement n theepresently accepted
.values for Magnes1um atom1c gf- v;]ues

In ]ater computat1ons reported in this work, a]lowance
: "G
~will be ma*ﬁﬁfor ref1nements tn gf- values and so it *

venient at this time - to introduce the expression

R . [} )

]
}k . : ' . cs-7j

’

’ 0__ at -
l‘at {N 29,14

in which k*t is determ1ned so1e1y by the propert1es of the

two atom1g en?rgy levels 1nvolved in the trams1t1on and the
| 2

cho1ce of coup]1ng scheme (Russe]] Saunders) T

A similar relation Wi now be deve]oped for individual; -

4

'—)molecular~1ines. ‘ ‘ . *

S . . ! ; L 4 .
6.1.2 Integrated Absorption Cogfficient for a Molec
' of a g - g Vibrqt%ona]méand‘

{
v |

'
i
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Starting onceé more with rel%;fon (6-9)"and substithting
(again from A]]en \1963) for the E1nste1n A- coef$1c1ent

N 9,A, %biig s : ' -
- 3ha -
in which S is'the Line Strength and _
g,~ 29+ 1 - A J'= upper rotational idvel
. total angylar momentum
. =~ . ‘quantum mmber., -
™ , vt - - ,
yields . _ .
Em01:16u3c g Ny x 10-7 ',~ . ) | (Bfé)
- (2T : - ‘

for the power emitted into the Tine per stéﬁad%an.‘ The upper

state populatjon of one. A component of a?mn -Tn transit1on

( N(n,v,N,d,p} of: T tum s 1967 paper) is glven by Tatum as S
i § : L o
TCLICAES ) QR TISTERTEA (M1 T (6-9)
N mol {/// _
That relation may be written in- terms of the measured line
Eentye wave]enéth and the lower state energy-as ) {
, .
2 - mol(2Jd'+1 ) hC " - ‘
S L -(—z—n;)-]-)-exp( (AE" + 1/2p3) (6-9a)

" (refer to Appendix-A and the Nomenclature section for
explanatory details of the notation that is standard)

@ —~

with : : “ . - -
AE" - the energy of the lower rotationaf stat of the
t ansiti above the level v*=N"= T"=0.,

NZOT he number densdty of the molecu]ar species 1n
, particles per cubic-centimetre. . oY
Zmol; the part1t1on\function for the molecular species.' wf\ )

|

Note that J' rather than N' must be used Tn evaluating the
» multipiicity of the upper'rotat30951 level,
Haycock (1963) has expressed the Line Strength, S » by

.
the relation

e
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- B 2 ‘ : -~ |

§ = {lReQ?"y:va)l qV.N(V"N“t .‘}SJ' ~— \ . (6~10)
with - ' p : - - , h C e

IRe(yv.vu)[ - ‘square of, tha eiectrontc\transftton moment

q’.N" Ny Franck- Condon ‘Factor. wfth allowance for -

v vibration-retatien tnteraction. Rotational
term values are labelled F .(N) with i
specifying the spin doublel aomponent

S; - Honl- Lohdon Factor for the line normalized to yield
L sy=(29' +1)(25”%1) and ¢ § ~(23"+l)(2$“+1) follow-

J' J"
, ing Schadee ( 97 ). JSJ is a shorthand notation for-
Sv NN T the more-appropriate .notation. g

’-v 1yo- F-centroid ‘for the (vv") vibrat1onal bandh'«w

after invok1ng the Bbrn Oppenheimer approximation to Justify
cons1der1ng the electronic and vibrational motions as only
weakly coupled white regarding the coup]ing between vibration
" and rgfation as;being much stronger. The same approach has

been- followed in this wor}. - ‘ : ’:H., \\‘

~

e

" The final éxpression for E™O sults from substitution
for N from Eq (6~ 9) and for § from ( -]0) followed by the
rep%acement of the theoretica11y defined electronic transitiqn
moment by an experimental?y determinablg average (Arno?d et
al., 1969; Arnold & N1cbolls. 1972) The latter’ replacement
is defined via ‘ T

. |Re(r

2 - ,zl Re(F] .)1?

T 5 A.)(zs'm

(811 .
ZEJRe(fv.vn)lz - this doubie sunmation is. perforned over

a11 electric dipole transitions between
p and with z- values ik,

/ . "!"
.

50 that

’ SRR S 7)o
3, (5. zzire(ryiyn)]® x.00°7) 0
mol L1 AL aeitd | e S O €1 A
E .'{Laix‘ l"uﬂv‘v" T3 o 12 ST (2T
, B T S R e

. L4
w . L .
-, . . . - e b4 PR Lt : iy

_pon-degenerate states. of syecified par1ty““fw3




&=

&

R \\\\\\\\\“*~» : L
is' the expression uttimately taken hy Eq.gs-s) when the, s
dependence Ufwﬂonl London and Franck -Condon Factors on
rotationai quantum numbers-has been suppressed. = .
Finally; byhcombining (6-12) with (6-9a), by substitu- #°
tion of this resuit'fon EmO] in relation (§-3) and‘by-ingenié
ing the tn]i expression for on(T)’ the integrated absorp- = .

tion coefficient corrected for stimulated emission of a -

rotational line in a 2n - 21 electroni¢ transition is found

—

to be - o - “ ‘
K° [N“"”‘- ZflRe(FVra‘:,../)q{s.“B SJ |
= | 9 ugng s
mL - 2laster) 3hejiZ, 1 v'N'V"N"{
exp(-pfaE") (1 - exp( 'E¥J}xio‘7 - (6-13) -

)

For a Zn - 23 transition, the factor (2 - 8, A.) has the
value twg (2) as ' -1. There 1s a k°01 for each.spin,compone
ent of the eiectronic band system. ihus SJ is the HooifLondon
Factor for a single line. ( There are separate contributions
from both tne Py (N) and P'(N) lines, say, rather than an
averaged value for the close Pi and P2 components of the same
spin doublet. -) ' _ &g v

As in the atomic case, the integrated ;%!prption coeff-
icient for a Poiecular Tine may be expressed as a product of

experimentai]y variabie quantities and factors that are numeric(

constants of well knoun properties of the rdtationoi ievels. ' ;
" MWhen this is done, the result is i e o
.t mol o LN '
KO = zRez}k* 01 Fa - \\\(5 14)
in which zRe2 is an abbreviiifon for f tzlke(r .fi

& .
- “
- .
.
s
J :
AL .
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1 k

Now that expressions are‘gwai1qb1e for the integrated

A

absorptjon coefficient of atomic and mnlecutar lines, the'
absorption coefficient of tﬁe plane-pérq]le] gaseous layer
can be determined at each wavelength-a. Thjs-evaluation is
performed in the following paragraphs. . ) -

6.1.3 Absorption Coefficient and Optical Depth of the Medium
as a Function of Wavelength

k% is the absorption coefficient integrated over an

entire absorption line of centre (peak absorption) Ag. This

line contributes to the absqrption at-arbitrary .X an amount
determined by k° and By some normaf%}ed‘disé:ibutionAfgnction
characteristic of the line §hape. In the hﬁbsent s tudy,
molécular rotational and atomic linés were all assumed to

have shapes determined by the Voigt Profile (van de'hulst_&,y-‘
Reesinck,1947; Posener,1959;Young,1965) - a prpf;1g which has
been foupd to represenﬂ'the-combined effects of thermal S -
(Doppler) and col]jsional-broadehiné very-well. (Refer to
AppendixlA fo; spe;ific defails of the methods employed in.
-- the eva]ﬁatiqn of the profile and the dispggce from the
line ¢entre beyond which the line was aggﬁmed to have
negligible absorption.) o

Consequently, contributions by atomic and molecular

lines at wavelength A were represented by .
ko=t xg kL ' i
£ A AL ALY T _ : -

at
’ (Ia-50)KS o |
.k = b A-1g .
AmoT mol mo1l o ‘ ‘

) ¢ . .
where the distribution functions b ., and bmo} were not ..1n




genera1 Tthe sames, Both dis€ributions, however, were. U

norma11ze<'to unigf%and were determined by the propert1es
) e &
%

of thé’apsorbgr‘and its environment.

-

When several molecular and atomic lines make contributions
to the absorpti coefficient at the same wavelength, the

optical depth w{thin the medium is given by

.2 0
kxz VDR N'N"k ol mO](lA Aol)z +z;kat at(lx Aol)z

-

r:_, :K | P : Q (5;15y

, The first summation is over all rotational lines (N,N") of

n

every (v',v") vibrational banq that make non-zero contribu-
tion; to kk; the Eegond summatjon répresents the contri}utions
from all atomic Tines. Implicit in equation (6-1§) is the
assumption that;atomic and molecular absorbers aée present J

i

in the entire absorpt1on gath at a temperature T.
[§
Written in terms of factors which are basical]y fixed
quantities and those that are experimentally controllable,

‘the opt1ca1 depth becomes

_ amol _ )
k,z = N tRelz _g;;" N‘N“ kol mol(ll Aol)] +
i .
W7 at - :
e No ):g]f]u Zkat at(]l Aol)] (6-15a)

—

’ Insertion of this expre551on in re]ation (6- l) and knowledge

-

of the intensity, A,1pjt1a11y jncidegt upon. the absorb1ng
.--~4aye+—a44ew:a—eamﬁ4e%é~de%erm4ﬂat4e#?9£~%he—§bse¢p%4ea——;-~m~-ﬁ—
_ features exhibited by the species within the absorﬁtfbn. .
medium. The experimentally adjustable parametefs in E¢’(64

15a) - those outside the Squarg braces - are a]fufﬁe data
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. needed for the determinetion of ERe

" uation of R
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(@)
-

‘ ) . -
2 relative to the sum

2§1f1u' The ratio of these factors is
m01‘Coefficient of k* ]sum

Rat
Coefficient of- kat sum ‘ . . o -
. mo1 2 ’ '
. pMol_ No zRe‘éu 4 . (6=16)
¢ at - Nat f '
‘ zg] lu

Equation (6-16) is the basis'of the present‘method for
evaluating the sum of the squares of the e]ectfonic transition
moment. .The ratio of molecular concentration fq atomic
concenEration - as a result of thermodynamic equilibrium
between reacfing speéies; H, Mg and MgH - i fixed by the
temperature,T, at which equi]1br1um i establlshed and by the
dissociation energy of the MgH molecu1ef Thus a know1edge

4
of T, the MgH dissociation energy and an experimenta1 eva]-

mo] 2 ’

allows zRe” to be expressed as a mu1t1p1e of

zg] 1u* Dur1ng experimentation, the coefficients of the K*mo]
and k*, sums may be treated as independently adjustable )

parameters.

6.1.4 Instrumental Response to the Absorption Beam

Dur1ng the present studies, a,plane- paraIPel beam of
specific 1ntensity Ii impinged upon the shock-heated gas

through one of the transverse viewtngﬂwindows. It left the .

absorbing region with specifﬁpmjntensity I,due to the

v

interaction with the gaseous éemple. ‘When this emergent .
radiation was focussed upon the spectrograph slit, the:

specific intensity detected at the instrument's focal curve

-




“ : 166

X L

*

at a location corresﬁonding to wéve]ength A" was 7

(r') -;fl g(fa-a' I)dA - r | (6-17)
in which g(}a -a'|) is a norma11zed (to unity) slit function.
In essence, the spectrograph - instead of produc1ng a very
sharp line-image at the Tocation'corresponding to wavelength

A - distributed the intensity I ( given by Eq (6-1)) over

: »>
an area of the focal curV¥ corresponding to a range of o G
wavelengths, ‘ | *
) 7

) When, as in the present experiments, Ifc(xt).falls uhon
a ﬁhotographiéuemuision. it produces a response that is
transformed into emulsion blackening which is some. function
of the total radiation impinging on each small area of the
emuhgéon Variation of blactening across the emulsion ay
~be ( and in these studies was ) determ1ned by using a record- ,

;Aqng m1crodensitometer: Owing to the f1n1te s1ze of the micrao-
densitometer-scanning s1it and the magnification factor of

dits Tinkages and optical system, the density reading given
by the instrument is an average over the width of its
scanning slit 1mege As 4. Al rad1at1on fal]ing on the
photographic emulsion over the 1mage w1dth Asd contr1butes

wo the blackening that, evokes the-microdensitometer res-
ponse. Consequent1y, the radiat1on responsible for produc-

ing the plate blackening which is recoqjed as a densi;y

S0

4
, response p(A) is a convolution of the rLdiat1on specific

bntensity incident upon the foecal curve of the spectrograph

and a s1it function h({rx'-2"|) that gives the microdensito-

meter response function te'wave]engt~'

H . ~

3




o
" - fc ) "‘.‘ . ’
}dens(A ) = fl (x')h(lx'-x‘J)dA' , (6-18)
® o ¢ . B
Idens(A“) is the total radiation - of all wavelengths -

fall1ng upon the photograph1c/emuls1on ( and appropriately
summed over the spectrograph and microdensitometer slit
response functions ) that contributes to the density reading
D(A“f at a posftdon on the microdensitometer record cqrresJ
ponding to the wavelength A", .

The functional relationship between Id {(a") - and

< ens
so, ultimately, IA - and D(A") can be evaluated experimentally
» 2 ’ -
in the mann‘ outlined below.

-

6.1.5 Emulsion Calibration using,Absorgt1on Beam and Standard

‘/‘

Lamp Exposures

Emulsion cg]ibrations were performed in the usual maqdér'
by passing light‘from a,tungsten strip-filément lamp operhtgd'
at fixed filament current through a step Hengity dttenuatér
aann io the spectrograph slit. The optical aqrangement for_
thi; procedﬂ;e'is-illustrated by Fig 3-14.." ~ ¥ ‘

An additional calibration technique was emp]qyed:boih'i
to allow cdrrectinn for possib{e reciprocity failure within

the photographic emulsion and to produce more calibration

points. This method consisted, essentially, of passing the

o radiatjon I* emergent from the shqckwtdbg_through a‘focussinﬁ

-

12

) *n,,' 3
sydtem~%ha;—£onmed~an~ima¢a_nn_ihéasiap_dﬂnsilx_iiignuator

‘ ' | . | - '167

Pl s
and then re-focussed that image on the slit of a stigmatic

spectro@%aph. The resultant exposure aﬁpeared as a series of

bands having dfffgrent blackening on the developed emuision.
ot
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When th1s procédure was employed (aga1n, refer to Fig 3-14 ~.
for the proper -experimental arrangement and to Fig 3-13 for
a schematic diagram of the system) the tungsten lamp standard-
'.izing exposures were performod through the same optical system
as the obsorption,fTash calibrations. . .
The‘density of a particular feature in the i-th band of
the}attenuat@¢kabsorptiom opectrum will correspond with Jight
incident on the spectrograph-fota] curve* - given by Eqs (6-17)
and (6-18) as - .. . . -
17(a, 00) —jlxaig (Ja-r*])dr = a,17¢(x")
(a;,2") _.I “(ag,A" (]2 A"I)di 2 [ (")

when aps the attenuat1on produced by step i, 1s such a slowly

\
varying function of wamalength that it may be taken as cons-

Idens

tant over the wave]ength 1nterva1 correspond1ng°to the ,

»

) .._combined Spectrograph and m1crodens1tometer slit image _

Fai D | ,
widths. ( In these stud1es, a; sat1sf1ed that condition.)
Us1ng regions in wh1ch no absorpt1on from the 1nc1dent beam

. ; (a;a") |
occurs,a ca11bration curve of D(a »A") versus Ln dens i
. 1 (a") -

dens

may be 'pre'pa‘r,ed on the a'ssumptionﬁ thit‘IA'may be treated as
slowly variable over the combined s1it image widths. Ihis

N , N

_ restriction was met in the present experim ents as the

combined width of spectrograph and microdeffsitometer .s1its

neyer ExtEEﬁ?ﬂ—5_g“Tﬁ’THU§E“§FECtTH”SUbjEtTEU“tU_GUHﬁTTfifTVe

spectrophotometric analysis. ) ‘
By combining calibration curves obta1neﬂ from thé'

tungsten lamp and absorption flash exposures - weighted in
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favour ofethe absorption points --a composite curve may -

be obtained. In the present work, the only significant «diff="
erence between‘;hé separate cajibrgtions'occurféd in the "toe"
region of the H-D curve. Here preferedce was given to the |
gbsorption flash points.

. Once an acceptable calibration curve is available, it

may be approximated by a series of straight-line segments. - = -

Then, computer evaluation of Idens(x) and I! (r) followed

dens
by two slit funct1on convolutions can "be used to obtain

Idens(l) . .
Ln)—————%} values for which responses - corresponding to.

(x)°

pen deflections on the microdensitometer tracings - may be

s

dens

determined from the calibration curve and a graphical :ytput~

-

produced. (I' (A) is intensity of unattenuated absarption beam.)
éns -
w1th a fixed temperature for the absorbing species

equ111br1um, the coeff1c1ents of the k* . and kat sums of

mol
Eq (6-15a) may be varied until the computer graphical output

simulates the original microdensitdpeter tracing to an‘gccept-

able precision. A more Metailed description of the method

used for calculati igraﬂhical output points is given in.

‘Apﬁendix A section A.3.

ot

.The application of the above theoretical development to

the practical case of the MgH A-X system is presented in the

*

next few paragraphs.

6.2 Application to Photograghic Phdtometry of MgH

6.2.1 Input Spectroscopic Parameters for Mg and MgH

Data used fbr the: Mg I triptet are listed in Table 6-1.

N
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TABLE 6-1 ¢
Input Parameters for the Mg 1 3s3p3Pb - 354538 Trans%lion
/
Data , .
Risberg Standard Air Wavelength |5183.6042 | 5172.6843 | 5167.3216 ,
(1965? .
”?}333?”‘ Wavenumber of Tine céntre|19286.225 | 19326.939 | 19%46.997
Muqdie &
”?};22§r 354535 Term.Value (cm™') |41197.403 | 41197.403 | 41197.403
353p3P° Term Value (cm™')|21911.178 | 21870.464 | 21850.405
Lower State Degeneracy *?| . 5 3 1
Allen ’ -
- (1963) '
. Upper State Degeneracy 3 3 3 .
gf-value for each line . 0.583 0.350 0.116
- 6 fl- ’l
! t
v.:‘ W
) . 
G / a
N ) »
> ¥ 4
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The gf-value for Each’line is based hpon Eg]f1u= 1.05 given
by Allen (19%3).
For the MgH molecule, reconstructed rotdtional line

+

wavenumbers were employed; ®onstants from which they were,
deriveé are given in the band re-analysis of Appendix D. The °
anenuTbers and lower staie'enepgy values used in the cafcu]-
ations are given in fable A-2 for the (0,0) band for 0sNg50.

As %he A%n state of MgH is close to Hund's case b, satellite-

branches have negligible rotational strength gactor&'fore

N>5't6 10.. Thereforey only 11ne§~of the six Main Branéhgs

] were inc¢luded in the present treatment. *The ranges of N-values

used was O0<N&50 for the (0,0) band, 0€N «30 f%r the (1,1) band -
. . ‘ .

and 0<Ne20 for the (2,2) band. . It was felt that good estim-

e s , .
ates of lower state energy and line wavenumbers could not be

-

. - : ) “\‘
made for higher N-values. g - o S
&

s

Rotational line strength factors { HGn]-London factorﬁ)

-~

for MgH were calculated for every line hsed'froﬁVEarl's(1935)

¥ :
formulae re-normalized to " .
@ =_¢:l o " i;!
. Z SV.N%VHN? (25+1)(23.*1)

-i °

4

where Ni is the N-va]ue. of the 1-sbin éomponent and J, is,

the value of J associated with N;. S has the same value in
the Pi and Sigma states. (The summation expressess the same

- condition as was stated below Eq (6-10).) Some of the Honl-

London Factors used are presented as a Function of N in Table-

A
El

6-2.

*

Franck-Condon Factors not taking‘vibratiyn-rotation

interaction into account have already been presented in Tahle

. ) o
A . . ¢
~ L . . .
.. k]
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TABLE 6-2 ¢
°

Rotat1ona1 L1ne Strength Factors, S N' g for the Main Branches of the

MQH% xxz* av=0 Sequence o
NORy A I - R % P
; (0,0)
‘0 - 0.8133 - 0.6666 -, . © :
.5 3.6146 .  5.8310  2,2574 342568 4.7672  1.5665
10 6.1718 10.9022  4.7631 .. 5.7530 9.8838  4.1562
15°  8.69526  15.9315  7.2520 8.2519  14.9230  6.6878
\ 20 - 11.2078 20.9474  9.7514 ©10.7514  19.9425  9.2036
25 13.7158 25.9573  12.2511 213.2512 24,9541 11.7130
30 16.2212 - 30.9641 14.7510 ,7 15.5710  29.9619  14:2792
35 18.725] 35.9690 17.2508 . 18.2508  34.9674 16.7237"
- . a0 .21;228] 40.9727 {19.7507 20,7507  39.9715  19.2270
© 45 23.7305 45.9757 22.2506 23.2506  44.9747 21.7296
50  26.2324 50.9¥80  24.7506. ' 25.7506  49.9772 24.2316
L O . .
. oam
0 0.7976° 0.6666 ) : .
- 5  3.6052 5.8185  2.2542 3.2534 4.7515  1.5553
10 6.1661  10.8946 _ 4.7511, 5.7510 9.8750  4.1494
15~ 8.6911 15.9261 ~ 7.2506 %, ’ . 8.2506., 14.9170  6.6832 °
20 11.2047 209432  9.7504 10.7504" 1959380  9.2000
25  13.7132 25.9539’ﬁgso§ & 13.2503 - 24.9505 11.7102
30 16. zwc; ©30.9612  -14.7503° . 1%.7503  29.9589 -14.2169
; (2,2) L o '
a Y 0 0.7954s  0.6666. ° : 7 L,
: 5 3.6038°  5,8167 2.2537 _ . ' - 3.2529 4,7493 - 1.5537
.10 6.1653 10.8935  4.7508 , . 5.7507 9.8738  4.1485
15  8.6906  15.9254  7.2504° . 8.2504 14.9162  6.6826-
= 20 11.2083 7 20.9426  9.7503 '+-10.7503  19.9374  9.1996
75 13.7128  25.853¢ 12.2502° . 13.2502  24.9500 ;. 11.7098
30 “16.2187  30.9608 14,7502 15,7502 29.9584 —14-2166—
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5-2. There, values determined for the Morse vibrator are

compared with” the more rlgorous RKR yalues and the largest

« .
o T

.':difference between ths‘two sets of values amounts-to 2.6%
aLi’or the (2,2) band. . .

Rs hydrides have lagge values of By, and D relat1ve to
non-hydrides, ‘it seemed that Haycock s (1963) approach u51ng
the Morse Pekgrls rotating- vibrator model { Pekeris, 1934 )

M a' ) to “inclule rotational effects within the Franck-Condon factors

uasipreterable to the neglect of ‘these effects. °"As a conse- on

o guence q NIV was calculated for every rotational line
Ly Qv v 1. =

'lncluded 1n the synthe51zed spectrum g ~Table 6-3 1ists some

v _— e - S G —

of the Franck Condon factors that were employed; Table 6-4
gives r-Centroids for the various rotat1onal Tines. . i' 8§

° .. ~ Slight discrepancies between.theepresent values and the .

———————tabutabions of Heycock mey-be—traced to the use of slightly

- ! [ ] l
different molecular constants. , e . r

.

] L . T,
o . - ¢

4 6 2.2 Temperature, Pregure and Concentration Bata T,

-

.- The IgﬂValue calculated on the. assumption that the in-

ri 4 : *
— 3 =
. ) ¢
. ¢ .

B

+ at 0. 90U] ( Refer td Chapter 4), was adopted as the equillbriuma

9

. temperature dur1ng the emlss1on or absorption of the MgH A-X. =

band system Consequently, the comppsition and particle

- (}— [/

el .
anu a powder sample of 2.5 mgm mass were aceopted as-the

character1st1cs of the MgH molecules environment (The graphs.

at the end of ehgrter 2% in particular, Figs 2-10 and 2-11

ﬁp , - show,that the size of the sample.has a minorleffect‘on the®

;g{n . 'Nshockedigasotemperatgre when the sample ts less ¢han‘5m§p.) ‘3,w,"§ﬁ
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) < TABLE 6-3 °©
Franck-Condon Factors Including ijrqtion-Rotétion Interactjon,
Gy! N' v N' for the litgH Ad - Xt av=0. S\equence; . \
N ;Ri - "'711, ST S AR
(0,0)
"0 0.94170- 0.94118 = : .
5  0.94391 0.94124 0.93900 0.94400 0.94135  0.93910
10 0.94582 0.94203 0.93651 0.94589 _ 0.94101 0.93658
15 0.94744  0.94062 0.93388 . 0.94750 - 0.94067 0.93395
20 0.94871° 0.93999 0.93110 - 0.94878  0.94004 °0.93117
25 -0.94957 0.93908 - 0.92814 0.94963 0.93913 0.92821
30 .0.94993 0.93783 _0.92500 0.94999 0.93787 °0.92503
35 0.94972 0.93616 . 0.92149 0.94978 7 0,93621  0.92157 T
40  0.94887 0.93400 0.91766 10.94894  0.93406  0.91778
45 0.94727 0.93127 0.91338 ' 0:94740 0.93136° -0.91360
50 - 0.94482 0.92786 0.90854 0.94510 0.92805 0.90898
) TN — .
0 ~ 0.82865 0.82717 '
S 083480 0.82737 0.82106 - 0.83518. .82777 _0.82154
10 0.84015 0.8267¢> 0.8M18 . . “:0.84042 -9.82700 °0.81449
15 0.84458 - 0.82547 ' -0.80683 0.84489 0,82578 :.0.80716
20  0{84796 0.82355 °.0,79902 0.84833 0.82393 0.79943
25 0:85012  0.82075 079070 ~0:85043 0.82122  0.7911&
30 0.85102  0.81675 U, 78191 0.85076 | 0.51730 - 0.78200 .
- ri ‘ . . ) v ) ] * ] 7.777- . ) i
. ’ .(2"2’) . ' ' -
0 . 0.71838 - 0.71608 - & o
5  0.72787 | 0.71642  0.70670 ‘0"'72823 0.71707  0.70729 o
.10 0.73583 "+0.71519  0.69594 0.73601 0.71566 0.69616 | )
20  0.74648 0,70924 - 0.67181 — 0.74676" 070943067199
25  0.74693 0.70449 0.65735 ~ . 0.74834 n,‘masc**o.ssm:*-‘

30 ~0.74056 0.69906 0.63871 " 0.74633 O, 59534 0.64244

o o,
' b

2 o =T

3 q)'
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Q-
‘ -4
_ , TABLE 6-4
T-Centroids (8) Including Vibration-Rotation Interaction for the MgH
.. Af1 - X2t av=0 Sequence. ‘
' -
N Ry 4 Py Ry Q0 Py
. o » s T
, g ’ {0,0)
: © 0 1.72902  1.72869 e
5  1.73187 1.73122  1.73070 1.73188 1.73125 173072
0. 1.74078. 1.73%62 1.73857 1.74079 1.73963 1.73858
15 1 75483 1.75316 1.75159 1.75484 1.75317" 1.75160
20 177399 1.77174  1.76967 . 1.77391 1.77174 1.76967
25  1.79782  1.79517 -1,79263 L 1.79782  1.79517  1.79263
30 ].8263¢ 1.82327 . 1.82027 1.82637 1.82327 ' 1.82027.
35 - -1.85936— 1.85579 . 1.85235 _ - 1.85030 1.85578 1.85235
40  1.89634 1.89244 1.88859 - 1.89631 1489241 1.88857 -
,* 45 1.93717  1.93293 1.92869 1.93708 1.93283 1.92861
o 50 1.98T44 1.97692  1.97232 1.98122  1.97667 1.97212
L S T —--ﬁ‘»,_—___,__;._'_._i% 1\ ¢ -
i . 0 1.77766 1.77754 o ,
5  1.78153 1,78092 1.7801 1.78155  1.78094 1.76300
10 1.79092 1.78980 - 1.78880 . 1.89092 1.78981 . 1,78880 -
R 15  1.80575 1.80414 1.80264 .. 1.80575 1.80414 1,80264
20 1.82590 1.82381 1.82184 | 1.82590° 1.82381 1.82184
.25 .1.85121 1.84866 1.84623 . 1.85119° 1. 84865 1.84622
36— 1.88148 1 87846 1.87562 1. 88146**ﬁ1*a784#* MG
Ay . a
L )
0 - 1.8311 - 1.83105 - - o
_ 5 . 1.83513 1.83463 1.83421 - 1.83514 1.83465 1.83424
- 1. 7100 1.88408  1.84407 | 1.84325- . 1.84499 1,84408 1.84326
15 1.86064 1.85931 . 1.85811 .  1.86065 1.85932 1.85812
20 . 1.BBI% 1.88025 1.87868 —~}.68197—%-
25 . . 1,9086¢ 1.90671 1.90473 1.90875 1.90669 1. 90476

0 1.94044 1.93389 1.93596. . 1.94073 1.93832 1.9%611
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~In the absence of jonization, and as an equilibrium 1

B .
exists in shock tube region (5), the relative numbers of MgH
molecules and Mg atoms are fixed by the dissociat{on reﬂllion
“ | Mg + H 3T MgH
. ’ ) hd
. . . , .
¢ Schadee (1965,p320) has' considered this type of equilibrium. '
| % Hls analysis leads to the result
Ly . 3 int
No ) he |7 QMgH
, | Y = NN > - '\Qint Qint fexp(+Dd/kT) (6-19)
0 .o \o THMgH™ "} \NH M ~

D = energy separation between the lowest accessible MgH'~
state and the zero level of the infinitely separated

N ’ ., .atoms. . “
o df“t; i artiti i Pre to_the lowest 17
-~ " -+ eNergy state attainable by species i. S
*mo]= NM9H= the total number density of ‘MgH molecules in

0 ° the reaction zone regardless of their energy -
.Q state. & . : .

the numbeyg density of Magnesium.ngmS‘in the’
reaction region regardless of energy state. .’

= .
»
“+

]

=
[fa]
]

N - I gas regirdlgss_ﬁi_theix_enaxgy—state5. -
' o L\‘Tf'ie ratio ‘NgOI/ ﬁgt was obtéinéd frbm'tﬁé—shock-parame¢er

;compuier programmé_described fﬁ Chapter 2. That programme,
- using the thermodynamic’ data of Heimel et al! (1963), wused

Dg=2.00 eV=46,110 cal/mole for the energy required to diss-. . —

ociate a ground state MgH molecule into 315 Mg I and 128

e A - ' ’ . ‘o ’ . -‘.
~H-atoms.For any other value forthedissoctation—energy; R
: . ’ : i

0* say, | ‘ : B S
Mg SaY, : > , ‘ %

* . ! ~ B ¢
P




~~w—-determ1ned by the dissociation reactio

I o ;e

NMgH * NMgH " .
0 =) v exp{D*-- D)+ . (6-20)
whofr Yt o, )R ;o

The dissociation energy of MgH is not well established.

Estimates pf it and ctrrespnnding41a1ues for the exponent{a1

term in Eq (6-20) are given in Table 6-5. It is beligved
that the adopted value for ﬂ is an -appropriate choice in view
of gaydon's ( 1968) estimate nameiyq-nz 2.1 0 5 ev. |
It wa#‘%ar]ien-remarked in pass1ng, that ‘she number ratio
of Magnesihm atoms to Magnesium Hydrid§>molecu]es #ou]d be
n/in the {E nqg of .
1on1zat1on It is time to determine whether or not Magnesium

1om1zation was neg]ig1b1e That 1s'done in the néxt sect1o&.

j B o T 4 Y 7 ¥ ’

62,3 The Amoupt“hf Mg 11 in the Reattion Zone

Order of magnitude calculations made with the Saha

equation ( A11en,_1963);an€ an.Ionization Potential of 7.64eV

-~

. for Mg I yield .

Ml Y N —

'Y

’

to be 10

4.4 x 167

o B
Myt B .
L Y% at 2000°K

On the worst ~case assumption that-a11 the electrons -are

q'/ N, } takes

provided by the Magnesium ionization {N'
3 :

-

[ 4

“and 1.3x107% at 3000°%K en, NM9K 45 assumed

e

o+l Aparticles per cé"respcct1ve1y Those, -

walues 1.3x10™
}14

B

and 10

concentration va]ues are roughly fhe ones obta1ned for dis-

trfbuting a 2.5 mgm Magnesfﬁﬁﬁﬁiiiir sampig U unifﬁYwTy‘ ough=

out shock tube Reg1on (6). The 1on/neutra1 ratio obtained

&

“Y, . ’ . " ’
L ) » .. :




”
above is an gver-estimate for é]ectrnns are produced much
more readily in the shock-héated gas from'ba]cium, Barium
and Sodium impurities. (Lines~of iohizéd Barium have been
. identified :n some’ of the spectra lotated in Chapter E )
Thus an upper limit of 0.1% has been found for ‘the fraction
of Magnesium jonized in the shock-tube at temperatures :
< 3000 K. Higher particle- densit1es within the neactioﬂ
zone than those a1ready considered will Iead to a suppress1on
ofvthe 1on1§at1on. Thus the 0.1% limit can be taken as a
firm upper“bouna and so be used to justify the ﬁeglecf of ,

what few ions 0?‘Mégnesfﬁﬁffﬁif“ﬁii‘ﬁE'pF§§éht"fh“fﬁé”Teéf

o 178

gas. ‘ _ ‘ , - ’
i j ‘ Y
T ‘ '\“ﬁ"—*‘—'TABLE 6=5 '
'  MgH , Mg
Effect of Change in Estimated D1ssoc1at10n Energy on N /No
— o .
. J 0
Touree v | ORSANS yee (IR M)
e o lwat: 2000%  "3000%
Lippincott et al. 1.76 ' 0.25 - 0.40
(1961) Y IR DR R _
- ‘ =S = m=!! e \;
Heimal et al. - 2.00 ‘ 1.00 1.00 - .
" (1963) - : v ‘
Gaydon 2.10.0.5 | 1.79 |- 1.47
(1968) ‘ | | o | .
Herzberg : 2.49(max) o1y | 6.62 |7 -
(1950) > AR




preparatibn of synthesized microdensitometer tracings, initial
values were assumed for these entities. Then, during the
‘fitting process, the assumed values were scaled independently

gs foIlows:'

Nm°‘zke2z -u(Nm°‘*zR$2’*) ‘ o (6-21a)

NU’ IngTu attzg1f Py ) .; A - uiﬁ-Zlb)

, 179
) _ :
. 6.2.4 Method for Deterflining Best Fit Contrul Parameters ’
In Section 6.1.1, Eq (6-15a), the uuantitfes
mb] 2 i > at v - * '
N, ZIRe~z and : Ny zg1f1uz .
appear as coef{1c1ents of the k* mol and k sums--~Before .

-where ‘the daggers indicate initially assumed-values. ( Note

that it is implicitly assumed throughout these calculations

that the geometr1c path length 15 exact]y the same for atoms
as for molecules.) ‘The initial concéntrations of MgH and Hg
correspond to a distributed sample _size of 2.5 mgm Magnesium.

The initial stage of the fit"tonsists of varying u of

~Eq.(6 21a) until the, computed spectrum and the. microdensito-.

meter trﬁciﬂ9~tﬂiQh_A_hes1*£iLLM_Ihis_Iii_uas_dgjﬂxmined by T

. superpoging , on a light box. the original tracing and the

synthesized rep11ca of it. The.possible range of u was found .

by performing the fit in the region of the (0,9) P-head. The

'value of u was further ref1ned by extending,the fit so that

the best poss1b1e repraduction of tuf svectrum could be’ obtained

in regions where there was no overlap with atamic Hagnesfum ’
N T &,

1ines. - | L —~.A-—-—;---i_-,--,'..,,_, -

With u Yetermined - and so maintained fixed - o was
t ', ‘ .t ] . : wﬂ; K

-
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? B . ' S . -
. - varied untll the best fit was obta1ned for that portion of
'the m1crodens1tometer trac1ng that possessed combined Mg I
‘v and MgH Tines (5160 - 5190 A) . ~

Flnally, with u & a both known,. an estimate of £Re%quAs
e F

)

.

PN

In the case fhat D*=D

and thelgf'sum is the same for

made. The equatlon aLlow1ng that eva]uatlghmls Qgr1ved below. )
~ 5
6.2157 Evaluation of'st2 \%l
From equation (6716), ’ i1 g
. ! _ Rm°1 ] Coefficient of k*ol sum _ N0 lrRetz
. et coefficeint of k* i sim hthg]fluz
w,w.,"___jnd-jn_teuns_oiihe;scale_iacLons—and_initiaUJ—amd
_ values, ‘
mol §(Nmo'lf szz* o
Rat_ L- R ET T T .
'A]]owing for the poss1b111ty of using &’ dissociation energy
other than_that 1n1t”§l]y assumed, and noting that Eq (6-20) .
applies, equating the above two expressions for Rm°] yields
-, [;xpso* -0 ~zge?“_‘j‘% YO 7 ’
R S TP ”Eﬁu .
wh1ch 1eads directly. to the desired result
re?. . z&le(;y-yu)LZ . sﬁigglfT if&%i_ exp( EQIT")
4(g§¥l) -0 u zg]iﬁu . oo
‘ (6-22)

both initfatly assumgd and‘1ater‘sca1ed data, the Qst?ﬁitid

value for zRe . ):Ref2

s s tg be multiplizd just by the ratio

of the molecular~to:}thssscﬁlfng cohstantsth iieid,fhc‘

-~

.k\‘.’l
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6.3  ResuTts

- k 4
' ~ - a \ M i ) \ a
. Results obtaimed from computer‘s?ﬂthesis of micrqdensito-
' meter traces are presented\ln two parts: a Qroup of four

% v -

figures that 114ustrates the degree to which observéd spectra )
were simulated; "and a diseussion of the numeric vaTu’s.fgund

from the successfui'simu1atioh,of six absorption spectra.

¢

6.3.1 Computer-simulated Microdensitometer Traces '

Figures 6-1, 6-2, 6-3 and 6-4 will indicate the type
of visual results obtained. Figures 6-1, 6-3 and 6-4’are

photographtc reduct1ons of simulated traces “Figure 6-2

contains photog_aphic records of the seven sgectra whose
s1mu1at1on was attempted |

- The three tracings in Fjgure 6-1( which corresponds
with-the 2606%°K spectrum of Eig 6-2 ) are presented to
illustrate the versatility,oﬁfthe prggent_computationlq‘\

scheme The.dotted points are separated by 0.01" measured

—

Kfong the wave]ength axis on the origina] plotter. ou:put,

and the absorption continuum level is assumed to be the

,.’
- ]
-

straight line that passes-through the “highest“ points.on

Trace A. Trace A corresponds u1th the absonptio spectrum
that would be obtained from the shock heated gas’ if Hg‘uere
) present—and MgH absent. This rosurt was obta1 by setting

the scale factor u (defined by Eq 6- 213) to zaroi Trace*c Lf
shows the result to be expected when Mgﬂ 1s present but Hg

v : po N ' ."

w

-«




NOTE
Absorption by

&~

A: Mgl atomic lines only -

B: Mgl and Mgl lines

C; MgH molecular lines. .

: D is baseline for trace B..

.A.and C displaced relative »
to B for clavc'ity. A

-

A s
. : . 0 . ¢
u ’ ) d X ) B " P
! 4 :f\‘ _.’\'W . ¢
¥ R N N Y N
Tt T e e e
i'..'.' : - .. .o : ... . ¢ A 3 .‘.
t S croi fen R .
. . Y . - O St .
T Lot a . L [ et
. R . R " et
o o 30 H bl * -
. v ' voivo S S
e - : : e e ;-
N e
, ': -: R . C £
* :”v\-: :_f\ !‘. ,’\\ . ' -‘.' ’.”"A\'J,-.- .
AT . DO TR R -
) R TS S ’
N T T A i ~_
. 1 s
0 . ' - v D. .
t Y _—
. i i i A i J 1 .l i | A L i y W N 1 bl L L A l. L _i dh -l _l 1 L A y li ‘l < i i ) 1
9160 5170 - 35180 9130
wavelength (R) in Afr
- ~ FIGURE 6-1 o i )
j , Computer-Simulated Densitometer Traces of Film Exposure by an Absorption
’ Continuum passed through SHOCK-HEATED GAS at T.= 2606°K, Pg= 10.90 atm. .
\ “‘ ’



is not. {That result was attafned by sett%ng the scaling

. factor a to zero.) Finally, Trace B was obtained by using
;ﬂe best-fit values “for both a and .

* 7 On Trace A, allowance for absorptdon due tbrthe far
wings of the Mg I lines is detectable as far as 4 R from the
1iné centre. (A greater allowance -than this was made when
evaluating the ;bsorption coefficfén? array.f The folly of
attemptinﬁ relative or absolute tntensity measurements on
the Mg I 1ines in the presence of MgH is clearly evident in

Traces B & C. The Mg I lines are overlapped by rotational

structure of both the,(0,0) and (1,1) bands of the A2n - X2z'

system. Note, in part1cu1ar, the 5183 A line for wh1ch no
f

trace_of the two overlapped MgH rotational lines 1s,apparent.
o .

“On_the other fiand, the MgH lines are so badly overlapped
both by each other and by the wings of the Mégﬁesium lines =~ -
thét only by compu;er—syn}hesis of tﬁe ﬁggctrym can sufficient
detail be included to allow for a precise determination of

szez. , ,'_" — : V‘f”_,”

Figure 6-3 i1lustrates the best fit obtained between

s%mulated and original traces; Figure 6-4 is the worst fit.
~In both these spectya, the centinuum 1eyé1‘is too low over
the range 5188 - 5192 R due to the presence of a Xenon line
in the flash ;optinuum that was not included in the computew
_simulation. Some discrepancies between°simu1atéd‘and real -

~ L : .
‘liné positions are probably due to the use of reconstructed

11ne wavenumbers ‘rathér than the observed quantities. How:

ever, part of the'd1screpancy is due to the superposition'
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of information from two photograph1c negatives in the prod-

uction of these figures. Some d1fferences in the amount .

of absorption‘shou1d be attributed to inclusion.of .too few

lines of the Main Branches. Still, negiect of the (3-3)
band does not affect the spectrai regions shewn Estiﬁates;
for the (3,3) P- head ( based upon data & ppend!x D ) lead

D 0 o %
to a value 1ess than '§125 A for the 1on t wavelength portfon

of the (3,3) band. . *

=
figure 6-4 is based upon unacceptab1e sca]ang factor

S

__a and B va]ues It is _an unacceptable simu]ation for,

‘5139,&45145 R. This effect might be due to: use of an. incor— S

although it reproduces the absorption spectrum between,5]75

4

& 5212 A quite well, it overest1mates the absorption between

*

rect temperature'during the syntheeas; . However, this specprum'

+

was vefy.insensjtive’to small'variatjbns‘in “the o scaling-

factor. Thus it is believed to have yielded-a poor esaimate .

for rRe” o - | | < ¥

6.3. 2 Experimenta] Va]ues gbtalned for xRez

v
.
.,

é”: Of(the seven spectra presenteaiin Fig 6- 2 Synthes1s of *

.
A I

six has been successfuldy completed For the seventh spectrum;

. .
ck actexgzed by a reflecfed shock temperature of 2]58°K the N

a orption features were too faint to allow an adequate com- - ¢

parison with the synthesized spectrafn due to emulsion grain-

iness Another cause for rejectfon of. the synthesized . ‘; .
'-output is given in the fol]owing paragraph | T
Hur]e ( 1967), when measuring £he Hydrogen-atom recom- )
binat1an rates behind shock waves, founqwequiTibrium betueen e

. 4 ) ™ AR . b

N I3 - W . B X’
- .. “ " 4 , u f '”1
.

. ) ;
- . w@t
N [ . R
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).'«

H and Hz (for an initial loading;of 13:2 Torr‘of a 60% H2 -t

to 40% Ar mixture) 15usec after pa sage of an 1ncident front
with Uy=3.34km/sec. He observed a ¥uminous front (T:observed,
3560 Ok . ;theoretical, 3550 K) fo]lowed by a relaxatxon zone
until equ111br1um (T,P: observed 2908°K 1.12atm; theoretical,
2925 ° 1.13atm) was reached. That shock—heated gas temper-

" ature is comparable with those ‘used 1n'£h1s work At the
higher initial ]oading pressures employed here, 1t is expected

that equ111brium was reached behind the reflected shock front

RN S

!

! with the spectra of Fig 6-2. éxcept for the 2158%K case,

1n about 15usec a]so Consequent]v, as the ref]ected front _J

- in.this work - had to advance from the end wa]? past the

'-transverse viewiﬁg wTthws (7.25cm) before the spectrogreph

slit was uncovered (te prevent unwanted exposu!e of the * -
film), the delay.time between ‘shock- reﬂlection-and slit . S

opening had to be >140usec for the,temperatures associated

the above constraint’was met by use of a 150usec delay. For’
;hé 2158°K eiposure, the delay was 25usec. Synthesis was’
attempteJ regardless to find out if the ]uminosity~of the
front was sufficieet to'ef?ect the recorded absorptioh‘f tures.
anortunase1y, owing to emulsion grajniﬁessg the small a2:un; "
of absorbtioﬁ recorded was insufficient to permit the test.'
R:sults for,the remaining six speetra are presentee in Table
6-6. There zRe2 is g1ven in atomic units (ea = 2, 5415496)('10']8
esu- cm) . SRS o ¢ e

Line shape factors and line half-widths (both evaluated .

at 5183 A) are quoted for each absorber at every temperature
] ’ K ’




+
.-

‘TABLE 6-6 .

‘Eipérimentallﬁ»Determined 2Re2/(ea0)2'E§JUeS
Based Upon D,= 2.00eV, xg,f; =1.05

P

5

£

Line

ShapéA

Scale
Factor
.‘u

Scale
Fa;tor

-

tRe/ ea,) e

| (atomic units)

e I

ot [
\j:.
g

(atm)
'8.59

2
7.63

3.70

1.120. 1"

-

6.0+2-0

0.0255+0.0088

3.45

A

0.520.1

1°.0+0.1

0.0697+0.016

00, -

- 1.67

241

. 2596

6.45

'3.13

1.540.1

e - —

e -

5.0£0.5

0.0416+0.0050

-

6.79

5.18

2.51

o)

2.4x0.1

0.0697+0.0041

P .
P

2606

10.91

_8.28

4.03

| 2.240.1

-

R

6.5+0.5
Palke

10.0472+0.0042

3

289%

10.01

ke 28

B 2

6.85 |

3.27

. r

12.320.1

s
T

5'0:0.5

0.0641+0.0070

Note that line shape factors and line
in the order: atomic then molecular and w,.w, then w_.

4
t

»

falf-widths are entered

v

L]



T1t is_Worth noting that zRez.values are derived from lines

6->/

| 192
: o B "™

-

-

whose shape factons range between 1.67 and 4.01 for the MgH
rotational lines and between 3.45 and 8.28 for Mg I. C]eariy,

-

the absorption region must have been optically thich for MgH

and Mg 1 radiations. . T
Estimates of uncertainty are given beside the experi-.
mental]} obtained values of the scaling factors u and a. They

-

were determinedg by ha]wihg the difference between the quoted

value and the value nearest it wh'ich gave a detectable ‘ t
‘ia*TFerence in the fit. lﬁe estTﬁifed’ﬁﬁcertaTﬁtTes*Tn—rRea_——“”“

are rms devfatlons due on]y to uncertainties in u and a.
Ca]culation of the mean value from Table 6 6 yields '
LRe /(eao)2=0.053010.0673 wheh all data are included. As the
value of 0.0255 is more thanfélstahdard deviations (0.0219)
from the mean,%t’was rejected and the accepted value for the .
mean tound to be zReZ/(eao)2=0;058510.0059.d1n derivin; this
value the following data were wused: zgl 1u =1.05, DO-Z 00eV.'

)In addition to.the results summarized 1n Table 6-6,

“synthesizedam1crodensitometer traces were produced‘for six -

of the Fig 6-2'spectra at reflected shock temperatures
L e - -
corresponding to' the measured 1nc1dent shock speed, U] It -

was 1mpossib1e'to~obtain fits that represented the spectra
well for wavelength intervals greater than 75 A In addition

to yielding less satisfactory fits, these cond1t10ns produced e
a much greater scatter ip the observed estimates of tRez

‘ -
Similar-simulations were Performed for ref/ected shock tem-

) ,/ .
peratures corresponding to inci shock front speeds of

//

o -

-
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0.80U1, 0.85U] dnd~-0.95U1 for the 2897°K spectrum. Thg

*

] ovéq;a11 fits that best represented the original. tracings

)
occurred when 0.90U, was used for calcllating the reflected

shock conditions. Then a reasonable fit of the MgH spectrum

L4

6.3.3 zRez/(eaA)z Using Best Available Estimate for 29:fqy

*
The quantity zg] 1u shou'ld be considered in the form
(9¢Fqy) n(g]/gt) which more clear]y iqdicates'it to be a

,jproduct of a weighted osc111ator strength for the entire

triplet and the sum of relative weight factors —icustomarxly .

. referred to as relative oscillator strengths; Thus error in

£g,f,, arises both frém (g,f, ) and.z(g;/g,). These terms -

are considered separate]jo&eTow.

". o . . 0
6.3.3.1 Relative gf-values for the Mg I 5167 - 5183 A lines

The results of Table 6-6 are predicated upon gf-values

" given by Allen (1963} which are averages of lhboratory.exper--

imental results (Kersten & 0rnste1n,194l;A]lén.]952)'and
theoretical estimates (Trefftz,1949,1950; Batas’i Damgaard,.

1950). Other gf—values'ahe available and some. are presented‘"

in Table 6-7. o > 4

It may beoseen‘fhat equ;imental values fpr:the r#letive
intensitﬁes’of the Mg I lines (-wh1ch are lihehriy praport-
ional to the gf-values) deviate from Russel Saunders Coupl1ng
by not more than 5% except for the dataofiCorliss et al.

(1962). After discarding thg.]atter value on the basis .
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, TABLE 6-7
Relative gf-values for the Mg I 3$3p3P° - 3s4s S1 Triplet
T -
b b ah ] |
Source 5183 5172 | 5167 [Claimed| Technique
. . [%Error R

— emtat—— Ny RS

1941 Kersten et al.| 100 59.4119.8 Carbon Arc em,

1962 Corliss et al, 100 54 18.5 Copper Arc em,

1962 - Penkin et ,al. | 100 60 20 5-10 Hooks & abserp

1964 - Aarts & Bosch | 100 | 61 21 | 6 Furnace em,
~ . \

. A\ Ll . -

b) Theoretical: :

1963  Attem——— 11001 66— 120~ L-S coupling

1964 Helliwell 100 |60 {20 Semi-empirical
1968b Warner 100 |59.9 |20 |Intermediate ~
¢) Values adopted fo R {

this work: 100 | 60 20 5

@ &
3
-




. - .
: , : .
v
‘ ‘ g 1956
)
‘ A

y

(Schaefer, 1971) of arc demixing and lack of local thermo-
dynamic equilibrium in the arc, it was conc]upghkthat for
p @pe present work the lines of the Mg I triplet eould be

error _bound.

— e e bﬁ%ﬁ} -

v & 2RY

assumed to follow L=-S coupling within a 5%

T ———— i

6.3.3.2 Absolute VaTBE”%br‘gtf

Tu s
&”fairTy'preﬁise‘estimate of the aB%o*Lte value for
o gtflu is much more difficult to obfain due to the lack.of
close agreement among the published value§. _

-i, Since 1962, there has been.gréat activity in the~exper-

imental measurgmenq of atomic gf-values using Hanle-effect,
"phasb-shiﬁi, anomalous dispersion and Beam-foil techniqqesf
Work completed before 3969 has been critically reviewed by
Weise, Smith & Miles (IQQ;). Martinson'11924) has surveyed

Beam-foil results produced since that tige. Accompanying

‘this resurgence of experimehtal interest has been a host of . -

theoretical calculations. Some of this recent data applicéblb

3

to the Mg I 3s3p3P0 - 3s4s gi transitiom is presented in Table

6-8; while Table 6-9_¢dnta1ns some of'fhe\available ddta for

21
.SO Tu

and'Aiu are the same as those quoted with the 1ifetime measure- .

the 3s - 353p]P] transition. ( Per&entage errors in f

) P ) - ' R
.ments.) The transitions and their re1ation’fc the lowest

lying energy levels of‘tng*MQ atom are depicted in ngureﬁp-s.

-Exclusive of the Corliss & Bozman déta, lifetime measure-
3 .

‘ments for the 3s4s S1lstaté average 12.4nseC"11thvan'$pprox-
. ‘

ﬁmately +20% spread. The agreement is heartenihg; but the

spread in data.ua'ip lead to an unacceptably high uncertainty

L 4

L]

<
N
N
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TABLE 6-9

Lifetime, Absorption f-value and Transition Probability (Au])
for the 35215 - 353p1P] Mg I Resonance Transition at 2852° 13A

- | 4 R .
Source Lifetime f A Technique
(nsec) lu ulg
. ) x10_
al Experimental Value: s ec 1
1958 Ostrovskii et at?.|3.05:0.8 |1.2 3.28 ‘|Hooks & abs.
1861 . Ostrovskii et al.[2.9 #0.7 |{1.25°] 3.44 |Hooks & abs.
1962 Cor]iis & Bozman 3.3 1.1 3.07 J]Arc emission
1962 Demtroder 3.29:0,16{1.11 | 3.04 |[Phase-shift
1964 Hulpke et al. 1.99+0.08]1.84 | 5.03 |Phase-shift
1964 Lurio 1.9940.08]1,85*% 5,03 |Hanle-effect
o 1966 Smith & Gallagher|2.03:0.06]1.80}] 4.95 {Hanle-effect
1970 Andersen et al. 2.2 t0.Z2 {T1T.67* 4.56 [Beam-foil
1970 -Berry et al. 1.5 t0.2 2.4 | 6.56 |Beam~-foil
1971 Smith & Liszt 1.9 0.3 11.86* 5,26 |Phase-shift
1973 Lundin et al, 2.09+0.1011.75 {.4.78 |Beam-foil
b) Theoretical Value: y o g
1950 Bates & Damgaard. [2.29 1.60 | 4.37 |Ceulomb app.’
1950 Trefftz .662 1.674*4 ,542*SCF-
1964 Helliwell 11.98 1.85 | 5.06 Semi-empiricaw
1967 Weiss 2413 1.72 {4.70 |SCF .
1967 Zare : 2736 1.55 ]4.24 |SCF
1968a Warner 12,27 7 . 11.61 14,40 |STFD-intermed.
1968b Warner 1.91 1.92 | 5.25- {STFD-intermed,
1973 Bates &_A]tick -je.12 - 1.73 {4.73 |SCF -
c) Critically Assessed . o
"best values": ) .
1963 Allen =~ 2.29 1.6 |4.37 |. :
1969 MWeise, Sm)th & £ : ‘ .
e Miles ’ 2.02 1.81 4.95
.1’ - ‘
c T d) Value Recommended . .
, after this comparison{2.05+0,10{1.78 | 4.88" '
- MOTES: | 7 R

A11 theoretical studies have 1nc1uded some degree of config-—
. uration interaction. SCF 'is shbrt for Self: consistent Field. 2
Warner used Scaled Thomas-Fermi-Dirac (STFD) oné-electron wave- .
~functions and an intermedfate angular momentum coupling scheme
that employed measured values of relative line intensities.
” * Denotes a value given by the original author which is of a
precision different from'the remainder of the tabulation.

.
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in zRez. The theoretical estimates have the same iZO%

Sprgﬁd and cluster around 10.6nsec when Warner's (1968a) data

i's rejected. (Presumably, this ea1cu1ation suffered frqm the

use of an inappropriate experimental value. Referpto the R

-

note below Table 6-9.)

@

Q

. o
N ) In an effort to estab11sh f] for. the 5167 - 5183 A
triplet more precisely, data for the 2852 R resonance and the f

0
4571 A 1ntercomb1nat1on lines were examined carefu]]y How-

=

ever, only one exper1menta1 result - an atomic beam absorption

q' meastrement’ e1u— (5.0%1 01x10'6 (Boldt 1958)-was found for

the intersystem combination line. Data,for.the’ resonafce

‘5

line is much more exfensive‘end is presented in Tablefﬁ-a
where fhe'recommended Tifetime listed in ;ection d) was ’
determined after rejeétjon of data ‘due to O;trovskii,} . e
Demtroder a;d Berry,Bromander } Buchta. o ‘

Lurio (1964) and-Smith & Liszt. (1971) criticize Demtrider's.

.value on the basis that radiation entrapment vifiated 1t.1

Corliss & Bozman's data was not included for the‘reasons men- . .

tioned earlier. 'Data of Ostrovskii et al. sufferéd~from{an .?'A

\ inexact va]ue for the Magnesium vapour”densfty-(.Lurio, 1954}5f

‘ :;d so were not used in the: averag1ng process .
Andersen, Mﬂ]have & Sdrensén (1972) c]eim that Beam-foil

data yield just as preﬂ%se measurements of wpper state life-

‘ ; times as,6 do. other techn1ques when requisite cascade correctioqs

are applied. Lundidk et al.'s (1973) value ¥n Table 6-9 -

itself ecorrectéd for cascade } bears out this contentdon.‘ For, °

at 2.09:0.10, it agrees extremely well with the ﬁanle;effect

I . -
©




value of 2.03:006 ( Smith & sa11agher 1966) and the phase-
" shift measurement of *"gb + 0. 08 ( Hulpke et al., 1962).
Andersen et al. (1972) find Schaefer's results to

have a systematic error; and furthen'fau}t the same results

-

[

as well aS‘Epose of Berry,~Bro%}nder % Buchta for lack of
o cascade correction. Therefore, of“the experimehtal values

°listed in Table 6-8, only those of Andersen et al. (1972)

—

ot

v ' and Aarts & Bosch:(]964) might be considered reiijable. After
. " weighing these two values, .the available theoretical estimates
. . o " o~ . . .
____"_________inr_iTU.and_Lhewaxgnnggd_Laiua_1ugge51ﬁdﬂh¥wueisﬁ+_§miih_ﬁ_ﬁq__&‘
| Miles® (1968), it wds decided to adopt f, = 0.134+0.011 as

the best available estimate for the absorption oscillator
strength. This value leads to rg,f, = ].206£0.]14 (-9.5%)
when the 5% error bound for assumed”L-S coupling is combined

Wigﬁithe Uncertainty in f]u %o yield the rms error of the

summatioﬁ? .

6f3'3‘3 Variatqon of ZRe /(ea )2 and the (0,0) MgH A2nm -
oo | 2yt Absorption Oscﬂ]]ator Strength with 1g,f,, and -
. D6*va1ues

o v

Now thgt»ah estimate for.zg{ ]h betfer than Allen's
. N
(1963) value is available for the Mgl trip]et, revised values

for IRe /(q@ ) may be caﬂculated Table-6-10 contains such
. 'velugs. Ind1v1dua1 ZRe /(ea ) -va]ues were determined from
Tothe_gpectrum‘Fynthes1s scaling factors of Table 616 and
. Eq (6-22) was emp?oyga'&o take the change in dissociation
enérgy into account. ‘For each 039Va1ue new averages were.

. calculated and yielded the results in column 2 of Table 6-10.

vy e
w
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v l TABLE 6-10
Effect ole* and 1g,f 1o Values, on (0‘
" ator Strength and IRe /(ea )2 |
na Zglzlu’(l-\ﬂgn) 2g] ]b\STab;ev 6‘ 81 j
(ev) | ZRe /(ea ) _ fQ,O IRe /(ea ) Yﬁb,oi o]
& ' L& - ' ’ R
1.76 0%]74 +0.01%® 0.3096 0.2060 iQ.OZB 0.0-11w .
2.00 | Q.0585+0.0059 | 0.0033 | 0,0672+0.0093: 0.0037
ﬁ?§“@{ 0.0372+0.00381 0.0021 0.0427{0.0059 0 @Qﬁﬂ
2.49 | 0.0064£0.0009 | 0.00036.| 0.0078+6.0013 0/00043
] ; . %;
" o e
. TABLE 6-11 .
Transition Probab111ty and Absorpt1on 0§c111ator Stnength
Data for the av=0 Sequence of the Mgh A2n - Xzz System R
Band (0,0) (1,1)' (2;2), 1 (3,3)
* -feq(k) 0..00394 9.00396° .0.00398 0.00400
0 : ’ o
Fyryn 070037 | 0.9038 | 0.0029 | 0.0025
vu(A.U.) 0.]27 \*4-Q.1]1' 0.0966 ' 9;9825
A, nlsec™ ) | 2:3x10%7 | 2.1x10%%] 4i8x10%7 " 1.6x10"°
Origin (cn™').{ 19284.7 | 19387.3 | 19484.7 | 19592.0
2 . . . ‘ o ' -
Gyoym 1 0.9414 0.8284 0.7191 " | o.sygtﬁf
. . . . v ) s : g

fe](x).and other quan@ities°in Table 6-T1 are evaluatey

.-
i

with wavelength sorresponding to the band o;igin.
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( The results for the 2158?K spectrum were mot includgd in

any average. ) Errors quoted in that'teble are rms va]ues : 0
»enteringgthyoegh the avera;e value and: the e;ro fp‘the “
ﬂsumggtion. The f0,0 va]ues given in Tal]e 6-10 possess the
2 same percent;ge errors as'the zRez/(eao)z. . ™~

The notation used threughout this chapter, except for
zRed 9h1ch is defined bvaq.(G -14), has been that of Schadee °

’ ‘(1967 1971) and. Arnold & N1cho1ls(1972) IRe /%eao) " used

here is re]ated to z]Re(rV.vu)/eao|-

£ ] <

"o p|Re(F . n)/ea, ]2425”)6%2/“@ )2} (6;23)‘

- k)

)

'}' $"=S'=S=k= spin mu1t1p11c1ty of both upper and lower o,

eleetron1c states. o

- ‘Throughout the computer synthesis it has been assumed~
that t?e same zRez‘%pplied to all bands of the Av=0 sequence
Thus, adoptgng the mere concise notat1on zRezas there is no .
var1at1on in this quantity with r- Centroid the related :
band parameters given by Schadee(1967) fe](A)% LI B ;\h
2 giyen by Nicholls & Stewart

‘i .

“Av y anﬂ the Band Strength S "

.5‘¢(1962) take the functicnal form N

L

‘ - 2 2 : . leoay
: S W= q. . u(25"+1)ERe"/(ea ) 1= Band strength (6-24)
) viv viv .0 in atomic units ' y

‘ﬂ ////#\ //f;“ - | o 6
: ](A) =
) qv V"

Oscillator strength for absorp-
Ction. ., (6-25).°

13
-

= Wavelength dependent ‘electronic o
‘ anm Cc
fv'il"= ve
vy

‘\f"- )

G
-
€
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C ( |
o A, .Eq, (;4“ } £Re” = Spontaneous emissien (6727) Co
vivh T v ’3h , 2 - dg-y¢) . transition probab111ty" b=

Values for the first four'bands of theav=0 sequence of

the MgH A2qn - X2>:+ system determined from

2 < : o -
tRe™ " . _ A.U
2= 0.0672 +0.0093 .U,
. (eao) . .

(the value which the éuthqf feeLﬁ is the best est}mQtéL
and Egs (6-24) to (6-27) are given ip Table 6;11.<

; Usﬁngnthe‘dissbciationAenergy of“HéimeI et al. (1963)

- and the Ig]f]‘>vafue deiermined from Table 6-8, the author

ncluded -that the sum of the squar of the transition

ments i< s . gga, c %

- A . :
0.13,20102 A.U. - .

[4 o

- ’l6.3.¢ Comparison with Other Experimental Values ,

- When th® present researches were begun, there was 2?
- ’exgerimenta]ly-determjﬁed oscillator stréngth for the MgH

A20 - X2z band system. In the interim, three experimeﬁfa]i N

qétgrmiﬁations ;Zye been published. They are listed be}ay: .

o - ‘ -
, Schadee (1965)1 f0 0= 8. 0x10 +10% / |
. ‘Main et-al. (1967) f,,.q «2.0x107% - s50% .
" Mallia (15682 ' fo.p= 0-0243 £ 0.20 non LTE

S o ta T+ = 0.0105 ¢ t;f%zq,LTE ,
R ' < - . a" g P
; ’ ' e ’

. .
P . . e - 4
n .
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Schadee's and Mallia's resu]t%’@?e derived from study of
weak solar absorptienhﬂinee and both presuppose the MgH
dissociation energy to be 2‘49eV In Table 6-10, the ‘
(0,0) band oscillator strength correspond1ng to 2.49 eV
d1SSOC1at1on energyis 0.00043 a factor of 20 smaller than,
Schadee's resu1E and - between a“25th .and a 40th of Mallia's

claimed result. Both observers assumed models for the.Sun's

-photospheric structure in the derivationaof the bagd oscill-

ator strength In fact,MaT]ia considered six d1fferent,

BRI
.

models and obtained six estimates of fo 0 ranging from? .

- 8.5x1077 e

to 3x10 It is difficult to pTaae much tredence

> in his claimed values for non Local Thermodynahic Equ111br1um
models and Local Thermodynamic Equilibrium models. His

i

range of f-values casts doubt- en the validity of Schadee's

result as well for it, too, was based upon a model atmos -
‘ phere calc@lation. _ ' - ;
‘ It appears, that Main uéed 1.85eV for the MgH dissociation
energy. A graph of ~the present resu]ts y1e1ds an 1nterw
polated value of f0 0- 7x10 for ‘this dissociation energy
v ¢h1s number is about three and a half times Main's upper 11m1t
Howeverwssthe agreement .is reasonably satisfactory. There
were so many cbmpetjng‘%eactibns 1} Main's -rocket exhaust , ///
sourbe that error in the thermochemical &ata fpr one species . |
could have changed the concentrations drasticelié To’the

»

contrary, 1ﬁ the present work, the’ only annown thermochemica]

datum is the MgH d1ssociation energy and allowance for that :

has been made in this comparison.
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Main's published uayelengfh%intensity graph:for the

radiation from hi{s rocket EXhausi shows 2 low dispersion
trace in which MgH and Mg emtssfdne are‘tndfstfnguishable.
“They are completely over]apped one by the other.” At wave-
lengths greater than 5175A the MgH features are superposed
upon the wing of an unfdentified 5252A transition that is
over 1008,ﬂ1de at ' the baseline. For wavelengths less than
5050R, MgH features are overlapped and masked by the much

s;ronger‘emﬁssﬁbn from Av=0 bands of the Mgo Blzt- x1z*

;Asystem.' Main makes specia] note of an unidentified background

underPying’ his MgH bands and ascribes it'possiply'to Mgl
(B-A) . The background 1s 1gnored in his Jater calculations.
' COnsequently, Main's conclusions regardfng MgH and- '
Mg0 (B- x) are of questionable validity. At 4000° K his cal-
culated temperature, many lines of the MgH av=0 R- branches
with waveTength less than 50503 have appreciable 1ntensity
These 11nes fall in the region of the MgO (B X) system and

 were undoubted]y 1nc1uded as part of the Mg0 (B -X} measure-

ment with the result that they vitiate Main's conclusions
regarding the Mg0 f number. A more important consequence

for the present work, 1s the corollary that the MgOQ- overlapped
R-branch rad1ation was not 1nc1uded in his MgH. intensity
measurement | Therefore it is 11ke1y - as the details of. his
ca1culat1ons are not given-in sufficienx part1cular1ty to

defermine otherwise < that Main included only a portion of

ol fhe~aua0—HgH—seeuenee—fad4a%+on—v+thout~aﬁTUan§“f*r the

remainder. Consequently, his nesultant f-number should be

3 »




considered ap under%estiMQte of the true value.

o c\ ‘ - Finally, his result could. have been }nfluenced by se1f~
abserption - parttcu1ar1y tn the regfon of the Mg I triplvt
Many times, shock tube emission spectra taken by theé author
have shown conSIderabye absorption at the centrc ofJ;trong
atomic lines.

. . L] ‘a - _Lr
For. all the above reasons, the author believes that

Main's result was too 1ow and that.the value obtained in
the present study more closely approximates to the true

LY

value. _ '

‘ . L
6.4 Error Analysis ) .

+

Much of the:e}ror evaluation has already been done. As
was mentioned in the last section, thefmochemical data are
Z " well determined for the system studied: Ar, H,, H, Mg and
MgH being the predcminant species. Only for ﬂgH - via its
dissoc1acion ene{gy - 15 there an unccrtain#y 1hhfhé‘
‘significant information. Accounting for posc1b1e valﬁes of
the dissociation energy by the method just performed i a -
good way of tak1ng into account possible changes in D*
Indeed it might be adv15ab1e, at a 1ater date.if warranted

then, to compute points for a continuous curve of f-vs- D*

There 1s sufficient inforhatfon




T “source of error.  The fact that the method emptoyed is o
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. BN
in this chapter to allow that calculation to be made.

As the thermochem#%a] data for the Test gas mixture
is so well known, it is expected that the caicu]%tedxtemJ_
peratures will be quitF ciqselto thosethat actualiy‘occurred.
"The shock speed stdqies of Phﬁpttr 4 showed how. the irregul-:
arity in viewing 'Head' cross-section could be allowed fon.'
Hur]e s ' (1967) and more recent works have shown thét for
Hydrogen ~-Argon mixtures, calcu]ated and observed Test gas
cond1t1ons agree very well in the gqui]ibr1um “behind t@e

o ¢, .
shock front. . ~ . , L -~

A serious sburce of error in thié type of experiment

is emulsion ca11brat1on It is felt that the. effetts of
Reciprocity Law fa11ure have been min1m12ed 1n th1s work.

The last statement is partlcularly true for five of the
seven spectra studied.quantitat1ve1y. For those fiye,cases,
‘the absorption fl;sh - passedathrough a'stepydensfty éttgnuator

- served to define the calibration in addition to the
standard lamp. The other two spectra wére recorded on the
same film strip. It was cut from the same film role as

two other strips ioné preceding ft, the other following 15)
~which were subaected to absorption flash ca]ibration Those
two film strips had remarkab]y s1m1]ar calibration curves.

0f cburse, the two- absorption exposure stripestill had two

standard lamp exposures 1mpressed upon it. These efforts

notwithstanding, emulsion calibration is sti1t an important

relatﬁ%e jntensity determination means that the determina-

.0
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‘of the calibration curve need not be an absd]yte one. This

» decreases the error introduced into derived values by use of
» B} . . . ) 7 I ) .
such a curve- ’ :

Emulsion calibratiﬁn:errgrs are, still, probably the
mostwimportant\sing]e cause’ for the spread in the expé%jment-
ally determined ratio u/a. Certainly, pains were taken to
maintain precjsion'in the‘compufer calculations. Uncentainties
in calculated values must be soyght in the imput data 7'such
as in the collision cross-sections. Those are fike]y to
furnish the second most imppr%anttéource of error in this
exPerimént. Those cross-sections are not known brecisgly.
Ave;ages for a particular family of elements are not so
satisfactory data as particulﬁr valdés preVious&y determined
for a gjven‘fqﬁily member. R .

On the basis of calibration error and uncertainty in
the co]]isfon cross-sections, the error bounds for the “suﬁ
of the squares of the transition moments" seems a bit low.
This error bound contains within it the uncertainty in the

2

value for rRe” derived from the raw computer output. The

Tatter uncertainty was taken as one stahdard deviation. A

reasonable value for the error bound on the final value of

-zRe? would thus seem to be 20 - 25%. Conseéuently as the
final result of this experiment, the MgH A2; - x22+ is

found to have a "sum of squares of the transition moments"

given by
. S —| L2 (based upon )_
Re(T iia) D_=2.00eV
VY] = 0.13 £ 0.03{.° .
p,p" z,z"| (ea ) " zg]f“ﬂ.zo6

t0.1]4
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CHAPTER 7

Conclusions & Suggestions for Further Work

In the interest of brevity, the main conclusions of this
~work are listed in po1nt form withdn Sed$1pn 7.1. Some ampli-

fication of them is inc1uded in the suggestions of Section 7.3.

+

7.1 Conclusions

v 1) The shock-excitation of Magnesium powder in .an Ar-H,
Test gas does yield. .MgH molecules behind the
reflected- shock front. |

2) There is sufficient MgH formed within the shock tube
to perm1t quantitative absorpt1on spectrophotometry
of the MgH AZn - xzgt band system

3) Shock parameters for the MgH, Mg, H, H, and Ar

2
mixture -were evaluated by the methods outlined in
Chapter 2 ( plus Appendix C ) and served as data
for the remaining chap ers. ‘

4) Shock épeed studies pro dcd a mcans of relating
the reflected shock speed to the measured incident

shock front speed and so allowed correction for non-

v»-mﬁnﬁfﬁrmfty41ﬁ“ty€*cﬁcss-sect1on of the observation

209




. region. -
5) This method of hydride production tempted using

e materials and

- Berylltum and Alumintum as sa
resulted in the formatign7of the BeH-and AlH mole-
cules as witne;sed by emission and absorption spectra

of Chapter 5.
6) The data of Guntsch(1939) and Bajfour(1970) were re-

analysed so that reconstructed wawgTengths and a set

of consistent energy levels could 5?? in the

synthesis of microdensitometer tracings.
7) A series of.computer programmes was‘deveIOped which
> allowed good simulation of microdensitometer fraces
of thé M§H spectra.

8) A value for "the sum of the squares of th% electron1c

transition moments® - common to the (0,0), (1, 1) &

(2,2) bands - was determined to be 0.13 + 0.03 atomic
units. T !

L d -

\ 7.2 Suggestions for Equipment Improvements

The basic .1imitations of the presént shock tube could be

*

removed by:. ».

1) AReplaéemeﬁi of the,vi?wing 'Head' with bnevof m&re
suitable geometry. -
2) Addition of pressure sensiti;e and grecording gauges
C for ‘the determingtion of P_ and P

2 5°,
3) Provisionxof“a<;1ne ‘reversal’ temperature measuring

device for on-Yine routine operat1on
4) Use of .scribeq

metal diaphragns instead of Mylar to

.—

® B
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)

-remoye Cz-Swan contamination 'which is pa;ticularly

noticeable at P -values greater than 10 atmospheres.

- ¢

7 3 Sugggstions for Further Experimentatlon

The fo]lcwing suggestions fnc1ude extensions of the
present studies to other hydrides, to the determination of
atomic optical collision cross-sections and to an investiga-

tion of predissociation in AlH.

~

7.3.1 Further InVestigations of the MgH A2nm - x2zgt systém B

The MgH A-X system has been ident1f12h and studied as a
contrmbutor to the rad1at10n balance in rocket exhaust gases
(Main, 1967), in the solar photosphere (Labordq, 1957, 1961;
Schadee, 1965; Withbroe, 1968), in sunspots (Branch, 1970)
and in the atmospheres of K- and M-type stars ( Merchant Boes-
géérd, 1968). For determinations of heat balances 6% Humber '
densities of species within these environments, a good value N
for the MgH A-X "sum of squares Lf the electronic transition
m&me?ts" is vital. Unfortunately, it 1s not yet po§f1b1e to
perform ab initio zz]Re(r ")I ca,gulat1onsﬁw1th any
hope .of obtaining a realistic value. Phe recent theoretical
values for fo,0 Of 0.2501 (Hennecker & Popkie, 1971) and ‘
04'92 ;r 0.188 (Popkie, 1971) for the A-X system are strongly
at variance with SEhadee's;(lgss) 0.0080 and the presént -
result 0.0037.

-

Until theoreétical tfeatments and experimenta1 measure-

n yield comparable results.

such as those now possible for atomic. sysxems ( compare flu .

values of 0.133 ( Andersen et al., 1972), 0.139 ( Weise et

LN
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al., 1969) and Froese Fischer's theoretical 0.135 (1975) for
the Mg 1‘51652 - 5183R triplet.), continued)efforté must be
made to improve molecular f- numbers. At present tﬁz\author
.foresees the most fruitful approach as belng the exper1menta1
one for the theoretical complexities have not yet been over-
come even for the gigﬁtést hydrides. Thus additional 'studies
of the MgH A-X system are recommended. They should be extended
beyond the‘s;ope‘of this study to include bands of other Av
sequences. ‘
¢ As the relative intensity method outlined in this work
would be directly applicable to high-temperature furnace
stuJies, it is suggested that such an approach be taken. If
some method can be devised to overcome species de-pi;inb,
then photo-electric scanning techniques could be émployed to
reduce uncgrtainties-fn the resultant f;v;iué bossibly by as
much as a factor of five. A furnace study of MgH A-X would

—————— Lo

" be a worthwhile investigation. ' {

7.3.2 Investigations of Other Hydride Spectra ‘

5 7.3.2.1 Intensity Measurements-

The present re1ative‘intensit& technique can be applied
to spectral studies of any metal,Me, that has hydride bands,
MeH anq atomic lines Me I in sp ctroscobica11y accessible
regions. Three metals thgt couyd be quantitively investigated
without qign1f1&ant mod1f1catioﬂﬁ;?\the present cgﬁputer

programmes are Cu, Ca and Al as thefr dfatomic hydrides either.

overlap lines of the corresppnding element orAlig close to
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L them. Thus the requisitegspectia cauld be obtained with one
’///// setting of an aﬁpfgpriate Sp;ctrogragg.

' ‘ However, it is not a requireﬁent of the method that

¥ atomic and molecular lines. be recorded thhin the same spectral

y . o e, . ; . '
region. For example, beam-splitting techn1que§ could be used

for Separatg“ﬂetect{on of atomic and mo]e;ular'fgaturesi, Theﬁ,
for example, the atomic line could be monit&red photo-elec-
trica]iy to yield an absolute concentratidn'bf the a;omic
species. Modification of the miérodeﬁsitometer trace
simulation programﬁe would then allow only a variation in y .
(see Eq 6-2Ta) via changes ; the assumed value for tRel. )
(Based on thehassumption tth the optical.path for atémic“and ~
" molecular absorbers wasuthe same within the shock tube.) It °
is reco&mendéd fhat a study of the BeH A-X system be performéd
using this technique. '

For MeH and Mé (Me stands for any metallic element.)
species whose f-npymbers are already known freom other studies,
this relative intensity sh&ck-tube technique codld.1ead to
the establishment of Letter estimates of the molecﬁtar @
’dissociation'Energy. F@ys experiments treatiég this probiem v

are suggested,

7.3.2.2 AlH Predissociation '~ \

AlH predissociation was particularly evidept in the

pigheF Test gas pressure spectra of theéé studig§. Thus it

¢ seems likely t}at the height of the Potential m;xi um'abo&g
- _—~<»  the bottom ;f-thamexsited7sth&ewuﬁllmgguigﬁhgwdeterm‘ﬂed more
~precisely by using shock-excitation techniqués. Therefore, ]
} ' ' the writer suggests the undertaking of a study of AlH
N ] - -

Vs
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predissociation particularly at P5 vyalues greater than 10

atmospheres.
N ‘3 13

7.3.3 Atomic Optical Coll1siop Cross-Sections

5 The great sensittvtty of atoniec 1ine widths to the Value
used for the opt1ca];collision cross.section estab]ishe; the
need to know these parameter§ for coliision systems.-/ A
pfogramme devoted to the measurement of line widthr/ﬁnd shifts
in the présence of foreign gases would be a useful under- '
takiné for a shock-tube spectroscopist. In particular, atten-
tion shduld be foCussed upon non-resonance atbmicllines and

the pressure range 2<P_<40 atmospheres. These ﬁreas are
4 . a

5
almost inaccéssible to the ballistic compressor technique
followed by Ch'en & Henry (1973).

In the relative intensity method for f-number detérmina-
tion emplioyed in the present.work, coilisibn Erdss-sections

were needed for non-resenance lines. It is quite likely that

they will be of equal usefulness to later investigators.
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APPENDIX A A .

‘Details of Intermediate Calculaxidnspelformsgmin the Com-
puter synthesis of MgH Absongtion Spectra , ;

A set of computer programMes was devé]oped for the IBM
1130 which would produce graph1ca1 output duplicating micro-
dens1tometer tracings of - recorded absorption spectra The*
programme 11§t1ngs and fyne details of the methods used will
ot be given. It is suffic}ent t0'noteLthat'theitechniqpes
emp]oyéd were fashioned after those used by'whiting;f]rnold
& Lyle (]967,'ﬁ9§§)~and Drake (1966) because éhe author_ “
Mad access to listings of both’prnggmmés. I
A% the IBM 1130 has a much smaller storége facility: - ..
.'even in the 16K modif1cat1on used - and is a slower mach1ne
than the.computers used by Arnolq et al. and Drake, synthésis~
of spectra was performed using modular programming technlques.
gesults of fach)step could then %éﬂstqred uson disc data fi!es
and serve aspiﬁbui to following modules.- ' ’ k3
TF@ basic stepsgfn the synthetic spectrum compuEatfonfaQe'

outlined below. ‘

A.]f“ Steps”in the éeneratfon of Synthesized Spectra s

The computations®can be subdivided into the following:

es - ' ‘ -
stdg . PN
, - :

o » N -~
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i1)

s | i)

vi)

X < vii)

- viii)

o Y
-Storage in disc data files of MgH rotational line

,,i) arranged in ascending order of wavenumber and each

- sape programme”

. : QL functions could be-made for all output points.

wavenumbers, lower state rotational degeneracy, Tgper.
state energy, Honl-London and Franck-Condon factors
for lines of the six main branches of the (0,0),(1,1)
and (2,2) bands of the A2y - x2g* band system.

Preparat1on of a disc !tofage’file nith the, data of

datum ®mgged to the appropr1ate rotat1ona1 level of

the lower state. 5 .
1%

D1s¢r1but1on of the wave]ength dependent absorption

coefficient for Mg I 1inds into a storage array hav-

ing entries at Ax=0.01A intervals with the aid of

an appropr1ate Voigt Prof11e for the lines.

ine con¢r1but1ons
ion coefficient

D1str1but1on of MgH rotationa]
into a separate molecular absor

LS

" storage array using a.‘different Vo1gt Profjle from

that emp]oyed in_iii) but at Lhe ‘same 0.01

Point by Point evatuation of I /I' & via Eq 6- 1)
and storage of, the results- for*a Y0k interval ih a
core storag3}array with entries at 0.01A intervals.

intervals,

Preparation of points for the graphical output by
evaluation of emu]sion response to the radiation of

" v,) that would fall'in the spectral interval viewed

by the Joyce- Laebl Mark IIIC microdensitometer final
v1ew1ng slit. . \
P]ott1ng dT output po1nts on a synthe51zed microden-
sitometer pen response versus wavelength graph.. The
plotter available was used at its maximum reso]ut1on,
namely 0.01" 1ntervals between plotted points.

Steps v), v1) and vii) were present in the
Consequently, at-the end of each

10A stretch, compledion of step vij) signalled a ,
branch to step vg Care was takén to have sufficient -
data points in thg core array so t at proper-convol- °
ution of spectrograph and microden itometér response

Recycling.

}

‘é’ Sqmi‘pf the major details in these programmes are

e}plafne in‘tﬁe ensuing paragraphs. S1it fnnctions will

be treated phort]& but first the’ treatment. of the rotatidnal

Tine shape will be descrinsd.f -




A.2 Line Shapes - Molecular Rotational & Atomic
N The same treatment was followed 1in both cases - only
| the extent of w1ng contr1but1ons d1ffered between the two
Therefore, it is approp?ﬂate to dlscuss both of them at this
-

fme. N ' .

A.2" asic Relationships. . -

In the present 1nvest1gat1ons, atoms and molecules of

the Test gas were subjected to cenditions: 4<P5<15 atmosphezes,

v &

2200<T <3000aKJ At such temperatures, the Doppler line half-

L]

5

S width of a spectrum line 1S given by -
. ' o . o
o “r,wd=[2kT1n“2 ] '%b‘ (em™ 1) (A-1)
‘ . mc . Cy s

and the collision half-width,w_, by {Jeans, 1954,pe52)

=1 2 1,1 ik -1 K
) W “C.Z_Njan(sﬂkr)hgf M_]‘ () . (A-2)
- J . 1 4 . .. . .
b | N < . 4
with ﬂj - Number of collision partners of txpe J per cm3
. 2 -
°%; 0pt1ca] col]151on Cross- sectrgﬂ\fer 11ne broaden1ng
! \ are much greater than Natural or Stark broadening*lxne w1dths

Slgniftcant within the Test gas, the Tine shape.was represented

by the classical Voigt Profﬂe. Consequen{'ly, l_cj\/ko was

——

expressed as ) , o
USRI [——1—’] Ha,x) T (a-3)
(a X) Eéﬂi—i—lg s , (A-A)
7 f +(X y) ' .
"xefp g —LM al® | ) © . (A=5),

S X T A :
i A ¥ Wy / ,
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* roximatiom for the Voigt line half-width,w

- h - 218
12 . : 3
a = {Tn(z)}ﬁ Eg = Line Shape Parameter - (A-6)
N w d *
where the notation is similar to that of Penner (1959) and
Drake (1965). Several recent studies have ppen made:of
H(a,x) (Posener, 1959 Young, "1965; Afmstrong, 1967) and led

to conven1ent methods for its evaluation ( Armstrong, 1967

/Hummer, 1965).. Whiting (1968) has given a convenient app--

v

. é .
W w\2 o
vl s {(Q_C) : wg} R

which was used only as an indicator of the computer;simufated
line profile*width. For Yine wings, i.e. for |x|>52.4, the
“asymptotic series given by Plass & Fivel (1953) was used in

the form -

o {2 (10 @bl o dE st
mX A\‘.X X

(10,395 _ 17,325 2 , 34654 _ 495.6
32 16 3 2

L " + 2a - a
+ ... . L ‘
: L (A8
For a;Sﬁoﬁcdmputér time was savez with ﬁo significant §a£rif1ce
precision by retaihﬁng only the first three te}m§"w7fh%n-~;r
‘qge curly braces (i.e. to the end of the first line of the

equation! ).

L
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Armstrong ( 1967) has demonstrated that

JL (a x)dx = /7

and as H(a,x)=H(a,-x) - for pos1t1ve a, the only va]ues of

" significance in the present study - because H{a,X) is an

even fggc%?ﬁn'df the variable x '
+ ' ' -~ ’ - s
Jh(a,x)dx = ig‘ 4 . {(A-9)

(-4

~ -

A.2.2 Evaluation of b(|A-Ag|) during Profile Generation

0
For the MgH 5211 A Av=0 sequence, only the spectral range N
&

‘ 0
4800<1 <5250 A need be treated. Owing to the wavelength

dependence of the Doppler line width in this interval, the

.

Line Shape paramefer,.a, varies about +3% from its value at

=

5025 X. Allgwance for this variatgon was made using the

following two-dimensional interpolation scheme. A11 contrib-

>

-utions from a particular line were determinéd before any -

contributions from the nextr1line were evaluated. /

i’ ﬁCard dgcks containing previ%ust eva}uated H(a,x)-;alues
were fed to the computer and their contents stored in a disc
sforage fi]e. ( The H(a,x)-vafues had been evaluated using

either ‘the Gauss-Hermite procedure suggested by Posenér;lgsg“”

" or from the real part of. the Complex Probability Integral by
methods suggested by E;dqéeya & Terentev, 1961.) A set-of

H(ac,xj -.a_ being the Line Shape parameter associated with

. the centre of a wavelength interval befng'treated.F was, entered

into one file gnd’another ff]é wds loaded with Delm(ac,ﬁ)

v

values determined from

DelH(a_,x) = {H( ) - H(a*,x)}/(a*- a_)

4
\
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so that H(a,x) for each line could be evaluated at the appro-

priate wavelength via y
- _ LY : - . ‘ -
H(a,x) = H(ac,x) + (ac-a)DelH(ac,x) - (A Lp)

With x]<x<x2,a linear interpolation between H(a,x ) and
H(a,xz) evaluated from Eq (A-10) gave the desired H{a¢¥)
value. Tests of th1s.approx1mat1on proved that it provided
" H(a,x)-values that were within 0.5% of values prepared for
the same a-value via the gengra] pregrammes usea to furnish

©

the pdﬁched decks of’H(ng)-values for f¥xed a when a and a*
were both within 3-5% of acf : <
Preﬁared punched decks «of input Voigt Profile values
agreed with the'tabulations of .Faddeeva & Terentsev (196i)
with a precision of 1 digjt in the sixth figure. ( A later
. comparyson of ‘the punched deck output with va]ues generated
by the programmes 11sted by Armstrong, 1967 - run in double
precision on the IBM 370/158-g3ve agreement to 1 d1git }nrthe
sixth sfgqijﬁcant figure, .the precision ‘claimed by Arﬁstrong.

The punched deck putput, agreed to the éighth sfgnificant .

figure with the 1istingscgiven by Hummer, 1965) The inter-
po]ation routine sacrificed some-of thiS‘preciﬁion by prod-
uc1ng errors, of 4 in the fourth s1gn1f1cant figure_ 211 the ,
test cases cons1dered = T ‘ . ‘ <

The maximum value for |x|g;| Xpnax | ? beyond which con-
tr1but1ons were assumed zero was determIned by numerically.
eva]uat;ng the integral

e ' _

‘J;(acfx)gx =axx£§‘ o : o

° '
%
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‘ using Simpson's Rq]e and Qetermining vatues oflxmaxlfdﬂ'xx
. values of 0.95,0.96,0.97,0.98 and 0.99 for every prepared

card deck. The H(at,x)-values for 525 values of x at Ax¥0.1
intervals were read from each card deck. Furthef values for
the numeric integration wege provided byJEq (A-8).

Generally, for MgH rotational lineslxmax|corresponding

to xx=0.95 was found to yield quife'acceptable results. For
; y |

Mg I lines |x___|corresponding to xx=0.98 or 0.99 was selected
max \\
to allow for the far wings.as'the atomic features present on

the spectrograms were usually much stronger‘ﬁhan the molecular.

I3 N

ones. L

For each line q(lx:xol)-values were determined at 0.01 R
infervals and the appropriate contributions stored‘in the
atomic or molecular absorption coefficient array. If some

"contribution were already present at that wavelength location,
the contribution from the current line was added to it and
the result stored in the location. . )Qﬁézm;

The approp}iate éé-vajue for use with rotational or
atomic lines was a prerequisifg to the entry of H(aé,x) and
H(a*,x) data into storage arrays. This ac—value could only
be deterniined after knowledge of the Test gas mixture compos-

Jdtion, temperathng and presigre - data provided by the shock
_tube prograﬁmes - was avaiTéB]e; Hewever that data alone
was insuff}cieﬁg. In addition,'thg col]jéion cross-sections
~ fon broadening of the Mg I and MgH lines by the other species
present in thé mixture were needed as well. In fact, unti]
the work.of Ch'en & Henry was pubfishéd in 1973, there was

. '

« e

. .
~ N ©
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TABLE A-1 M

- .

Collision Cross-Sections used as Profile Input Data

Lines Collision Pairs o2 Data
Broadened | (Rz) Source
MgH:Ar, MgH:Mg, 6 .
MgH : MgH , - Penner
MgH ' > (1959)
MgH:qu MgH:H , 8
. Mg:Ar, Mg:Mg, '
. ) 36 Ch'en &
Mg 1 Mg:MgH — Hg;ry
Mg:Hz, Mg:H ( 13 (1973a,b)
~ ) // 'n
/1 ) v

insuffi;ient data to make a realistic estimate for the
‘collision width of Mg I atomic - lines within the shock-
heated Test gas. Therefore, a brief summary of the reasons
Behind the choices for o2 presented %n Table A-1 is in order

and is presented below.

"A.2,3 Optical Collision Cross-Sections

14

In determining w_. - the collisional broadening half-

c
width-from Eq (A-ZL values of ¢2 are required for al¥ possible:
pair collision partners. i

.- Asvalue of o?=1§ Rz found by'benner (1959, for rotational
line broadeningiof fhe CO-fundamental vibration specfrum by

.- CO:Ar collisions was used for MgH:Ar collisions'. No.collision _,
. A ) - ‘

-

/ ' ' "‘
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cross-sections yeie found in the open literature for MgH.
Penner's‘work-and;Drake's (1966) thesis indicate that order

of magnitude estimates are acceptaﬁle for molecular collision
cross-sections. In thei¥ repbrt on BeO, Drake,Tyte & Nicholls
(1967) found order of magnitude e;timates for o2to 6;
sufficiently accurate I

Tab]e A-1 lists values for collision cross- sect1ons used

in the current work. Values of 16 and 8 A2 apply strictly

. _ . -
to broadening o otational lines in the CO-fundamental vib-
ration band by CO:Ar 3 :H spectively. They are adopted,

here, for MgH Ar and MgH: H2 co1l1s1ons in the absence of other
Qata. Because MgH:Ar and MgH: H2 collisions will normally be
the most frgquent at geqperatureS'empIOygd ig these experi-
ments, MgH:Mg and MgH:MgH cross-sectiongiwere ;;sumed té be
the spme as that for MgH:Ar as the‘co1}iéﬁng pé?r; have

roughly the same reduced mass. A similar argdment was used '

: to justify takvng‘% A2 as the cross-section for MgH H collis-

jons after compar1son ‘with the reduced mass of the/MgH H2
pair. Errors in cross-sections for MgH:Mg, MgH:MgH and
MgH:H are expecfed to be of minor‘significance for:fhe main
collision partners are MgH-Ar and Mg’H;H2 pairs.

Contrary to the molecular case, o2 for atoms varies

.strongly with collision partner as shown by the works of-

Margenau & Watson {1936), Ch en &, Takeo (1957) and Ch'en &
Henry (1973a,b). The value chosen for Mg Ar c0111s1ons is
an average of the cross- sections for c0111sipn of Ca I, Ba T

and Sr 1 with Argon QtOms as measured using .the resoﬁance
. . ]
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lipes. Following a ébmparison of Ch'en & Takeo's (1957)

results for the a]ka}i atoms, the Mg:H2 cross-section was

t;ken to be thé;‘fouﬂﬁ by Ch'en & Henry (1973b) for Group

173 elements wi£k\i:11umf For the alkalis, Ch'en & Takeo had .
le

found a comparab ffect of line broadeﬁjng using Hydrogen

Y

and Helijum as the broadeﬁing species.

Ih; two broadening parameters for Mg collisions, listed
in Table A-1, were obtained from data obtained experimentally
at temperatureg akin to those used in the shock-tube studies.
Ch'én,l’Henry report tempergtures of 24500K\and 25000K and
a range of densifies which includes those fqund in the shock .
heated Test gas. | . h B
Ch'en & Henry {1973a) predict a shift of the Mgnlrline
centres due £o collision.. So, provision was made’iﬁ'the
computer programmes toja1lowfa variable shift of the Mg I '
triplet relative to the MgH rotational lines. .Shifts required
to match observed spectra were found ;o agree with th

’ .

estimates given by Ch'en_% Heriry. -

,-

A.3 .Siit Functions and Convolutions

After an examination of faint I%nes recorded from a low

pressure Mercury source and from an iron arc runmning in air,

it was concluded that a triangu?aros]it]?unction could adequately

L

-~

represent’the effect of the spectrograph on the incoming

radiation. Thus

, o - ot 8%s
L] bt < A
a(a-a")) = S - L ptapy ) 2 {A-11)

A< A
v

-~
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v

g(lA—A*I) =0 otherwise

with As ( a wave]ength-dependent quantity) representing the
base w1dth of the triangular function in wave]ength un1ts

When the spectra, reported in Chapter 6, were’ recorded
the spectrograph slit width varied between 30 and 60 microns.
- Calibration of the s]lt width settings using a 1P21 photo-
multiplier verified those widths. The spectra were recorded
in the second diffraction order mnd As found to vary with

the geometrical’slit width and plate factor according to

A
0

bsg = 2(geometric slit width in mm)(Plate Factor in %ﬁ)
hs the P]ate Factor was ~10.8 g/mm at 5000 R ( refer to Fig
3- 7), AS had a range of 0.65 R - 1.30 R. Provision was made
to compute Asg at each output wavelength from an externally
spec1f1ed slit w1dth during the convolution operat1ons

Over the spectral range of the spectrograph slit w1dth
it was found exper1menta11y that the f]ash absbrpt1on continuum
could be treated as constant in intensity - except in the
v1c1n1ty of a pressure bypadened Xenon emission Tine. Thus

the convolution of .Equation (6-17) yielded

L 2]
a Ifc(l') = j&kg(lg-l'l Ydx in general.
nand fc" ‘o.
¢ I'"(a'). = I for spec1f1c 1ntens1¢y constant

over the spectrograph slit free
spectral range

©

. because -rﬁ(lx-xfl)dx = 1, . )

Consequently for most of the spectral range covered, (Z:”“
‘ - -

' - - & N

’




226

N

IfC(A )
S -—9(!3 At )da
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and was evaluated over the s1it function wfdth}by Simpson's
" Rule for the more Bhan sixty profile points that lay within
tﬁe free spectral range Ass. ( Recail that thefsynthesfzed
spectruin was evaluated at 0.01 R intervals.
The effects of the Joycé—LoeB] Mark I11¢C m}crodepsifo- ‘-
meter's slit function were more difficult to determine. In
this unit, the recorded spectrum stscéﬁned By an entrance
slit whose enlarged image is.prbjected upon a ‘final viewfng'
slit' of width Asd. This width i{s a function of the op?t;al
components in the scanning Tight path and the Plate Factor
of the emulsfon being scanned. For the spectra of Chapter 6,
thé 'final v{ewing s4it' had a geometric wfdth in the range
éoo - 300 microns. Using the typical value of 220y, the
interval on the recorded speétrum whose enlarged image fe]]
between the jaws of the 'final vfewtng slf%' wa§ about 0. 02
R when a 5X objectiye was used and 0.10 & for a lox objective.
With the 10X objective inserted, the mfcrodensitometer 'final
‘xiewfng slit’ scans begween ohe—seventh and onegteﬁth of the
recorded spectrograph slit image. .
As the 'final yiewing siit' was much larger than {ts
diffraction wtdtﬁ, a rectangular slit functipn of width as

d
was used to represent it. Thus R
<\ (I{l ” 1 | AT - 244 A
“h 1-1" = 2
. A4Sy , A s At 4 5%“ '(A-12)
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h(‘- ") = 0 ' . otherwise =

when there was an odd number of rntensitywvalues in the
interval covered by the *final viewing s1it' and when the g
i

outer In}ensfty points fell at the_Iecatiqp ofAthe slit Jawss C
of ceu;se. this was not the commonicase‘and special ené .
corrections had?tO'be proytded. Fewer than ten (10) profilg
points normally fell between the ‘final viewing eﬁit’ jaws:®
Thus, it was aseumed that the Intensity variations ¥n this ~_"
reg1on could be treated as continuous and a series of para-
bo]ae were fitted to every three -point sequence éthe Basis
of S1mpson s-Rule). The area under these polnts wag deter-
mined and summed when the points lay between the siit jaws.
The points just-externeJ to»the iaﬁs were used in conjunction
with those near the ends to compute the end/correctfons.

?n the output graphs (the microdensftometer linkage was
normally used at the 50X {nominal} value), points were . =
plotted at increments of 0. 01" on the traces - cor#espohding

to wavelength 1ncrements of -0, OSA Speftrograph slit

-

< convolutions were performed at wave1engths corresponding to

a ~ .
these output points. They were kept in a temporary storage . ¢

R N <o R .
array - one member being removed from the bottom of the array/

as the newest fiember was added at the top. These entries were
sufficient to allow proper convolution with the microdenstt'r

meter s1it function. It was noteﬁ -that, as the microdensfto—

»

Ry

. .

meter output density value was 3 function of the total radia—

tion incident on the emulsion within the range coyered by the‘
. . 4 ‘ 4

jaws of the 'final v1eﬂfng»slit’, Ideas‘“") must behe’alu-

Fal

2 4
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ated Pe;ore taking 1ogaritﬁms to calculate the correct
density response from the calibration curf?iiz \\;7
For those regions in which the absorptgon‘flash luminosity, ”
Ii éould be considered constant over the’spectral range of the
SpectrograEh entrance slit, thé convolution of the micro-
densitometer slit fungtion witﬁ the attenuated radiation

falling within the microdensitometer slit's jaws could be

expressed as ’ .
I (a") (x™) (A)
dens - Ldens = h(|a- A"])dl
dens(x ) 1 "

A" A e
o

When the logarithm of the above_rvatio wg§ evaluated, fhei
‘butput sﬁ@u]ated-response of the microdensitometer pen could
be detegﬂined from the line-segment rep::;entatiOn of the .,
“emuision calibration curvéswﬁich had been stored ih thé
. computer during data entry.

The fiﬁa] piece of information needed for the complete
evaluation of the sfdthesPzed spectrum is the absoluie Inten-
-sjty of the f]ggh continuum used in.the production of the * -

absorption-spectra.. It was determined in the manner outlined
below. - ‘ ~_qm//// . -

A.4 Absolute Intensity of the Flash Continuum Ii y

The intensity of the Multiblitz output was determined
relative to a tungsben st?ﬁp~fi1amgnt lamp-itsedf recently
1 /‘

calibrated at the National Research Council of Canada Lab-

oratories in Ottawa. The tungsten lamp was operated under

[ 4

those steady cond1ttons for which "its output 1ntensity was «

- . ael
.




X Equat1on (6=1)- when the ratio I /I' is taken .

- time. vs intensity records as the flash contanuum Wﬁs much

obta1ned during’ the process of recording ebsorpt1on spectra

‘bebaviours of the high-speed shutter. Therefqre, prov1s1on

) e | 229

| e~ .
known. Dur1ng th!§ comparison, luminosrty from both sourqes
passed through thé comp]ete opt1ca1 path shown in F1g 3-13,1v ‘
and through thq spectrograph hefore dete£t1on by a 1P21 photo-
mu1t1p11er mounted at the lotatwon of the Spectrograph p]ate-

holder.  The output s1gna1 of the 1P21 was ”assed through a

precis1on attenuator before be1ng usgd to produce osc11]ograph

L

»

more 1ntense than the outpu't of the standard lamp.

When absorpt1on spectra were recorded "and. “the h1gh sgeed "

.shutter was being! ;mp]oyed to 11m1t the time- durat on of -

light pulses fa]%rng upon the photographlc emulsjon, the °*

“fol1ow1ng procedure Nas used. A 1P2]-was mounted on ther'

d
-plate holde’ to d@tect radiation ca 6000 A’ (gut not the Ma

D ]1nes) and the - f1]m stryps used to recofd the abSOrptlon
spectra\qere cut suff1c1ent1y short’that no rad1ation of wave-

Jength. greater than 5950 A, say, fel] upon them The attenu- a(f

&
ated time- ]ntensity osc111ograph traces of the 1P21 output ,G

-
] .

were compared 1nd1v1dua11y with pﬁev1ous caﬂ1brat1on traces-

pe—— [N SR W

and with tungsten 1amp oufput traces¢ From thlS 1nformation
] 3

and the calcu]aten emperature of ¢me shock heated absorb1ng

1~
N £ g o’

Tayer, the quant1ty B (T )/I"was determ1n€d for eaﬂh Spectrum

'The latten rat1o is the multvplier of the em1ss1on term in

.
[ESS—— e ———— - - . - — - -
- ‘ \
N o
. .

»> A

Usually the rat1g,B (T LII' Was less thanm. 2x10 Yet,

-

‘somet1mes 1t°oecame’as high as 4x]0“2 due to a sl1ght1y erratic -

- &,

. N
‘ h » s . ¢
< . °



€1

AN

“o

“<30

was made An thg computer programme which produced the syn-

thesized spectrum for external adjustment of this rati

’
Emu1510n calibrat1ons showed that the r&tfo BA‘F )/I'

could be taken to be constant over the spectral interval

0 0 . L .
S000A to 5300A except for regions cOnt:Tning pressyre-

broadéned Xenon lines,

]

Q3

)

o

A.5 Reconfiructed Line Whvenumﬁers, Energy. Levels and * -~
Intermediate/computations of A, gf and f :

*
v .
f

cTable”A-Z 1ists lower state energies and reconstructed

. - . R *
lwaveﬂumbeFS'fdﬁ all of "the (0,0) band lines employed in this

<

&bsorption ostil]ator strengths -cf - are quoted for eafh

| line. These calcu1ations were performed fpecifically for

@ 0 g641 atomic units,

. one finaliy adgpted;

A

" the 2897 K*spee;;um of F1gure 6-2 and emp]oy tRe /(ea )

That value Ts s]ight1y Iower.than the -

na‘me]y* 0. 0672 + o"oosa

However. the

11sting wi]1 be useful for relative intensity measures.

work. In add1t10n, Einstein A coeff1Cﬁents. gf- values and 'kl

| )

S




. TABLE- . A-2

-

’ghéracteristics of the MgH A%/} - Xzzﬁ'sttem.(0,0) Band

Rotational Lines.
¥ P1-Branch‘

Reconstituted Sigma Einstein
N" Vacuum State A of .
Wavenumber - Energy- ,Coeffic}ent
(emh) (cn™') - (sec™ ") :
5 - +1

X100 X0 3

. x10

" 19261.67 - 1147 2.285 0.0364 0.9235
19252.88 34.41  2.676 0.086, 1.443
19243.84 68.79 2,884 0.140" |1.751

11 114.59 - 3.001 , Q.19 1.94%

19226.93 171.78  3.073 0.249.  2.077
192]9. 39 240.31  3.121- 0.304 ~ 2.172
19712.55 320.14  3.154 - 0.359  2.242
© 19206.44 - .20 3.179 - 0.413 2,297
19201.07 °  513.46 . 3,197 0.468  2.340.

10 -19196.45 ' 626.57 3.2n . 0.523 2,376

1 1 .60 751.10 . 3,223 0.577 2,405
12 g .53 886.36 3.232 - 0.632 2.429, ¢
13,4 19187.24 = - 1032.44 3.239 0,686 2,450 -
147 19185.74 1]89.23 3.246 . 0.740  2.468

15 19185.02 1356.62" 3.252 0.795% 2.483
16 19185.10 - 1534.49 3.257 0.849 2.497°
17 19185.97 1722.7 3.261 0.903 2.509
18 19187.65 . 1921.14 3.266 ‘ 0.957 2,520
19 19190.12 2129.63  3.2710 1.012 2.529

! A

'20 19193.39 2348.04 3.274 ¥.066 2,538
-2 19197.46 © 2576.20 3.278 1.120 2.546
. 22 19202.33 ~  2813.96 3.282 1.174 ° 2,553 ~
» 23 " 19208.00 - 3061.14 . 3.286 1.228 2.559
T 24 19214.46 ~ 3317.56 3.290, 1,283 " 2.565
L .
- 25 19221.71 .3583.04 3.294 1.337 2.5N1
26 19229.75° - 3857.39 3.299 1.39% 2.576
27 19238.57 4140.41 3.304 1.445 2.581
\\‘38“ 19248.18 443190 - 3.308 T 1.499 2.585
9 19258.56 4731.66 3.314 - -1.554 2.590

30 19269.70 5039.48 3.319 ],608zrj 2.594
3N 19281.61 .5355.13. - 3.324 1.662 -~ 2.597

32 19294.27 . ‘~5678.40 ‘i33f330 - nm | 2.601
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" TABLE A-2 (Contd)

Characteristics of the MgH A2X - XZEB* System (0,0) Batj>,/'
Rotational Lines. ‘ °

. . P]-Branch
Reconstituted Sigma .  Einstein .
N Vacuum < State A gf f
‘Wavenumber Energyy  Coefficient
‘(cm']) (cm']) . (sec")
x107° x0T x10*3
- . . . . // -7 LY
33 . 19307.67 | 6009.06  3.336  _; 1.771. 2.605
3 19321.81° .6346.87 ' 3.343 11.826  2.608
35 19336.67 6691.62 3349 .1.880  2.611 -
36 v 19362.24 . 7043.05  3.356 .1.935  2.614 ~
37 19368.52 7400.94 °  3.363 1.989  2.617
38 19385.49 . 7765.03 ' 3.370 2.084  2:620
39 19403.13 -  8i35.08  3.378 2.098 ' 2.623 -
40 19421.44 8510.84 _  3.385 2.153 2,626
41 19440.39 8892.06 ~, 3.393 2.208 2.628
42 19459.97 9278.49 ° 3.401 2.262  2.631
43 19480.16 9669.87  3.410 2.317 - 2.63
44 19500.95 10065.96  3.418 | 2.372°  2.63
45  'W522.32 ¢ 10466.49  3.427 2.427 . 2.638
46  19544.24 10871.21  3.43% 2.481  .2.640
47  19566.69. % 11279.86 3,445 2.5%  2.642
... .48 19589.66 11692.19  3.454 2.591  2.644
.49 19613.11 12167.94 - 3.464°  2.646  2.646 .
50 19637.04 12526.86 _ . 3.473 2701 " 2.648
| y
- , ¢
o
[} A
] Y . i’
o ’ ‘

‘:‘ + . X -
. . .

£
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TABLE A-2 (Contd.)

Characteristics of the MgH A2X - X2‘2+ System (0,0) Band

Rotational Lines.

Reconstituted
N" Vacuum
N Wavenumber
(cm'])
0 . s
‘l . ;G
2 .
3. 19249.61
4 19239.39,
5. 19230.35
6 . 19222.26-
7 19215.05
-8 -~ 19208.68
9 19203.12.
10 19198.38
1 19194.44
12 - '19191,30
13 19188.96
14 19187.43
15 . 19186.70
16 19186.77.
17 19187.65
18  °19189.33
19 19191.81 B
20 « 19195.09

21 19199.17-

122 .19204. 05
23 19209.73
24 19216.20

25 19223.46
26 19231.,51
27 19240. 34

28 19249.95
20 19260.33 .
30 19271.49.
31 19283.4]

32 19296.08

233

v

.659 .

Pz-Branch. 1
Sigma * Einstein
State - A, of f
" Energy Coefficient .
(cm'T) (sec'])
X0 x10t1 x10%3
68.76  1.669 0.054, .0.900, j
14.5¢ 2.382 0.118% 1.223
171.70  2.667. 0.173  1.730
-240.21  2.808 " 0,231 - 1.926
320.01  2.960. 6288  2.060
411.04  .3.033 0.345 2,157
513.24  3.084 0.401  2.229
6%.53  3.121 0457  2.285 -
© 750,83  3.149 . 0.513  2.330
6.05  3.171 _  0.568 2.366 ..
1032.09.  3.188 0.623  2.397
1188.85 3,202 0.678  2.422
1356.21- — 3.2 - - 9.733- 2443 -
1534, 3.224 ©0.788  2.462
1722.% 3.232 . 0.842° 2.478
' 1920,.?3 3.240 0.897-  2.492
29 3.247 0.952' 2,504 .
2347.50  3.253 .  1.006 2.515 . . ..
2575.65  3.260 1.061  2.525
) 3,265 1.H5  2.534
3060.57) ,3.271 1.169  2.542- .
33969 3.277. 1.224  .2.550 :
3582.46 3,282 1.278  2.557- ’
3856.8%  3.288 ‘1,333 2.563
4139.83  3.293 1.387 2.569
431,32 3.299 1.441  2.574
4731.06 3.305 1.496  2.5/9
5038.85  3.317 1.550 2.584 . -
5354.47 3.317 1.605. 2,588 .
5677.69  3.323 1 2.593
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“TABLE A-2 (Contd.)

._Charactemstics of the MgH A2 - Xzi System .(0,0) Band

Rotational L1nes

Reconstituted
N" Vacuum
+  Wavenumber
(e )
33 19309.51
3 19323.69 .
- 35 -19338. 61
36 19354, 25
37 19370.62
38 19387.71
39 19405.51
40 19424.01
41 19443.19
42 19463. 06
43 .19483.61
.44 19504, 82
45 19526.68
46 19549, 19
47 . 19572.34
48 19596,11
49 19620, 50
50 19645.49

A

-«

NG
PZ-Branch
Sigma - Einstein
State A
Enefrgy Coefficient
(en™1) (sec™)
dX‘O-S
6008.27 - 3.330
6690.60 . 3.344
7041.87 3.351
7399.54 3.358
7763.35 3.366
8133.07 3.374
8508.42 -~ 3.382
8889.14  ,3.390
9274.98 3.399
9665.66 3.408
10060. 92 3.417
10460.48  3.426
10864.07 3.436
11271.42 3.445
..11682.25 3,455
12096.29. 3.466
12513.27

3.476

A

g

a

of

x10 *1

; 1.714

1.823

-1.878 -

1.932
1.987

2.042

2.096
2.151
2.206

2.207

2.396

. 2.371

2.426.
2.481

T .2.836

2.591
2.647 .

x10*3

2.597

2.604
2.608
2.611
2.614

2.617 -

2.620
1 2.623
2.626
2.629
2.632

2.634 -

2.637

234

2,639+

2.642
2.644

- 2.647 .
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TABLE A-2 (Contd.)

Characteristics of the MgH AT - x2E* System (0,0) Band
Rotational Lines. ' : |
R]-Branch’ v

o .
-

Reconstituted Sigma Einstein ' f
N" Vacuum State A gf fabs ’
Wavenumber Energy Coefficient
(cm'])‘ (cm-]) ‘ (sec'])
L X107 x10" x10*?
0 19287.29 0.00 = 2.802 " \090;  4.517
1 19301.15 11.47  3.319 0.160° « 4.007
21931524 344 3-488- 92043738
3 19329.92 . 68.79.  3.557 0.285  3.568 .
4 19345.12 114,59 ' 3.590 . 0.345  3.452
5 1936092 171.78  3.608 *0.408  3.367
6 - 19377.33 240.31  3.6]9 . 0.462  3.303
.7 19394.37 4 320.14  -3.628 .  0.521  3.253
& 19412.01 ° _811.20 3.635 0.579  3.214
9 19430.27 513.44 3643 0.636  3.182
10 19449,13 . 626.77  .3.650 0.694 . 3.156 e
1 19468. 58 C-751.10 . 3.658 - 0.752  3.135
12 -19488.6] 886.36  .3.666 ~0.810 3117
13 19509.20 1032.44 3.675 < 0.869 302 1 .
14 19530.36 1189.23 p 3.684 0.927  3.089 =
15 19552.06 ©  1356.62 . -3.694 .0.985  3.079 -
16 19574.29 ©1534.49. - 3.704 - —-'1.084 - 3.070— —— — -
17 19597.04- ©  1722.71  3.71% 1.J02. °3.062
18 19620.29 1921.14  3.727 . 1.161. 3.055
19 19644.03 .  2129.63 3,738 .. 1.220 -3.050
.20  .19668.25 - 2348.04  3.750 1.279  .3.045
21 19692.93 2576.20  3.763 - 1,338 3.042
22 19718.05 2813.96  3.776 - 1,398 ¥ 3.039
23 19743.61 3061.14 .3.789 ‘ 1.457 3.036
24 19769,58 - 3317.56  3.803 ©LVT.517 3.034
25  19795.95 3583.04  3.816 1.577 3.032
26 19822.70 3857.39  3.83 1.637  3.031 ..
27 19849.81 - 4140.41  3.845 1.697  3.031
28 19877.28 .- 4431.90,  3.860. '1.757  3.030 ' °
29 19905.07 4731.66  3.874 ‘.- 1.818  3.030
30 19933.19  © 5039.48  3.890 ° 1.879. 3.030 e
3] 19961.59 5355.13  3.905 . 1.933  3.030

32 ..19990.28 *  5678.40 3.920 2.000 3.031

]



TABLE A-2 (Contd.)

Characteristics of the MgH AZX - x2zt System (0,0) Band

Rotational Lines. \

»

s
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B ,R]-Branch
Reéonstitgjted Sigma Einstein
N" Vacuum + State A gf fabs .
Wavenumber Energy Coefficient
(em™)) (1) (sec™!)
<, * . x1072 x10"1  x10%3
33 20019.23 f 6009. 06 3.93 2,061 3,031
“34 20048, 42 6346,87 3.9 2.123 - 3.032 -
- e’ / - :’-‘,
35 20077.84 '6691.62 3,968 2.184 - 3,033 .
36 20107.46 7043, 05 3.984 2.245 3,034 ‘
37 ., 20137.27 7400.94 4,000 - -2.307. 3.035
. 38  20167.25 7765.03 4,016 ,  2.368  3.036 i
39 20197.37 8135.08 4,032 2.430  3.038
40-  20227.62 8510.84 4.048 27492 - 3.039
41 20257.98 . 8892.06°  4.064 2.554  3.040
42 120288.42 9278.49 . -.4.081 2.616  3.042
43 20318.93 9669. 87 4.097 2.678  3.083
44 20349.48 10065.96 ~  4.113 2.740  3.084 ;
° : _ ‘ ‘ »
45 20380.06 10466.49 4.129 v 2.802  3.046°
46 20410.64 10871.21 4.145 2.864  3.047 »
47 20441.20 J11279.86 4.161 2,926  3.048
48 20471.71 . 11692.19 4.177 2.988° 3.049
s L 49 20502.16 _12107.94 4,192  3.050 - 3.050 .
\\i\\_// ‘i? '20532.52 12526.86 4,208 3.112  3:051
‘ . _
g t.:‘; e -
. ' ,
. T



Characteristics of the MgH}% - ezt System (0,0)

Rotational Lines

]

Nll‘

. Reconstituted

\:v
I
WONON: AW

-

1

/

Vacuum
Wavenumber

(cm'a1

19306.90

19379164 -

- 19333.29
.19347.93

19363.35
19379.51
79396, 35
19413.86
19432.03

19450.82,
19470.22
19490.23
- 19510.81
19531.97

7

19553, 67
19575.92 .
19598, 68
19621.95
19645.71

19669.95
19694.65
19719.79
19745.35
19771.33

19797.90
19824, 45

¢ 19851,57 -
19879.03

]9906.8‘.5\

19934, 92
19963, 31
19991.99 -

TABLE A-2 (Contd.)-

R2-Branéb :

« Sigma Einstein
State A
Energy  Coeffjcient
(cm']) (sec‘i)‘;

. )(10-5
1.4 4.507
7,34f§g;i~nm4;097~
68.76 3.933
114,54 3.846
171.70 3,794
_240.2 3.761
320.01 3.739
. 411.04 3.726 -
513.24 3.717
626.53 . 3.713
750.83  -3.711 °
886,05 3.713
1032.09 3.716
1188.85 3.720
, 1356.51 3,726
1534.04  '3.733
1722.23 3.741
1920.63 3,750,
2129.11 3.760
2347.50  3.770
2575.65 °  3.781
. 2813.40 3.793
3060.57 3,805
3316.98 3.817 ..
3582.46  3.830
3856. 81 3.844
4%39.83 3.857
~_4431.32 3.871
4731.06 3.885
» 5038.85  °3.900 y
535447 3.915 -*
5677.69 - 3.930

‘Band

A

Lx10+]

0.145
- 0.198
0.252
0.308

.0,364
0.420
0.477
0.534
0.590

0.647
0.705
0.762
0.819
0.877

0.935

- 0,993

. 1.051.
1.110
1.168 *

1.227
1.286
1.345
1.405

1.464

1.524 %
1.584
1,644
14704
764
1.824
1.885
1.946

2379

o
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Characteristics of the MgH A2 - x2Z*

Rotational Lines.

e,

Reconstituted
N" Vacuum
Wavenumber

(cm™1)

33 ° 20020.94
34 20050.13

35 . 20079.55
3% 2010920 °
37 © 20139704

38 201§9.07
39 . 201%9.27
40 20229.63
a1 20260.13
42 . 20290.76
43 20321.50
44 .20352.35
45 . 20383.28
4  20414.29
47.  20445.37°
48  20476.50
49  20807.68

50 20538.89

o

TABLE A-2 (Contd.)

- P ,
System (0,0) Band¥ \\/’://”

»

13

Rz-Branch

Sigma
State
Energy

(em™"
e

6008.27
6345.99

 6690.60

7041.87
7399.54
7763.35
8133.07

8508, 42
8889.14
9274.98_
9665. 66

10060.92 -

1046Q. 48
10864. 07

11271.42 -

11682.25

12096. 29

12513. 27

Einstein
A

Coefficient

(sec'1)
xl'O'5

3.945
3.960 .

3.976
3.99]

4.00 _~

- 4,023
4.039

4,055
4,07)

4,087

- 4,104
4,120

4.136
4,152
4.168
4,185

- 4.201

4.217

>

-

gf

Vd

fabs




TABLE A-2 (Contd.)

Characteristics of the MgH-A2J - x2 &+ System (0,0) Band
Rotational Lines. :

—t
o

M
12
13
14

15
16
17

19

20
21
22
23

24"

25
26
27
: 28
¢, 29

: 30
- 31
32

OO~NOA PWN—O

Reconstituted
Vacuum
Wavenumber

(em™ )

19273.14
19275.82
. 19278.2]
19280.89
19284.09

19287.89
19292.33
19297.43
19303. 21
19309.67

19316.80
. 19324.62 .
33.13 .-
19342.30
19352.16

19362.68
.19373.87 -
' 19385.72
19398, 23
19411.38

A
e

19425.18
19439.61 °
1945467
19470. 35
19486. 64

19503.53
19521 b2
19539, 10
19557 .75
19576.96 .

" 19596.73
19617. 04
19637.89

: S

c

Q]-Branch =
Sigma  Einstein
State A
Energy Coefficient
(@) (sec)

x10~
0.00 .4.58]
11.47 5.699
33.41 6.228.

" "88.79 T 6.379 7 -
114.59  6.613
171.78 6.669 .
240.31 6.747
320.14 6.785
411.20 6.813
513.44 6.837
65%.77 6.856
751.10 6.874
886. 36 6.890

1032.44 6.905
1189.23 6.920
1356.6, 6.934 -
1534.4 6.949
1722.71. 6.964
192%.14 .6.979
2129.63 §.994 '

- 2348404 7.009

2576.20 7.025

2813.96 - 7.042
3061.14  7.059
3317.56 7.076

" 3583.04 7.094 .
3857.39 .12

" 4140.41 . %,131
4431.90° 71150+
4731.66 7.170
5039.48 7.190
5385.13 . 7.210
5678.40 72232
R

gf f

«10'!  x10*3
0.074;  3.698
0.184°  4.599
0.302  5.07%5. n
O ATE— Bz
0.533  5.333
0.647  5.395
&0.761°  5.436
0.874  5.463 .
0.987  5.483
1.100 5.498 .
1.212 - 5.509
17325  5.519
1.437  5.527
1.550  5.534
1.662  5.540°
1.775  5.546
1.887 5.551
2.000 5,556
2113 5.561
2.226  5.565
2.339  5.570
2,453  5.574
2,566 5.579
2.680  5.583
2.794  5.587
23908 5.592°
3.022 . 5.596
3136  5.601
3.251  5.605
3.366  5.609
3.481  5.614 ;
3.506 5.618
3711 5.623

Aol
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TABLE A-2 (Contd.) - .-

Characteristics of the MgH A2y - X2Z % system (0,0) Band - =
Rotational Lines. ' 3

b

Q] -Branch

Reconstituted Sigma Ejnstein \
N Vacuum " State A, gf f-
Wavenumber . Energy Coefficient -
(en”) Sy (seh)
x107° . x10*! . xi0*
33 19659.26 6009.06  7.253 3.826  5.627 .
34 19681.14 6346.87  7.275 3.942 5.632 -
35 19703.51 6691.62  7.297 - 4,058  5.636
36 ' 19726.37 7043.05  7.320 4.174  5.640
37 19749.70 7400.94  7.343 4.290  5.645
38 19773.49 7765.03  7.366 4.406 - 5.549
39 19797.73 8135.08  7.3%, 9,523 5.654 -
40 19822.39 8510.84 7.414 4.640  5.658
41  19847.47 = 8892.06  7.439 4.756  5.662
42 19872.96 9278.49  7.464 4.873  5.667 .
43 19898.83 9669:87  7.489 . 4.990  5.671
44 19925.07 - - 10065.96  7.514 © 5.107  5.675
45  19951.66 . 10466.49  7.539 5.225- 5.679 - |
46  19978.60 10871.2T  7.565 - . 5.342  5%83
47  20005.86 11279.86 . 7.591 5.459 . 5.687
48 20033.42 11692.19 ~ 7.617 5.577  5.691
45  20061.27 . 12107.94 " 7.643 5.694  5.694 :
50  20089.39  12526.86  7.669 5.812 - 5.698

- ¢
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TABLE A-2 (Contd.)

Characteristics of. the MgH A21r x2Z* System (0, 0) *Band

Rotatmnaﬂ L1nes

-
2

§ ; Reconstituted
. " Vacuum |
‘ ‘ \_davenumber
- ) (cm™ 'y
\ , ~
S
| . 2 £19283.96 -
' 3 19285.14
4 19287.45
/“
- 5 19290.68
‘ : 6 19294.73
" ~ 7 19299.54
1 8  19305.11
9- 19311, 412\\~/,
10 19318.42
' 1 19326.15
(12 19334 57
13 19348.69
: 14 19353, 501//
: 15 19363.99
51 16 19375.15 . .8
17 19386.98
\ 18 19399.46
19 19412.60
" g 20  19426.39 .
21 . 19440.81
22 19455.86
23 - 19471.53
¢ 24 19487.81
L. -4
) 25 19504.69
4 . 26 19522.17
27 °19540.24
- 28 19558.87
29 19578. 08
30 ' 19597.83
3] 19618.14
32

19638.97

B

———— - ——34739—~v$ 033 -

® . . - o
Q,-Branch T

Sigma I-finstein : o ‘ °
State - A ooef T s ‘
Energy + Coefficient ‘

cm (sep"]) o ” {\ , ”

-5 . yat] +3
x10 x10 x10 c /- s

W
L

062 4088 " .

68.76 - 6.019° 0:291 ~ '4.862
114,54 6.391 0.412  5.151 -
.171.70°  6.571 ¢ 0.529  5.29%
240,21 :6.673 0.645 - 5.374 :
320.01 6.737 . 0.759  5.423
411,04 6.781 0.873 5.455
513.24 . 6.813 «» 0:986: 5.478 ) -
626.53 6.839 1.099  5.495
750.83 6.861 1.212 5,508
886.05 6.880 - 17324 _ 5.519
1032.09 6.898 1.437 5.528
1188.85” 6.914 1.550  5.535°
1356, 1 ' 6.93 1.663.  5.542
1534 6.94 1.775  °'5.548
1722.23 | 6.961 " 1.888  5.553 o
1920.63 6977 2.001  65.559
2129.11 6.992, 2.114 - 5.564
2347. 7.068 2.227 5.568
2575.6 7.025 2.341 5,573
2813.40 7.041 2.454 o 5.578
. 3060,57 7.059 © 2,568  5.582
3316.98  *-7.076.° 2.682 5,587
3582.46 7.094 2:79%  5.591 -
3856. 81 7.112 2:910  5.596
. 4139.83 . 7.131 3.024 5.600
4431.32 7.151° 3.139 - 5.605
4731.06  7.170 3.253  5.609
5038.85 . %.191 3.%8 5.614
5354.47 = 7.211 3.483 5.618 7/
5677%69 . ,7.232 3.599 5.623 | -
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\
S

Reconstituted
N" Vacuum
avenumber
) -1
o (™)
33 19660. 33
38 19682.20
35 19704,58
36 19727.44
37  19750.78
- 38 19774.59
39 19798.86
40 19823.57
41 19848.71
42 19874.27
X - 19900. 24
44 19926.61
.45 19953.36 .
© - 46 #19980.48
47 20007.97,;
48 20035.80
49 20063.97
50 20092. 46 ®°
" .

-

TABLE A-2 (Contd:)

‘Characteristics of the MgH A2X - X2Z* System (0,0) Band
Rotational Lines.

Q,-Branch. -, .
Sigma Einstein
State - ° A ,
Energy ¥ Coefficient
(em™") (sec1)

' "x10°

6008.27  7.254°

615,99 7.276

6690.60  7.298

7081.87  7.32]

7399.54  7.344 © 4.177

7763.35 ° 7.368 .

8133.07 7,392

‘8508.42  7.416

8889.14  7.440

9274.98 7,465

9665.66 - 7.490

10060.92 . 7.516
. »10460.48 7,542
710864.07  7.568
C11271.42 7.594 _ -5.347
11682.25 ~7.620 - .
12096.29 . 7.647
1251327 7.674
, &

242
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Th1s‘appéhd1x conua1ns three tablés - one for each sam-. -
ple mater1a1 'shock-excited in Ard Test Gas m1xbures These

tab]es 11st 1n1t1a1 pressures within the shock tube, ﬂeasQred

ova1GES of the Incident Shock Froat speed and caqu1ated values
«® .

fqr fS\a T5 plus est1mat3§ of the mole fract1on (*MeH) of h
the‘appropr1ate hydr1de (MgH BeH or Alﬂ) 1n the equ111brated

]

region beh1nd the Ref1ected Shock Pront P5, TS "MeM

values have beén rounded¢o$f from-computer pr4nt OUt\ The

™

and X

three sets of (P.), Tr, )-values, which are preSegred for
: 5 5 MQH ]

each set of initial. presSure comditions, correspond to the
Y . > 5 [ . .

Y .- - - ) ' S - N
assumptions: . - ~ A o

. [}
- ® N ‘ 5 »

1) U, equals measured shock Troht speed. No sample
; present'

11) U1 equals measured shoék front speed A 2.5 mgm
powdered sample 1s present. - ’

o

i11)-Uy is W% siower ‘than ,the measuned speed A~2Q5
T ) mgm powdered sample is present. - A\

]

A )

The ca1cu1at1ons presuppose that F1=T3= 198 15°K - as. ‘
/—

1n1t1a11y, both Channel and Chambér were at room temperature

In all cases. the shoek front speed was determined froh the

tlme 1nterva1 taken by the front to trave1 5010 Em.

A
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o . ¢ ©
- Figure Measured - Diaphragm Initigld  MgH Pe Tg
Number <Incident Bursting - Channel | Mole (atm) (°K)
. ‘ -Shock Front Pressure Pressure Fraction
! * Speed (psia.Hz) {Torr) x]0+4 \
e (km/sec) : Ar : H,
[ ’ 1 & e RN e
/ T ‘ .
= 4.9 . 1.69 181 28.631.4 0.0 | 6.95 4645
s . ‘ - 0.49 7.46 . 4583
0.8 5.98 3880
o LI . ] N - N 3 B . ' <«
: 4-10 . 1.785 194 28.5:1.5 0.0 - 8,10 5170
‘ . - 0.36 8,56 5080
.. 0.7 6,68 " 4149
1.7, 187 28.5:1.5 - « 0.0 7.83 5028
. ] .8 ' +  0.40 _8.30 :- 4946 - .
: : 0,77 6.52 4078wy -*
' 1.75, 186 o 28.5:1.5 0.0 7.66 - 4939
: T 0.3 8.14 4861
~0.80 6.41 . 4033 -
- oy ] A . ‘ . ’ .
4-11 1.78, 194" . 28.5:1.5 0.0 .8.10 5170
. S 0.3 8.56 5080
\ v )L e 0.74 6.68 4149
a . 1.70, 187 28.541.5  .0.0 6.08 4585 ,
< . V o 0.55. . 7.48 4528
’ | . 0.88 6.00 3858
' 1,73 185,  28.5:1.5 0.0 ©  "“7.34 4772
9 S T 7.83 4703
o —— _ " ~0.84 6.22. 3951
N 5-1 .20, 226°  72.0:8.00- " 0.0 - 8.0 - 2730
L S . 0.76 . 8,55 2722
J -~ " 0.60 : 6.86 2343
4 1.83, 193 24.0:6.00 0.0 7.26 3700
; a . . 2.64 7.76  '3691 -
‘ : \ 2,51 6.29  3394°
1.53, 208 85.5:4.50 ° 0.0 ©16.08 3976
. o . 0.58 "16.65 . 3972
" 0.61 13:58

N ®

. 3526

¥ a

F
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' & ,
. . Y ' - ‘ ‘ o . oo
o - TABLE B~1 (Contd.) ' -
< — = ‘Shuck—Exmmon*edetmrAppﬁed—to—Magnesm—PowderSmp
c & -~
© Figure Measured D1aphragm Initial " MgH . PS* T5
' Number  Incident  Bursting  Channel - Mole (atm)  (°K) \
/o * .. Shock Front ¢Pressure Pressure  Fraction 3
Speed (psia Hz)o (Torr) x10+4
: (km/sec) / % Ar H2 .
- ' ¢ LR
5-1 11i73 T I 29.0:1.00 0.0 8.16 . 5705 ° ‘
3h . - 0.16 = 8.64 5605
| 0.38 | 6.74 4475 ‘
. 1.76, 191, 29.5:0.50 0.0 8.34 ' 6315’
, - 0.32 8.76 6214
011 . 6.91 5020
5-2 "1.760 306 95.0:5.00 0.0 - 125,27 5022
- " 0.34 25.79 5005
e _ . 0.51 20,30 4228
) . , | _
: ‘ 1.77, 190 28¢5:1.50 .0.0 - 7.92 5074
‘ - . : 0.39 8.39 4989
- 0.76 . 6.57 410qa
1.57, 306. © - 85.5:4.50 0.0 17.03 - 4113
| 0.55 17.60 4107
. 0.61 14,32 3635
g 5-3 | 1.93,, - 308 31.5:3.50 . 0.0 - 11.24  4770*
90 : ‘ T1.02 11.65 4722
) : .38 .\ 892 4075
. v 1.89, *. 301 3.0:6.00 0.0 . 121 7.
- } - - 1.84 11.65 4103 .
1.87 . 9.19 3724
: : 1.76,. 319 51.0:9.00 0.0 C13.73 3884
- o » - - 1.55 14,24 3879
. e 1.50 . 11.50 3537
. - . -8 P ‘ ' .
) - 1.58, 189 '46.7:8.25 0.0 9.83 3500 .
& ‘ - 1 . . e 1,85 10,39 3497 o
, » , 1.43 8.52 3182
o 5-4 1.93, 254 24.0:6.00 0.07 B4
. 5 - ' 2.6 -8.86 . 3875 .
r o 2,59 7.04 355
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‘”“4ABLE B-1 (Contd.) -

- ”’Sﬁecl(fx?:‘ffat”mn thTGﬂS"AppﬂmrMangum inder Sampier

)

r? F1gure Measured Diaphragm Injtial ‘MgH P5 ’ $T5
y ~ Number Incident . Bursting Channel Mole © (atm) (°K)
Shock Front Pressure) 'P]Eessur)-e Fraction atm ‘
-, Speed {psia H,) - (Torr +4
(km/sec) 25 A i H - x10
e , 2 -~ .
v " - ) 1
5-4 1.83, T187 " 24,0:6.00; 0.0 7.26 3700
S 2.64 . 7.76 o . 3691
\ 2.51 6.29 3394
. . 1f§os 13 .41.5:8.50. , 0.0. 7.83 3252
' 1.66 8.39 ' 3247
1.47 6.89 _ 2934
1.41, 124 . 50.0:10.0. 0.0 8.1 3072
P s 1.39 '8.74 3066 -
- b < 1.19° 713 2732
« 1.33, 68 - 32.0:8.00 .0.0 \ 67 1
| e 1.66 v 5. 2745
- ) e % 136 °4,26™\ 2406
5.5 1.65, 254 . 48.0:12.0 0.0  W.27 3471
, . 178 L 11.83 . 3467
~ .61 - 9.67
% 7 ~ | 161 9 36l
1.76, 186 28.5:1.50 0.0 .7.83. 5028
. . 0.40 8.30 4946
- Q.77 6.52 4078
6-1.  , 1.39, 202 80.0:20.0  0.0. - 12.97 2967
1:12 13.52 . 2962
, 0.93 10.91 - 2606
6-2 . 1. 247 69 ¢ 40,0:10.0 0.0 4.96 2528
’ R _1.28 .. ,5.49 2510
v . to09s . %2t 2158
N R . 3, A
: 126, /134 80.0:20.0 0.0 10.24 2593
' : . 0.92 10.77 2585
: 0.71 8.59 ;2220 -
‘ 1.31, 69 32.0:8.00 0.0  _A.47 2699
. M6l 7507 2682
1.29 _4.09 ~ 2338
. » . (‘1 ’~._ r g




- /\ o . a4

L ' .y TABLE B-1 (Contd.)
. o _. }‘ . .
Shock EXcTtationConditions-Apptiedto-Magnestum-Powder Sampless -~ -~ -— ———
' Figure Measured  Diaphragm Initial - * MgH ° Pe ' Te ' '
_ MNumber Incidént  Bursting  Channel  Mole o “ ‘
> . Shock Front Pregsure  Pressure  Fraction (atm) - (°K) .-~
J . *  Speed (psia Hz) (Torr). x10+4
(km/sec) Ar i H,
. © 62 ¢ 1,33, 134 64.0:16.0 0.0 “9.%6 2778
_, ’ . o “1.15 £ 9,80 2770 °
\ ; 0.93 7.88 2411
1.40, . 130 48.0:12.0° 0.0’ 7.81 2942
. i \ 1.46 8.36 ' 2934 .. °
K]\ . ' L2 6.79 - 2596
- : 139, 202 80.0:20.0 0.0 12.97 2967
- - | - 1.12 ¢ 13.52  -2962
N 0.93 "10:9Y. 2606
. ‘ . . . 3
1.44, 201 68.0:12.0 0.0 1¥,72 3240
. 1.19 12,29 3236 -
. , 1-04. 10.01 2897
of . , S >
’ g /
. -
. S
- AN ) ® ¢
) } X - o . #
— - )
— s .
» ' R
- - &k\ ;
.‘ o »
13 o ﬁ ! -
O~ ) 14
| 4
,/o - ~ - ‘-

~_
a~ -

&
e
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Ts,

° TABLng-Z
: . . . .
~ Shoek Excitation Conditions Applied to Beryllium Powder Samples.
N ‘ \/ ’ ) - .
Figure Measurgd  Diaphragm Initial BeH ' Pe
Number Incident Bursting Channel Mole

Shack Front - Pressure;” Pressure Fraction = (atm) (°K)

Speed | (psia HZ) (Torr) <1073
(km/sec) ' J Ar : H2
5-6 "1.53; 237 63.0:7.00 0.0 12.11 3626
.' - 3.1 15.92 . 3§97
ot . 3.23 13.68 . 3135
S /KR 303 49.5:5.50° 0.0 12.70 ~ 4097
S \ .14 16.29 4040
T 3.57 14.00 3651 r
1.92, 312 31.5:3.50 6.0 10.97 = 4695
- /o 3 14,20 4460
| s, 4.4 12.24.. 3960
Mrs, - oy 52.3:2,75  0:0 - 13.89 4952
, 1.08 17.31 4742
, “ 1.85  , 14.62 4053
. - ! . - ) )
5-7 1.90, ® 301  31.5:3.50= 0.0 10.57 4594
- L . 3.30 13.91 44387
y 4,34 < 12.06 391
TLos8 . 1.23 128 85.0:15.0 0.0 10.24 ° 2678
. ~-3,08 13.77 . @614
’ ’ 2.92 11.52}:szzz7
1.71g ST I 40.5:4.50 0.0 v 10,12 40N
S ) 3.66 13.92 3948 -
4.15 12.18 - 3572 n
- ) * Lo . \ '.‘:
- . » . M 5
-
™ ,
T A11 windows were supported by éxternal brass spacers having a.1"

diameter central opening. falculations indicate that windows were
capable of withstanding 14.3 atm overpressure. The end window

éhattéred following sho;K'ref1ection_in Fhis case.

/ . .

’ -

.
X

8



TABLE B3 xl I
Shock Excitation Condi;ions App]%ed to Algminium;Powder Samples
Figure Measured Diaphragm Initial ";¥L i Pe T,
Number Incident  Burstyng Channel Mole ' (atm) ‘(oK)
) Shock Front Pressure Pressure \ Fraction
.« Speed (psia Hy,)  (Torr) ‘x1o*% .~ .
(km/sec) Ar : H,»
.. 5-9 1.8, 245 63.077.00 0.0 13.00 3747 S .
L . 1.12 14.10 3742
1.45 11.63 3385 .
. 174 243 '40.5:4.50 0.0 10.60 4096
‘ .o 1.04 11.61 4076
- | 1.46  9.48 3676
*1.72, 281 . 52.3:2.75. 0.0  ;13.20 4761
-.0.26 14,22 4709
| ° » 0.58 1]'.43 _ 4013
5-10a  *1.34, 136  75.0:25.0 0.0 11.37 2677
3.34 12.32 2656
. >, . 4,70 9.86 2291,
5-Tob  1.28, 130 70.0:30.0 0.6 s 8.79 2215
-\ . 5.77° 9.62 2185
| 8.73 o 7.62 #4856
S *1.38, 193 80.0.:20.0 0.0 12.81 2947
2.40 & 13.83 2934
, 3.19.4" 11017 - 2571
*1.56, 251 63.0:7.00 0.0  :12.63 3697
: 'y 1.16  13.74 3693
, . 1.50  .11.33° 3338
’ b *
>
'
2 v
S " * Speéd es%1mated by comparison with other shocks bav1ng
~ identical jnitial conditions. - except, perhaps, for the
| ’ . nature of the-sample material.

4




APPENDIX C
. &

SOLUTION OF SHOCK TUBE !}UATIONS
Econom1ca1 so]ut1on of the equations 1ntroduced in

Chapter 2 requ1res a set-of good starting iaﬂues and a

-

rapid]y_convengeqz>iteration scheme. The means of acquiring

both are discussed below.

. ¢ . L)
. #»C.1 Incident Shock Starting Values

.,

sInitial est1mates of temperature and ﬁreSSure rat1oy

o
across the 1ncident shock frqpt were obtatned from g
ZY] . f'] _ . T
P, = M - {s—s :
2*1 AV FI(Ts T AT A . - (C-1)
f" Tyw =27 (1) fpyy C (m2)
e G At pr B
¢ S ;‘ A '

r8lations quoted by Wright (1961) for ideal gases with
constant specific,heat ratio; Y. M_ is the incident shock

yaeh number definedeby ' ;

v - Mg -{U }/{a }
The density ratio across the §hqck, 92*], was found from Eq

9

(2 16) using the above est1mates of PZ;] and T2*1 WMZ* wesA

set equa] to NMf as no dissoc1at1on or chem1ca1 react)on
¥

occurs in régron (2*). Evaluat1on of ¥4 and ay 1s discussed
in section C.3 . L J: N . |

ﬂstarting galues for region_(2) were assumed to° be the
“ ! ’ . B K | ] ' ’
final values obtained fogf@egion (2*).

a

£ .
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" .2 Reflected Shock Starting Valuég

Startingfvalués of temperature and molar mass were
B .

>

chosen to be . ) '

\ ! } _ : ‘ ‘ i
/ Tewq = 2475, _ o ((c-3)
X , B » \ e __.s‘v‘ N ‘,: A ) ) .
‘ ‘NMSI* = WMZ e e A (-4
L 8 :
) sa that PS*I‘ﬁ 295*1 (by app11cat1on of Eq (2-16)). The ]
LT start]ng value for Pgu) Was: obtained’ from "L
‘ . P\ (3 + ——2' 2)\ °§1‘ ) (’
. PE+1 T Paxifl ) P, |+ —5-=0 . . (C-5) /

an express1on wh1ch rasults from: combin1ng Eq (2- 28) w1th
(2 -29) and introducing the stdrt1ng values for T,, WME;

from‘(c 3) and (C-4) via the equat1on of state, relation

j4
v F]

(2-16).. S . \ .
. fme/final values for region (5*) were used as ‘starting

« [
values ‘for region (5).

»

o ' C 97 EvaIuat1on of Kp], sz, Yk and a °
e . 0n1y the react1ons 5 o -
h * H‘+H$H ' , T
<, 4 ) 2 il._-, Ce
o . e

- ﬂ - " Mg + H % MgH ’ '
9“ - -

were consjdered to occur w1th s1gn1f1cant y1e1d in the shock-

4 heated mixture." When the heat ‘bath (the shock %ﬁéted gas)

‘ .
_is,in local thermodyndmic equ11rbrium, the Law of Mass.Action
requires that K, bnd k ,, defined by . . e
' . , ] ' ' u‘ ] f . . » . ) ,‘

v ' - . .
. .
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. [yl L
be functfnns solely- of - temperature | fﬁe eduinbrium con-

K

2 _ [N
2 = IMg]1lH

“stants (the Kps) are re]ated to changes in the molar Gibbs @

Free Energy (Mayer P Mayer, 1940, page 240) by : «

My (aFR) . = (F?)ﬁé - 2(Fe)H= -RTIn(K ;) . (C-6)
. , AR | \
- (Fe)yg - (F$)y = -RTIn(K ;) (C-7) a

MgH : A-F-0 T)Mg

2)¢ =" (F) gy
Owing to these two chemicaTl reactions, evee though each -
species, i, w1th1n the shgck hEated test gas may be treated

as a perfect gas following Eq (2~ ]6) witﬁ molar spec1f1c

A

ke

heat”capacities sat1s%?? g A PR

N »
6p_(j.) = V‘(T) = R \ ] -

the resu1tant mixture will not, in genera1, satisfy that

equality. The corréct relat1onsh1p between CP and Cv for s

the mixture may be obta1ned us1ng Vardya 3 (1964) treatment.
/ [

o As each spec1es, 1nd1v1dua11y, is treated as a perfect®
¢ & -

@as, total entha1py, H, and tota1 1nterna1 energy, E, of a

fixed mass‘of_tﬁe testgas will satisgfy the relations ~, .

~

X —_ - ' N ’
- tE
,E , E nﬂ.Ei .. ' r

_,
‘
{

s
/\
-
. v
.
o
-~
o

’
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N : .. . . . . .
where the' overbar indicates a molar valug and niﬁis the mole

number of species i at temperature T. Due to the: chemical

reactions, ni-va1ues change with temperature and so a con-

‘tribution is made both to«fp and fv owing to those changes.

For- constant mass of an r-component reacting system 1
. , M , ‘
" 3y 7 =
ey = (), =) Ty, > N (ony707), (c-8)
' i=1 i=1 ' -
r
= (3, =) niCp, * L Hi(ony/2T)p (c-9)
, , : i=1 i=1 -
r = “ ‘
oon = E n, ' ’ (C-10) -
I N ¥ ;

AN

Mola% values of C, and C, are obtained after division o%‘

(C 8) and (C-9) by n.-.
In Argon Hydrogen m1xtures, d1ssoc1at1on increa

number of mo]es.present in a;flxed mass of the

s the

ixture. When

| ) Lo .
- a metallic sample material is present, formgkion .oF itsemcho- .

: 3
hydride decreases the number of moles in fhe mixture. At

temperatures where no chemical reacﬁzon occur, n,is f1»ed

and the second summat1on term in (c-8){or(C- 9) makes no con-

tr1aht1on to C or C$. .Such a s1tyat1 nvex1sts in regionv(1)

v
-

when the test‘gas Has~had‘no interaction with the shock wave.

[ 4

A. s1m11ar case results from 1nteract1on w1th shock waves

. V.

: strong enough to produce a comp]eteTy atom1c test gas mixture.

\
o
!

e g
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However, iﬁ the presént sfﬁﬁiés, tembera£ures and pressures
in the shocked ﬁ?xture'were hsua]]j such tﬁaf appreciable
concentrations of both' diatomic and-m$natomic - ogen were
present and the full relations- {C-8) and (C-9Y7:::\;E be used

“to determine y (y=C,/C,). Kfowledge of y in. the incident
shock regions. is important for deciding whethgr or not the '
interaction between ‘Contact Surface and Reflected Shock Front -
is "tai1ored".(wi£tlﬁff et al, 1959). '

In the reabting.mixture tHe sound speed,\}\‘is given .-

¢

(Vardya, 1964; Rowlinson, 1958) by

’

1;2 = (;LP—Q.&] g (aln(n)/?*ln(P))]\s'i = (g_".).g]-.%(%%)&'l (C-11)

LY ) . . 5 ’ ’
which becomes the mdre familiar: 1 .
L .P ) P ' - :
2 = L > ¢ _ -
a (==) , - . - ) (C-12)
: - . . - a

19

o

Y for a mixtgjéiwith constant mole numbers, i.e. in the-absence

of chemical reactions.

Omission of the second stﬁaﬁiong ino(C-S) and (C-&)p
and the {.}-ﬁefm'%n Ct%?l) leads to significant error even
for shbcks traveifing'at 1.45 km/sec. ForAexamp1e, when such
a shock travels into 3.15% H,:85% Ar.miiturg with P,=80 Torr,
y and a bghfnd the incident ghock (T2=1800°K) areIO,}% and
0.15% loﬁer-than values predicted neglecting those contribyu-

“tions. At st?11 higher temperatures these effects become

.- .
much more fmportant. In the reflected region of the same

shock tube experiment%(T5;3200°K), vy and a are calculated to

. -
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73 o
be respectively 15% and 8.7% below the values obtained when
) , B
the rate of change of mole numbers is not-included. (A]i' .

tlu
thermodynamic*state funé@lon data employed in these computa-
» R '."

tat1ons were evaluated using the polynomial express1ons of

Hexme] et al (1963)). , - ? "

4

C.4 Temperature Estimators and Convergence Criteria

Equations (2-13) and (2-33), the enthalpy change equal-.’

-

ities, were each treated as separable relat¥Pons (referﬂid'Eq
q " .

(2-14) and (2-15).) - - ‘ | :
[ . € ) - R
L.H.S. = ah(T) ) -
R.H.S. = ah(p) R ,

*

Ear1y desk ea1cufator fb@putations ihowed Zh(T) to be a much r

. more rapid]} varying function of T than AWip) was of ? Ine

add1t1on, it was found that the chosen temperature '

T was too Tow when. B £=Ah(T) -6h(p)>0 ‘ | _bfﬂs

T wes too high. when g=eh(T) -Ah(p)<0 - ‘_ . ’~' A

T was accept%bTe when |£|=|Ah (T)-ah(p)|<0. 02‘ca1/§m |
Once Eqs (C-1)-and (C-5) %ad been used to %bta1n start-

[]
ing va1ues, the first est1mate of an 1mproved temperature,

%', for region (k) was found from N g .
7 "
|_Ah . ~ .
T =Ty T - | (C-13)

an estimator based upon the starting values and derived by
- the f61loﬁing heuristic argument: -

.The starighg value for T is close enough to the true

f r< ' : *‘ ' B P

r,,.-. \ . \ o >
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value thafz h{T) mey be considered proportional fo T (i.el
‘1Ah(i)=b'T). ah(p) is so“Elow1y§varying that it may be con-

& sidered constant. Consequent]y‘eny change in ¢ should re-

h- \\ sult from a change in =Ah(T) Therefore, ‘t’o'produce.a change .

of -¢ in the (Ah(T) Ah(o)) di fference, the temperature must

)

change by’ an amounth T=(T' T) ‘gi-ven by

& (ah(T)) = b'BT = -t = ~(AR(T)-Ak(o))s *
| (T T)-ah R
_,) - R él%ﬁ{?%) - (4D =4'(%1§F%T%_QLL) | S
. . from which (C-13) 56110W55" ‘ |

j This estimator is useful r starting en iteratidn but
resu1ts in too slow a convergence Much faster convergence
1s obtalned bx/cons1der1ng & 1tse1f to be a 11near Eunct1on

. -of temperature. Thus, with_ e

Fold

g(T)=asbT Tand T g, (T')=a+bT' :

I )

a»fUrther‘e%timdte of:%emperatuee (T";-e/b) isiobfained by
requ1r1ng 53(T "5 to be zerq Thus the prev1ous est1mators
. 4 were necessary to prov1de the two (& T)~ﬂn1t1a1 Values Sub-
sequent temperaturé est1mates are’ based updn 1terations using
ngT). In g;nera], E{T)- values osc111ate between “positive, and

e né‘gati’ve quantit?‘es. Acceptab]e va1ues for ‘T ame a‘re «und

: IERFEEN

wvth1n s1x to ten iterations even inethose cases for wh1ch

_chemicét_Beaction is appreciable.

, -, . »
> ¢ .
o C.5 The Iterative So]ut1on " ‘

e . ; "y
Prior to shock 1nmt1atuon, the quant1t1es P] Pgs Ty .

r

4
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moTe fractions, mo]ar mass, density, ¢ and ¢2\are determlned

using Eqs (é 3)

_t1ve1y

€.5.1

,-va]ues for reg1dn (2*) are obta1ned from re]at1ons (c-1). and'

) (e,

1)

5)

I is the molar mass of I) are known.

Inc1dent Shock Iteration Scheme

s
——— e - .

-

~ T4, Y40 Ls [I}Iand wTI (where I représents species I, ‘and

(2-5), (2-16), (2-20), and (2-24) respec- |

The spec1f1c heat r3%1o » Yy and sound speed, ays

are eva]uated from Eqs (Cc- 8), (C-9) #hd (C 11)

g

Con

- L With the a1§ of U]’ thS 1nc1dent shock speed, starting

Then the 1tewat on proceeds in the fo]lowing stages

Us1ng Pk “and Tk values, the part1a1 pressure of
each spec1es is- determined using Egs (2-T8) to (2-.
25). The mole fract1ons are found from Eq (2 3),
the molar mass via (2-5) and AEDk-fnom (2-27).
tq)(2-17)_fs employed to'determtﬁe'the density.
ratdo, pyq- . |

~

-

For the-current values of Pk’JTh and pk, Ah(Tk) and

.

ah(p)) are- computed. S

g= sh(T,)- Ah(pk) is ca]cu1ated and stored with the

correspond1ng Tk value.

(ad If |&|<0. eg %a1/gm. the’ iteration is comp]ete .

'and the current estimates of“Pk, Tk and pk ‘are:

‘decepted as final values. , -

(b) When |I|>0.02 cal/gm, & new temperature esti-:/

mate T;'is made ysing the methods outlined in

R .

From them the 1n1tTa1



'Td

' .sectaon‘C 4

- ’.

6) A new préssure est1mate, Pé, baged upon T! is ob-

L)

" tained, from Eq {2-12).

.7) The 1terat1on loops back to step gl) and contlnues

°cy<;11ng untﬂ Itka.oz cal/gm

" After f1na1 va]ues for region (2*) are ava1}ab1e, the 1n1t1a]

values. for region (2) are set. equa1 to them and the- abovegj q‘
iteration process i's repeated from step (1}. 0nce f1na1

values for rEgiodaiz) are known, the theoret1ca1 pressure

'y
(ratio Pay is eva1uated from (2- 35) oL T -
1~'.f . ) ‘ ., ’
(€.5.2 Reflected Shock. Iterat1on Scheme | . !

WO

Th1s process 1s qu1te s1m113r to the one just described
Start1ng va1ues for Tk’ pk'and’Pk are evaluated from rela-
t1ons TC 3), (C-4) and (C-5). NEDS* is set equal to aEDz
' 1) The partial bressure of each species is determﬁned ;'
o by 6;1ng Ps T and relations (2-18) to (2- 25; L"
Mole fractions are obtained from (2-3), the moIa\ég’\
'massv1a (2- 5) and AEDK from (2-27). - 5,
-2)4A(a) If Uk‘is specified%-pk] 1s5determihed fromJ'
. Eq (2-31). - ° . o
(b) ‘When U, is unknown; pk] is found froh'Eq7(2¥34)
' ° and Uy from (2-31). I _ - e
'5) Ah(Tk) and Ah(pk) are ca1cg}ated from po1ynom1al '
expansfons and Eq (2- 26) respectivg]y. } .

4) 5=Ah(Tk) Ah(ok{ is ‘evaluated and stored with the -?3
) _ ~ ”

s o
- Y -
o LI A

. e

-



current Tk value.

5). (a): 1f |§|<0 02 ca1/gm, the iteration is stopped
and %he ex1sting estimates of Tk’ pg .and P

are accepted as final va]ues . ¥

(b)- When I5[>0.02 cal/gm, a new temperature estimate

is found by the methods discussed ¥n section

C.4. S

. -

When Uk is not specif1ed init1a11y, a new density
estimate, @k, Ls obtained from Eq- €2134) and a new
Uk“value found.from_Eq (2 31)

‘An improved estimate of the pressure, Pt.eisxdeterJ

mined via Eq (2&3?{.v ) . }

Sf The cycle is repéated from step (1) until g]<0.02 -
ca¥/gm. S ‘

- .\ )
When final values for region (5*) have been calctulated, they

are used as starting values for region (5) and the iteratiop

» . -
Y

-begun once more. . ’ > _
0ccasiona11y. the second est1mate of T5 given by re]a-

tion (C-13) fis 1ower than Tz. or even negetive, due to the

estimated size of AEDS resulting from the use of starting ?
‘values. In such\cases. another %stinator of Tg (namely T.=
- 0. 66T5*) is used to prqvide the/éecond set of (£,T) values
required to start off the (- T) iteration scheme described

in section C.4. With this 4nprovement the sequences of.

steps out]ined in sections C b. 1 and c.5. 2 have been found

£
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*4C.6 Example of Program Convergence'{a; J N

Lo " . . ’ | 260,

to giwe phys1ca1Ty atceptab1e resu]ts even fﬁr shocks into ‘
pure d1atom1c Hydrogen that completéﬁy disspciates beh1nd
the reflected 'shock front. Experience ‘has shown that region . ( ;
(5) starting va1ues seem to be most sens1t1ve to powdered .
sample add1t1on when there 1s 35%-40% Hydrogen present in
Argon-Hydrogen.test gas _mixture$.< Even in those extreme
cases, the iteration scheme for any region now requires no

more than 12 cyc[es to achieve acceptable copvergence.

’

[ 4

Data presented in Tab1eé C 1 and C-2 were obtained via .
an option of the computer program wh1ch pr1nts out va}ues of -
‘selected shocked .gas parameters at the completiop of each ,,ff: o
. cyc]e of the dteration scheme Justedescr1bed Ca]culated |
s va}ues'tontained in the first table refer to a typical shock, -

without powdered sample addition, propagating through an

Ar: H2 (85:15 moﬁe percent) m1xture.1 Results presented in
Table C-2 refer to.an jdentical shock to which powdered
Magnesium has been;added as a samp1e Fire mi11igrams of
th1s element are aSSumed to have yapqrized in the region
‘behind the. inc‘ident shock front and reached therma1 and é
c?emical equilibrtqm with_the other species-present 1n ghe
test gas mixture. o e -
Tﬁe changes tn temperature, pressure .and mo1ar massi .

(detrease in temperé?ure, fncrease in pressure, decrease in

®
mo]ar mass ) behind the incident shock as a’ result of samp]q

-



261

&>

LL°L9Y
Ll L9%
08°L9%
20°89¥
16:99%
bS 1LY
19°58%
6€°60¥

15" 8ES
98°8E§
18°9€6
69°1€5
G2 2€2
92°2€2
£2°2€2

9" 2€Z

09°2¢€2

£€8°LEC

L)

00°0

9L L9¢%
YL L9V
¥9° (9%
¥e L9V
6€°89%
Ly 25y
.G4°88¢
Le"9b§

1§°8BES
¥9°6¢€S
¢0'EES
€o"les

G¢72¢€¢
02°2¢€e
9€"¢ctEe
.§€°2¢€2
gL 1Ee
06 vee

00°0

-

4401-0°89

\
v

»

000000 00051°0 00058"0

smﬂ_mu ,yy Ho
AF . x ty

Juediy |ubLS G 03 340 'POpUNOJ 94 SI[NSaY * (UBBOUPAH 440l 0°Z|
4401 0°08=T1d pue %,862=11 Y3ILm aanixy uabouapAy-uobuy ue

A

——

3
Hy

882£0°0 OLLEL'D €09€8°0
L82€0°0 o,:m_.m, £09€8°0
282€0°0 ELLEL"CN S09€8°0
¥92€0°0 €2LEL°0 €19€8°0
6LEE00 260EL°0 68SE8°0
12920°0 . 68VEL'0 £88E8°0
02800°0 62610 259¥8°0
26180°0  ‘ELEOL'0 SESLB'O

. 800040 G66VL°0 96648°0
80000°0 G66¥L°0 966v¥8°0
80D00°0— G66¥L°0 966¥8°0

. 80000°0~ §66¥L°0 966¥8°0
800000 6610 “966¥8°0
80000°0 S6611L°0 "966%8° 0
60000°0 G66vL°0 966¥8°0

- 00000°0 000S5L°0 0005§8°0
00000°0 0005L°0 00058°0 _
00000°0 000SL°0 0005§8°0 '

/ﬁ<x

3

269°€¢€
269°¢e
£69°€E
969°¢€¢€

989°€€ "

708 €€
vLL VE

658°2¢

EXTA £

X T A

€627 e

£52° ¥€
£52° V€
TR
€52 b€
§52° ¥E
G52 pE
652 b€

SR TR 15

T

%
v

- L]

03u} bujijedbedodd das/uy 0G°| paads jo YO0YyS © U404 UOLIN[OS dALjedal] .

-3 ?lqe}

8° 6628 ", §24° L1
L°6E2€ Sel°L| ,
L°6€28  d2L° Ll
8°9E2E  22L°LL
G E¥2E  LLL'LL .
9'6§lE  8LS°LL. -
2°9942 92l
0169 tLL'2L g
-.0°169¢  vLi‘2L
6°L69€ 28L°2l
v LS9E  9El° 2zl
l=p8se  sLL'2l *S
v Le
0°26LL §62€°2
L1641 * L62E°2
L*26L1 ~ 062€°2 2
L2641 062¢°2
2°68L1  v¥EE"2
6°808L €LlE°2 *2
51862 €S0L°0 L
TN : ,
(W) TwIe)d worbay
_ *saanfiy
+ uobay
i B *
A
. | _.~r -
R :,._.m ) .
A. -
¢

”



-~

262

«

98 bLiY
E6 LY
66° VLY
0§ ¥iv
S¢°LLY
8L 06¥

m—.mmﬁf

9F " Lb§
6 L bS
0" 8ESG
£8° 125

58°9¢¢
98°9¢¢
é8°L2e
vevee

[YACE]
(d)yv

L

o,

S8 Lt
S9°vLY
ES PLY
LL it
PO E9Y
6t "80%
EE 8PS

-«

9E° LS
96 14§
6L°0ES
910§

-4

wn

A

G8°922
6L°92¢.
62. 12¢
8970412

Lsaubep

w

eveo

wvmww._

2 TAN]
02’0
£2¢°0

L€2°0

650°0
650°0

7 6S0°0

.

650°0 -

650°0
650°0
LS0°0
¢%0°0

m+°—x
HOMy

952" L
¥§2° L.
¥52° L
pS2°L
T4
8YE"L
60° £

€66°L " .

£66° L
£€66° L
t9s° L

£55° ¢
€55° L
bSS "L
65" L

g+0LX
. Bu,

£99° 0€
289°0¢
o 0£5°0¢€
. 919°DE
S.0°52
2086 *
6L¥"EL
aw .
8€0°0
8€0°0
850°0

. B€0'0

8€0°0
8€070
£20°0
¥80°0

g+01X
Hy

L]

I}

-]
. : o S
659° €€ 0°1€26 , 148721
199" &€ 6°622¢ ~ 698°2L° :
299°¢E 2:6226  698°2l
099°€¢ 2'062¢ 09872l
StL°EE 2° 196 © £¥L 21 .
RE $'€682  8Sp- 2l |
826° 2¢ L'¥598 OEE°EL . §
® 0B1bE L'¥S9€  O0EE°el .
081° b€ #°8595  VEEEL.
081° ¢ 2°065¢ 0S2°El
081" ¥E 8'0LVE  S80°El S
]
- 081" ¥E $'S0L1  698€°2
08L" ¥E 0°S0LL 2L8E°2
08L'¥E  .2°0491  LOL¥°2
641" b€ 02611 'S62€°2 2
CIT w01 Tw3e)d Toibsy

‘G pu® 4G °Z suoirbay up juasaad s “ejduwes’
whw G e UdYM |-J d1qel 40 )IOYF BY3 404 UOLIN|OS 3ALIRUII]

¢

»

2-2 o_pmp




O
. R ) .

‘ s
addition ‘are in accord with Nayfeh's'(lgse) findingslfor'
. ablating Teflon spheres.- . )

The decréase in both témperature and pressure for re-
gion § relative to regioJ 5% i{s due to the diffefence in
mole fractions of the,compoﬁeqts ig these #wo regjohs.‘
Region 5* is a_.zone of frozen ﬂisgociatipn'and chemistry.
To feach.the”equilibrfum.ghéracteristic of region 5, some
kinetic energ} is remgved_from‘the mixture to prpdyce furth?r
dissociation of theﬂhydrogeh and so temperaiure fa1]§. The’
increase in deng?ty arises from the ndnJIinegr dependence of

pressure upon temperature, the requirement of momentum con-

servation,and the thermodynamic constiaint imposed by’
s ‘ L3 . a - .
equatien of state.

-
- . . o .

-




APPENDIX.D

A Re-analysis of the v=0,1 and 2 V1brat10na1 Levels of thef“///
MgH A2%n - X2x* Band sttem

L]

*
In synthesizimg an absorption spectrum via computer, it

is of the utmost importance to use correct rotational line

positions or the oomputer-geﬁerated spectrum cannot be made
to reproduce the exper1mental spectrum faithfully. Early
attempts to d"onstruct the obqerved wavenumbers for lines of .
the MgH A2n - X2g* band’ system«with the aid of e]egtronlct.vi--.
brational and rotationat constédnts detérmtned by Guntsch (1939)
. and Khan (1962) disclosed sighificant d1fferences betweenapb-
_served and calculated values for Jg10. " (J 1§ the quantum qums
ber associated with total angular momentum in the vector model
of the diatomtc mQIecuLe ). Thus, a;re-analysis ¢f’ Guntsch s -

L
data was undertaken to obtain a consistent set of ;onstants

"4' (particularly Dy and H, values) that would represent the oB-
servations and which might permit a2 modest extrapo1etion to _
‘lines of higher J- va]ue Hhile this analysis was 1n progress,
further measurements for the (0 0) and (0 1) bands were pub-

lished by Balfour (1976) These new data served ‘as additiona]

P -

input for the preseﬂt ana4y54s—u~~~-4;~_eemeeew &*@&” L

' In the analysis reported below, least squares techntques
| assuming a weight of unit@sfor edch data. point were used Th1a
268 . . | | A

t




contrasts with the graph1ca] treatments used by Guntsch which .
ass1gn weights that are functions of (J+1/2)' . Most of the
theoretical expressions employed in fﬁ% ana1y51s may bej‘ound‘~
Ain.Herzberg (195:§\~.Iherefore, they' are mentionéd_qn]y.brief]y. ™
The 1east'squares - derived retationa] constants for the fﬁ
state are not the true values of By and D, .- They ére effe‘ctive
values. The ana]ys1s was des1gned to'prov1de only a set of
term values for each v' and v* level valid to reisonably h1gh

J. As upper state term values may be obtained from ‘those’ of

the Iower state by addition of observed 11n7 wavenumbers {Rer
fer to Eq (D-1)), it was decided to determine the .upper state -

energy levele in this way. \Hence a re-analysis of the lower

\

state became mandatorjﬁto~assure coﬁsistency of the derived

quantit1es s 7

h | )
RS 1:g\A descr1pt10n of the MgH 5211 A band system structure is -

preeen;ed nex;. both as an aaq torunderstanding the details
of the en%uing englysis'end‘as requisite background.for:the
theore%ical relations assoﬁihted with cpmpeter-geheragion of | ’ Q
spectra outlined in-Chapter 6. |

L)
‘ )
.
’

.D.1 The Structure of 21 - 2r* Band Systems

-

.

D.1.1 Vector Notation, A-type Doub11 ng and Coup1igg,Cases

—_— B e e e ————— e e

lie rotat}onal term values of the MgH A2n - x2z bands can

be represented in terms of Hund's case a or bbépr angulqr mo-,
5

..mentum coupling within diatomic molecules. J e models are
/!.




treated briefly below using conventianal motation. Angular

momeﬁtum quantities associated with the eéfectronic motions
are designated K,fzaﬂd 2 while the rotation of the nuclei is

represented by R. S o 5 o
B B i . ; (‘,./\ , ST - .
,K.is the component of L (the resultant orbital angular -

momentum of all eiectrons in the molecule) alon§ the. inter-

nuclearwaxis ah\ht which E predessés The possible values of
T (a=0,1 2 3...,L) are 1nd1cated by the labeds [as f(A)] ,
W S used to denote electron1c states of ghe molecule

% may be orientgd e1ther parallel or ant1-parallel to the in- -
ternuclear axis. Hence, 1n all electron1c states for which
.A>O (thereby q¢xlud1ng ) states) there is a iouble degeneracy
- A+type doubling - resultant from thg’two Qossiple 1 or1en—
tatiops; L .‘ RN - :-h )

- . « _ N
? is the component of 3. (the resultant of all the elec-

tron sp1ns) directed\barallel to fhe ifternuclear: axL§ when >

LS
A>0. T is undef1ned for £=0. There are (2S+1) a?lowed values :
. ’ $ . | . | < .
of T > i : / SR . .
- 56 ‘, . " e
F = 5,5-1,5-2,u. 355, . ;
4 . ’ ' C" ’ v
.Thus“a particular molecular electronic state-has a spin myl-
- t1pl1city 6f (25+l) (T\“ #. i - - Y

5 the,total electronic angular omentum about the inter%

7,,nuclear axis 1SJgﬁnﬁih4_§w-~~I*L§—ui¢—h—ﬂagn+%ude a1

International spectroscopic nomenclature 1ncludes infor- 7

]

mation concerning X,% and & in the designation of molecular ~

’
v . P

. - A -
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. ‘ ’

¢

L]

) ’
£

I .
25+] D _
f(A)Q. &

- - -

o

states via the potation
[ ] ‘1

When A=0, f(A)=Z.and, although T and 9 are- undefined, the spin

multiplicity of the state is formally identified with (25+1).

Sbin mu1tip1et§ become detectable, when the effécts of inter- .

actions between nuclear and electronig motions are taken into

account. When -A=1, f(A)=10. So the upper, A, stat§ of the

- MgH 5211 A band system has two spin components identified as

AZn, and A2m,.
£ 3

»

The A-type degeneracy of the spin multiplet components

. AR -+ .
is removed - when interaction between L and R, occurring in the -

I

rotating molecule, establishes A-components (labelled ¢ and

d) of slightly different energy withdn each spin component

Consequently the A state of MgH cons1sts of fourﬂterm ser1es

2 d 2 2 d ;
A2n],A2n) A2 ,A2N5.
2 2 2 2

-

In the 21 state, coupling between electronic and nuclear

rotational motions can be described by Hund's case a for slow

[

rotation of the nuclei and by case b for fast nuclear rotation.

For Hund's case a, the electronic molion’iS’strqngly coupled .
to the internuclear ‘axis andwtFr is abdooo quantuﬁ number. As
Fig.ﬁD-la{i11ustrates, the total electronfg angutar mome;tum
vector, %, and the nuc]ear rotat1on angu]ar mpmedﬁﬁﬁ vector, .
R, cbﬁg}ﬁéﬁt; y1e1d 3, the total angular momentum vector. »
which "has poss1b1e values -

J=Q,0+1,0+2,0+3,...
> ' 4 .

4

G
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L Y
@~
a) Hund's Case a - )
‘ “ ] ¢ .
() - ¥ 2 -3 4 5 N
o L, S5, 1 %2 N, T
1 .ad o dc | c dc dc dc
, " . ) - ) G
cd ,c. d cd- % .
- + - -+ +)Y=
o CH—E—O—D— |
n 3/, 22 /2 /2 J
. . S 2- 773 4 5 N
, ) . ‘,, /¥
; c) Parity.of Levels and A-components ‘of @ Reqular 2g State
* - faa 21 - 25* Transition ( after Mu]liken, 1931 )
. FIGURE D-1 .
.4 \
/Couph'ng “Cases a
.’ -




fowith §.5§’Fig. D=1b shqws. ﬁ has the possible valjes

.
%

‘ c?ear ax1s w1th’the‘pesu1t that z and Q are not def1ned

B 4 . B ? - . . _"
, mentum neglecting spin, which in turn forms a resultant, J,

,and vice vers'a.Q Once again the J=$ rotational levels lead to

O v
.

Levels With J<q do not occur. Hund's-case b coup]fﬁg-ii

character1zed by weak or zero coup]1ng of S to the internu- o

.,M,.._'

prever,,ﬁ and K;form a.resultant N, the -total angular mo-

-

L ‘- "

2 N=A,A+T,0+2,A+3, ...
while J may take the values g ,
JEN+S N+S-T,N¥S-2,. .., [N-S| . : ST
in general. (The case J= S must be considered separately )
The spin mu1t1p11c1ty in both electrontc sta}es of-a

‘2H - 2z% transition is 2. So the sgectral Tines of the vi-
. 4 ~

.

brational Qands may be considered either‘asﬁd-doublets.or N-

- -

doublets. (Fo?“each J;value there are two possible N-valbes,

spech1 cases.) . The "following trégtment’is bagﬁdfgn N-doublegs

as the energieé of f%;_xxg:}pin componen;s‘assocléted with each”

N~value ane.plésér than .those associated-wiih each J-va}ﬁe for

- r

the MgH bants. Rotational contribut1ons to the term valuas

< e ] v.'w i
are, con51dered Nither as Fq- 1gyels (N=J-1/2) or as F2-1evels‘f ;o
' L .‘
(N= J+1/2) When it is necessary to 1dentify A- gomponents 0f ,
%
£p1n doub]ets, within the F]-Teve]s say, reqounse 1s made to P
the notat1on F?(N) “and F1(N). Fig. D-1c may be used to clar-, lﬂ'
ify the term contponents within the 2n.§tate.ﬁ, ¥'1 ) .;.'_ ff-
v - T - ) " N . e ’V - ‘ 9""
. o
_ ‘ e ! -
@ .
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aD.1.2 Térm Values, the Band'Origin aanBranches of 2p-2t*

Vibrational Band. j
The vicuum wavenumher of a spectral line may be eveguated
D . ! ¢ ' - o )
from ' ’ T :
»‘4 1 - T " i ‘ . ‘ ( D - },)

the term-value {(cm” ]) for the upper level

in which
. L ~i#"- the term value for the transition's &
’ lower level s ) .

and T=T_ + G, (v) + EX (J) S ‘. (D-2)

‘evi

w1th Ta = the electronts energy -3ssociated with the sEate e.

“Ge{Vv) = energy due to vibration of the molecu}e in the

vth yibratlonal level of the eth electronic
state.

(J) = energy due to rotatjon with total anguiar
r momentum J for the kth A-component of the
ith spin component in the vth vibrational

Jevel 0f the eth.electronic state.

EV1

-

Substitution from Eq (D-2) into (D-1) leads to

-, ‘vavg + F'(3') - FU(3") ,f " (D-3)
) - . e
with the band origin, vy, given by 455 L o
o s Ty - TE 4 G (v) €% (y") : (Db
$ ISEE T ‘
- Double primes—stamd for .all suppressed Tdentifiers required
e T ~
to specify the-lower rotat:onal 1eve1 Single primes repre-
. .
sent those wh1ch chgracteriZe the upper state. the trans - o
s1tion ’avenumpers for rotationa1 Hnes of (v',v"~) bami‘ ~

tational term values are knowh.. i, °

The se]ection-ru1es for dipole radia fon” [Aﬂ=J‘ Jh=-T,

0,41 with J'=0#8¥=0] restrict possib]e béanch types to .three”

’

» N . o
L]

~

ahay be e‘aluated from (D-3) when the bewd or1gin and the {o-

”

",
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P J‘P;.Q and R. (Symmetry propercies of the molecular rqia-
_tional states and the paggty'seigction rule +e9~‘réqui¥@'that
- all Main.branch transitions in a 2% - 21* band system with
\. " © aJ=0 terginate on ¢-levels and those with:AJ=¥iqend'3n d-*
Tevels of nfdoqhiets., The converse holds true for datelTite
° . branches. . %%uliiken, 193]]). As a rotational transiticn may -
-occur in any one of . four possible ways for each branch t)pe .
[Fké )+-+F"(J"), i=1,2 and j=i 2]y twelve branches exist.

Those for which 1=J -are designated the Main branches and have

AJ—AN. The remainder are known as Satellite branches and for
them aJ#aN. AN may be found for any’ Sate]iite branch from the

N transition written 1n J notation in the. following manner

.3

i) Subtract 1/2 from J-value of F}-Iexe]s./
ii) Add 1/2 to J- vaiug,of Fa-levels.

g %ﬁ1) Subtract ¢he modified lower state J-value from the .
v N modified upper state J-valde obtain AN which

specifies the form of the. bralfch. .
i

Table D-1_yives expressions in bo}h J and N notation for -

. the branches of 2y < 2yt bands  fam Ed : "
- ) - : P r -
Stat vaTue. The Torm oF each Satéilite branch is -

speéified in the N-notation express1ons via a superscript to

. ' the 1e€t of the branch type. SR

“D. 2 Re-aiLlysis of :K'State \—N.K\

A re- analysis of the iower e]ectggnic state'wps performed to

a ) M >
9¢ain rgtét ely-represent-levels of ——
" . ' . ’
- . . . ' .n,‘ * ) ) “ B % :
g ~ . . i v .
N * '.\\ »




r Re

% . 272

i
i

TABLE D-1 : =

The Twelve Branc&s\ of a*?n - 23 Vibrational Band
. ‘ » 7 R d ' , ' . -2
) PO) v + FUO-N) - R Py(N) = + FS*(N-T) - FA(N)..
| Pp(0) =vo + FY(@-1) - F3(0) Ry (N) =vy + Fg'(n-}) -FpM
u Ppy (9L 2vp + FS'(3-1) - FI(3) O, (N) = + Fa (V) + Fi(N)
Pia@) =vo + FSL@-1) - F3(@) T Opp(N) =vo 2 FON-2) - F3(N)
- X - - - - . — v .. . S — v“.gﬁ,
) , ‘ é‘ . “." _ C .
T, A0 RO g s ) - F
Q(9) =vo + F3'(9) - F3(9) Q(N) =vo + F3'(N) " - F3(N)
© e, (0) vy + Q) - ) Gy (0 =g + Fr W) - 200 0
. 21W) =vo *+ Frld) - Fy o O IN) mve + BN - BN
QW) =vo + F @), - B Fag0) vy + F 1) - P30
d, (uyy ey e A iy e
R(d) =vg + FSTEM1) - F3(3) T Ry(N) =vg + Fy' (W) - Fa(N)
¢ - . : V . L
Ry () =vo + FS(341) - Fj(2) 7 SRyy (N) =uq + FS' (Ws2) = F3(N) |
) 'R12(J‘) ’\’0?" F%'(JH) - FE(J) | QRIZ(N) =yg + Fg‘(") - F;(N) | 1’" >
‘ \ e L] ! % ) ‘ .
L ¥ :
+ ., z
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molecular rotation for N>15. These constants were Tater =~

nsed'nhen Tower state rotational contributions were included

" in the evaluation of band origins. I o

- : . : -
. .

A —~—

D.2.1. 2z’State Rotational Analysis

. As all 2z states can be represented by Hund's coupling
case b, - the energié% of the spin doublets may be expressed
as (Herzberg, 1950 Kovacs, 1969) \ o

Fyi (N)=B JIN(N#T) 1D, TRCRHT) T2+ NN 1) ey g (Np* (p-5)
Fi-Tevels: =1, f(N)=+N/2
Fzrieveis. =2, fz(N)--(N+])/2

in which yv is a measure of the. magnettc tnteractfon Between

3 and!ﬁ v and H, are centrtfuga? dtstortton coefficients

/ j B
nprmaiiy 1mportant in hydrides for N>10 _ :

The Tower state rotattenal constants B“. Dy» Hy and, vy .
were.derived from the’ combtnatton differences

\Az”h(")'f’ vi(N+1)-Fy i(ﬂ-'”‘ Ri(N=1) - Pf(NH) T '(n,5)‘ -

~ substitutfon from Eq (D«5) info’TDJGT foTToued’Ey some alge-

differences 1n terms of the’ rotattenal eonstants -

+ agFy f(s)'By{ZIZN*1]} -y LAI2N+1](N(N+1)41)} e el

*ﬂ;IZIZNfllgilﬂ(N+l)J??lﬂ[N(N+T)J+4)}+f{€Y) (0-7)

_‘f Jeﬁﬂsﬁiiuﬁﬁkﬁrh' 134§13~7 ':W'““*“““f“*““‘f%
‘ Fa-levels: {= -2, fo(Y)"Yy 1" 62?12 o R P



Use*pf the non-stendard notation
123, fa(y)=0 in AZF"B’[AZF"T(N)+A F"Z(N)]/Z
allows Eq (D 7) ta be applied to. the axerage of the AZF"(N)- . —
values. : .~ _ L.
. _ .
A computer program capable of performing a Teast squares
fit to an'expressidn of the form .
Y = C}p{(x) + fzzz(x) +°C323(x) + C4z4(x) #':.. ) 3
was available. (The zi(x) are arbitrary functions of x sub-

ject to the constraint that all thé‘i{(&?*s muef\be'??nearfy"*h

w

independent.) Bothﬁthe number'of constants and the order of

-

their eva]uat1on could be set upon each ca]] to the program

when the fit was complete, the program wou]d return va]ues

r-r R

'for the C ,» standard deviations for the Ci ahd the standard

error of Y-estimate. By;ldentlfying B;,D;,H; and Yv with the

- Cy's and the 21(%)'3 with the functions.of N in Eq (D-7), the

N . N ) &,
computer program could accompjish the analysisxinzwxhé/qewéra ] ,

e—rotattonat—constants:
t

- ofs the same (v ,v") band. Effectlve rot lomal constants which

" of ‘rotational line wavenumbers from them. The precision of  ~

A : —
A set of input Azf (N)’walues was obtained from all- :

measured bands having the same lower v1brat1 nal 1eve1 [(0, 1),

(2 1) and (1,0) for v"-l] using Jines fr }he P.and R branches

.

*
14

best reproduce ‘the s,Fy (N) s and ZZF"Z(N) s are 1isted in

Table D-2 to the number of digits used in the reconstruction o

those valueé'may’be assessed by'cdﬁqarison with the “true"
. N, . .»' -l . :

. » .
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values of B" q%,and\H" - obtained from the AZE;S(ﬁ) valueer-
hh1ch are glven in Table D-3.

Tab1e D-3 conta1ns not oaly an analy515 of the comb1ned
date of Euntsch and Balfour, but also gives @ compar1son of

the present va]ues with thbse obtained by Guntsch and Balfour

.separate1y. The close agreement between the three sets of -

~Bc-va1ues'was~expécted as'was the discrepancy between the Dc-

values. The Tlatter are 1nf1uenced greatly by the 1nc]usion

- of'an‘H3 term—Such—an —inmctusion fs justified-when data with

N230 is used in determining ‘the constants. (fhe‘slight dif-

ferences between the B“-values found by‘the present treatment

and the ones found separately by Guntsoh and Balfour from their

data is pFBbab]y due to the rejection criterion employed (No

) ZF"3(N) va]ue was retafned if ¥ts residual was greater than

three times the standard error of estimate~1n A F“S(N)Eé and
not»to the use of- Eq {D- 7) ‘instead of the customary power

SEY"IES - ! —

A2 Foa(N)= {43" GD"+27H"}[N*]/2] (8D -34H! }[N+l/2]3

Co T e 12H"[N+1/215+f (). (0-8)

-

‘Fq (D-7) was used because it y1elded 1ndiv1dua1 constants with

1Y

their s¢andard deviations directl Preliminary tests. using
only the data of Guntsch, 1nd1cated that the constants obtain7
able from Eqs {D-8) and (D-7) had th@’same _values.

/ — ~
COmparison of the,standard errors of'estépate in the fft-*\‘

' ted values of A!F (N) for separate analyses -of the data of x

»

', v .\ [}
¥ — . . b

-

-“ !.
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. “Gurtsch and of. Ba]ﬁour ghows that thesed%ata are of comparable

*

pregasion Thus,cdmbin1ng rotational 1ine wavenumbers from

+

" both sources in' the ﬂaterm1nat1on of the constants for v"-O 1

?

is just1f1ed Bata for the vr 22, 3 levels is due entire1y to
Guntsch 'and does hot e;ténd to 7dff1c1ent1y large N to.au%- .
't1f_y the use of an H" term Attempts to evaluale one n}pe]d
a "constant” that 1s comparab]e tn size to its own standard

deviation. Neither the data of Guntséh nor that of BaIfour

——————-—-——+fs—e#—sﬂ#¥ae+en%4y—h+gh—pree4s4en~%e—perm+%—de%erm4na%+en~ef—A~w~———l

the true y"-va1ues These seem to ‘be sma11er thah the cnm-

o

bined errors of measurement entering into the relation nor-

ma]]y used for their evaluation. A fact that Guntsch notedl ~%-

B"-values determined “for the combined data. may be'repre-
< sented by . » .- - .- C.
- B" = 5,.8220-0. 1727[v“+1/2]~ﬂ 003775[v"+1/2]2 (p-9);

with a reproduc1b311ty of one ugit in the fourth pizfe ﬂ(;k

.

\ decimals. - e _ X .
- '//‘ | - ‘ - .. v h
© D.2.2 2z*State Vibrational Constantg‘ ' . - L e

The Tower state vibrational Ebnstants were determfned by--ﬁ

a.method first suggested by Jenkins & McKellar {195!5 WhTCh e e e

-~ — .

- C consists of evaluating ' - - v i <

Aa"(vn/z) 6" (vi+1)-6"(v") C e (Dp-10)

A

from differences in the uavenumbers of lines occurrdngéﬂn the\
.same branch and having the same N-value’ 4n (v',v“+1) and (v',
", v') bands. These differences y1e1d B Ot
~‘ A .‘ ) s A e.. . \1:)

Q&

- [l B N N



—agvy AN) =86 (v 4 1/2) - {B" -

4

A.l\;; (N) (V vu+‘|) T(N) -R (N) Q(vl’vu.‘_-l).’i.(N) ,—' 'Q(V.,V"),i(N)

(N)

(v' ,v“)1

=(?(v',v"+1)ﬁ(N) - P(v',v"),‘i

It is a strajghtforward matter to show that
" (D-11)

bv;(N) =206" (v172) - |, 5(N) 4 7y 5(N)

v, i _
by substitution from Eq (D-2) and that a,v:(N) is related to the diff-
erences between rotational constants of the two Sigma state vibrational .

_levels via ‘

By HN(N1)] + (0" - D" BN ) 2

(812), .-

R R L)

u ' 1] 3
- DR R MNP -y

Fyo- levels: is1, f(N)=NP2 L
Fzy\levﬂs: i=2, f,(N)=-(N+1)/2 . s

Averagg:

. T . @ e
i=3, f3(N)=-1/4 with A]v3(N) = [A1»1(N)_+A1v2(N)] . 'f
- " ..

= = ause
;s ® N
Hv andyv are such small quantities,différences, between their values

in neighbouring vibrational levels lead to nég1igible terms in (D-Tzf,

*

Consequently, ™ 1 2 to this degree;>f aSproximafion.

Blod, =00

and their associated.uncertainties‘were determined from the Main

Thus six est1mates of AG”(V+1/2) {

v.fanchesﬁfor,selected~pa1rs of bands. Thesé prelimirary results showed
that retention of the term in {D" -D“+1} -was essent1a1 although there .

. , - ‘
L3 - - ,
N\ - . .t .
. <:
rd 4




‘ was considerable Scatteg among the estimates. of. its value. They also

, branch 1ines. ‘ ) ”

showed that there was clgse agreement between the AG"(v+1/2) and[B"-B" ]']

differences found from Q- branch 1ines and those evaluated from P and R-

A . simultaneous least squares fit to a]l.data sets derived
from Guntsch "s.observations yielded the v'a]ues' recorded in Table D-4. .
-For comparison purposes, differences -petween appropriate rotational " ]

constants appearing in Table D-3 have been included in Table D-4. The -

agreement between the two ~se}s of results is quite satisfactory.

. Finally, the Sigma state vibrational constants were obtained from.

the AG"(V‘”/Z) values u§1ng the customary power ser1eW.j .
e R b .

LGy ' A A
6(v) = u (V1/2) - ux (v+1/2)? s weye(v+1/2')3/ o (13) S
" which leadAt _ . .
BB(V41/2) =ug + ugye) = 2ux (w1) + 3oy DZ T (D-14)
=5 AR 1

| 'g:\tor only the/' -

when terms up to w_y_ are 1'nc1udedZ /(For a Morse |osci é
A v N : N ‘: \

: When the present results were inserted into (D 14) the consti_g.ty given

e

in Table D-5 were obtaindd. Also cdhtafned in ta le are v’lbration— -

. al constants derived by Guntsch; Morse constants f&md by Khan and the -~ ' . .-

& - - e

Morse constants determined 'in the present analysis that best r'epresent b

AG" {v+1/2) va?ues,. The vibra_ttonal energies.. 6(v), ;#gdfcted by

these four sets of constants are aoproximately the -same. Ceetainly the - .
two Morse fits are eqoivalent They both fgirve energy leve'ls about 2 0-

2.3 cm”! higher than'th'O\predicted J?y the present three term fit prh o

LI \ . [ - e
-, v

) c Vo

4 . 2 L.
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TABLE D-4

Determination of AG"(v+1/2) ahd Differences betyveen Lower ‘Electronic

State Rotational Constants (cm']) in 71‘brat_1‘ona1 Tevels v" and v"+1.

R RN
+4
: x10 1

0 *1432.02 £ 0.06  '0.1808 + 0.0004; -3.2, i-otpg (0,0)461)
' 0.1803 + 0.00078 -2.,9 + %3 - (1;0) (1.1)

1 1368.6, £ 0.1,  0.187,.t 0.001, <-Z.o. £2.. - (0,1} (0.2)
4 4 0.3872 4 .0013 o:g s 2.3 - (1.1) (1)2)

- d ‘. N (29]) (2,2)
2, 13013, £0.1," 0.194, :0.001, -18.. %2, (2,2). (2,3)

' 0.195, £ 0.0025 -16.% & 4. a

* Guntsch givid 1432.2,1367.9 and 1302.7.

 The first entry cémes from the enalysis suggested by Jenkins &
McKellar (1932). The second entry 4s obtained by subtracting values
Tocated in Table D-3 and evaluating the rms error in the result,

he S ’ . (‘/\/ ) . ‘ ' '  New
. \ , TABLE D~5

R ) . : -
» 25 state Vibrationat ~Consti‘ts and G(v) Values in cm ].
Camparison of Three Term and Mo S

2

This Guntsc i This Khan . .
-~ Hork = Work —_  (Morse) - ’
- . Mor
‘ ve . | 1916, 1457 1980,  1497.0 ?
) N !
wgXy 28.7, 31.5 . 32.4 (.-
. We¥ e ,-0.163 n -9.15 _ - -, ". -
te(Og 738.53 739.96 S 740.8 " 740.4
. 61 2170.57. ©  2172.17 2173.5 2172.6
N e(zg ‘| 3539.21 3540, 03 3540.8 3540.0 ,
. G(3) | 4840.85 = 4842.64 4842.8 4842.6° | .

B
. -
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<in tum yields G(v) values about 1.5 cm below those found by Guntsch.

D.3 .The 25 State Analtysis .

.. ' The examination of the 25 state was not so complete as that of the

“2rState. ThatiearTier analysis had Shown the weliability of Guntsch's ~

{ N ' ' Q

work. Consequently Ris values for the coupling constant, A,s were ac-

cepted. Effecti;\ie'rotationa constants _far the A-components and band
origins were ex‘tréc?éd from _h1‘s\data. No atBempt was made to deteﬁ:i-né

the ‘constants governing the A-doubling itself. .

Effar+iva

=T T oL oI YO

7

A 3

in reconstricting rotational'?liné wavenumbers are listed in Table D-2. -

.
= ﬂ,e
-

The method of their evaluation i§ discussed in the following sub-sectfon. -

3

-

D.3.1 21 Rotational Analysis® © . . SR

a—

Hi11 and Van Vleck (1928) give for the energy due to rotation*iﬂr"”'

Nstate 1ntermed1ate between Hund"'s coupHng cases a and b -

Fuq(9) = B,{(3+1/2)° - 14 ] [4(J+1/2)2 + v(v-4)]if} < (D-15)

-

F] - 1eveis, 1=1 use the *ségn . .
* o . . ' R
Fz - 1eveTs, i=2 use the + sign . | T ’\ v « P
in the absence of centrifugal distortion, Y *A /Band A is a co*tant e,
' denoti* the amount “of coupHng between fand K In the MgH 5211 A%, ’
’ R
. " band system, - the P1 state fs close to Hund s case b. “Therefore, addit-
jon of centnfugai distortion and spin-splitt-lng tems (appHcable to
cdse b) to Eq (D-IS) p1u5 evaession of the rotational term values 1n RS ,g
‘N-notation y‘ields L i Lo - i
— \A__.A‘.‘i Ll Af
F i) = B, {mm? - a0 4 ¥y 4)] } . D{M/z] {oe15a) -
oa G
S : " Hv[ﬁ+l/2]6 s AN g’,,.-‘; ,
"'/ ' ' . . et '
: ‘ K 1 °




: ¢ .
$ w»
~ : T 28.:;3
‘ - * - M Y N o ‘ )
< . .
¥ 1 T o
g
. ) « N
g . ' ? !
G L

v2(N) = B, {N -1+ -2- [4N + Y(Y- 4)]i-L ﬂv'KN+'l/2]4 ‘(D—T’Slb)

: -‘+ H\([NH/Z] ','YV(N”)/Z oy

S

‘Conﬁmatwn differences “for thejupper state” A-c omponent !ev!]s ‘
were ev'uated from measured line wavénumbers b
L

N relations- S

I'a " )
' N) = Qu(N+I\- Q (N-1) - PifN+T)‘+ R, (N-1) o S ¢
Fi' (N) =Ry (N) - P,(N) I't D . '
: , Equatwn\(D 15) may be used to relate these differehces to a set \
@f rotational constantt for each A-component via )

10y1 ng the usual

AF%
d

](N) = B, {4(N+1) + 1 {['m +4v(v-4)]% [4(N+2) -+ v(v~4)]} }}

. » (D-16a)
: D, [2u+1]([2n+1]2 +4) + H [2N+1](-8[2N+1]4 + s[2n112 + &)y, .
-, ' - - ¥
A AzFé(N) "B (N 4} [4(N+1) £ Y001 - [a-U + v(-a1 ) ..
. . , (D—l&b)
) -0, [2N+)’]([2N+1]2 +8)+H [zunl(a-[zm'l)i4 s[2N+11% +6)-v,
' f X . R - K --.) [ o .
QJ} Introductwn of a non- standard notation’ once more, and use\ ‘of Eqs T
/(D-lﬁ/a,b) 1eads to o L
F. (N) - [AZF](N) + A2F2(N+1)]/21 ' . ,
- = By[4(N1)] - D [4(u+1)][z(n+1)2 351 - () - -
. o *M;[4(N+lﬁ3(N+"l) +,17.5(1c+j|)"2 + 183161,
» G~ gl . Y »
. which may be used to \w}lgate the other noﬁtﬁﬁjogaj  cafstants qigliouti -
=Y Jrecourse to, the couplihg constant Av' . . T, :
bl A ’ v -
| , .
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‘A-tomponents determined from Eq (D—17) These results d1ffir consider—

apfy from ;:‘hose of Table D-2“1n part as a\resu'lt of -mﬂﬂm ~pcrfomd :
. . . . e . ST . ’

@ . . - v o . 4

—~

8 - e . . \\\;
'\A 7 e L [ N 28 5
v ’ . - & , \-O ‘ - . .
s - " TABLE D-7 ° .
- ) Y ‘ﬂ "True". Rotational Constants (cm']) o ] Toow 7
L B T " for the A2m State of MgH ]
TN -, v B l‘Jv Hy T
. ;o : : xiot*  x10*8 -
0s N
. 0 “6.0941 '3.677 1.13 n
‘ | * 6.0834% » 3.6 P
i " 1 5,901, 3.6, .
5.8925 3.7
J .
‘ 2 J10 3.80
] ) 5.699 | 3.8 e .
o 34 . 6.48 - 3.4 L )
. o ® M 5.?‘?‘ '400 \\. "';//
- 3 ) ° . l. . ?
The first entry is an arithmetic average of the c and'd-level values from
Table D-6. *The second is the value quoted by Guntsch. Balfour gives
' : y;
- , . B! =6.093 cn”' and D! = 3. 57 x 107%m™1.. For Guntsch data alone, the . .
present analysis yields B" = §.0928 ¢m® =1, ;0 = 3.64 x 10”% ! and
. -8 -1 . o i v L \ e
H' £ 0.89 x 10."cm . . . A , e ]
'] [+ X} ‘ 0, ,\ B
The effective rotazonal constants usgd to mconstruct P,Q and R B
branch lines that are  Usted in Table D-2 were conputed by least squares .
fitting of data to Eq (D~16a,b). A fixed value for A and an assumed value
~ .
of. B were used to provide Y values for the ﬁrst fit. Then tﬁe 1east
squares procedure was iterated ( for changed \ﬂﬂl ‘each estimtor of B v
; aIthough A, was maintained constant.) until differences ‘were néghg[ble
between ratational constants evaluated upon successive ftinﬁdni. | -
o Table D-6 contains effect1ve retatdonﬂ constants for the ¢ and d Q‘: r'




' - - . . i ’

. oo : .. :
_ 3 . B :
’_/ N N . = L]
- P 2886
. . .
L3 ” ¥ : -
.

~

-

o . a o ',; . i .
during the averaging that takes place in calculating a)F 5(N} and in

part-due-to 1ncluston of H - and yv-dependent terms in the soTutions of

Eq {(16a.and &), ‘ R '/
4
It is customary to quote the arithmetlc average of the effect1ve

2 A-component constants as the “true“ value of B v’ etc. This is done f‘ ’

" in Table D—7'where Guntsch‘s results have also been included far com-

parison With the. exception of B the agreemen; 15 qud te satisfactory,

%

The discnepancy between B' vaTues may - be traced to Guntsch's failure to

include an Hj“term in,his\anaIysis. ‘Clearly, the present estimate of -

‘e

B, is quite close to BaLfdu‘r:ieétimte OF ThAt quantizy. Wad the }5 -

term been omitted, th9 present treatmenf uould have yie]ded a fit to

Guntsch s data with B}= 6. 0846 3 o 0012 ) ; D)= [3 a7+ 0 eoeslxm'4
R ' 1

. cm and a standard error of estima;e equal to 0.23 cm

_ re11ab1e estinates for the band or1g1ns. vg. I his uork, Guntsch had

'The upper state B -values may be represented by e
= 6,1825 - 0 1723(v+1/2) -.0. 0074(v+1/2)2
with a reproducibi]ity of 6 units in the third dectmal place

o S ———— e = e g e A

je

D.3.2 2n State Vibrational Analysis T T
]. ) ) '\’- . q& ‘ . ™.

*** The underlyrng purpose of“ana&ysfng the 21 state was. to determine

-,

" .subfacted rotational term values from P-head measurements to yield two .. "

yalugs of vofor each band. Khan, in his renquraisal of Guutsch“s thesfs,

gave v = 19234.5 ) as the systen origin and Morse constants Yor both |
upper and°louer vibrationa] levels, Some doubt existed ‘that the Morse R
mode] cou1d give an adequata representation ef the Hgﬂ A aad X states.,l~ |
Therefore, orﬂgﬁns were derived for all tha ﬁauds;ﬁuntsch hadqmnasurnd

Pl % ~ . " . f N 2 . ;‘;l»iié ,
° - V5

. o .o
- . “ B Ct . JA
R R " . ‘ . e ooa RN
v R ! - . v .
L] ' - i .
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and vibrational constants for the Pi state extracted from them. The
. . - . 1 :

origins were determined in the following manner.

quantities avi(N) and av°(N), defined by Eqs (D=18a,b), we

. computed. °

ol = vo + 3 ) #ES (w) 3 ., (018
: 7{ [R, (V1) + FE(N-1). T + [Ry(H) + F3(N) 13
= 1O TP, (W1) + F3(W1) 1+ [P,(N) + Fa(N) 1)

- i ’ T e " . \)
aC ()= LS g' -1 ‘ (n.iab) -
> 2'{ [Q] (N) "' Fu(“) ] + [Qz(m‘) "' F"(N‘”) ] } ! : °
T . \\ .
\

(Note that Av (N) and Avc(N are. Tem Va1ues fOr thh [mean of J-doublets. )
'These quantities are re]a d to- the Pi state effective mtat'ionaI constants (

through _ : '.' - ) s

- b shrtwr - 11~ AT )2+ JgT @oetoy
' 4+ H [(N+'I)6 1§{N+1) TE{"+])2 1 ] o .

when the _up;;er snate rotational t&Pwm:values are given by Eq (D-15).
Previously, rotatfénai"analyseﬁg &u'xjm that terms in Y, were negH ibte. -
Therefore,'a'vleast squareg treutme‘nt,nerfomem’ctna"for each gv' | ")” -
band separately;using Eq (D-19) yie‘l&ed estimates of vy and of ‘the Pi..

state rotational constants simultaneously. Houever, all these quantities
are sensitive to values chosen for the Sigma state rotxtwnal constants

(Eq (D-18) stipuhtes the addition of.calculated ‘mtational term values

for the 1ower state to the measured 1ine wavenumbers. ) 1'herefore, to :
maintain consistency, the band or1g1ns were evﬂunted using for the Sigm |

state only these rotagional constants uh'lch are pr'esented in the ConMneﬂ

6
~

-~

[P




" Table D-8. Information on the first page of thattab]e refers exclusively-

page of Tabie D-8. On that page, band oriéi—ns bas;d upon the measurements

due to Guntsch are compared with those derived from Balfour's data and

data sectiton of Table D-3. - Resulis ot this analysis_'are presented in

to data of Guntéch. None of the bands considered t'heré have been
;neasux.‘ed' tn;'such large N-values thabt evaluation of an* H:, term was justi-

fied. H/ terms are required for those bands considered on the second .

L]
other estimates basnd upon the combined data of both observers.

Origins derived Wom Q-branches_ agree very well.with those found

. . estimates differ by 1.4 cm",_]..m<lLalso>appears,‘ from Table D-8, t’h‘a‘t* :

" from P and R-branches in tne'v"-progréss'ions having v'=0,1. - Agreement

is not so good for bands originating on v'=2. The greatast. tﬁsaéree-;’

ment in origin location occurs with the (3,2)-band for which the two

1

there is a systematic difference of 0.157cm™" between the (0,0) rotational .

1ine measurements of Banour and Guntsch Therefore P‘[ state results

based upon the combinatwn of data sets are of questionabie vabidity

[

for the (O 0) band For this reason and because Balfour ) measurements o
extend to 02(48) wh1 le those of Guntsch terminate at Q2(38) At fs
reconmend!n that vgobe taken as 19284, 70 o -, ,

‘Estimates of- B,s D, and H: contained in Tabu/n-a are 4n remarkably

/

good agreement with those located An Tab]o D~6. Cons1der bands originat-z- :
ing on v ‘=] or v =2 for example, The nght ‘changes in Bz md 81 estimtes

®

with v!* gives an indication of the small effect that the chofce of S'lga

state rotational constants has had upon the P{ sto,u cmstmts. As the
rotational cons&\;gts, 1isted 1n Table D-6 were not Lsubject _tg 1,nﬂ,uenge,

T

by the choice ‘nf 25 sta'tfé' constants while those present inr Tgbf_gd)-& |
were and because the two sets of values dre ‘so nearly equal fo given v!, .

1 : »

Y - ".dj'.l
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it i§ thougﬁ\\that*izgégand origins are of ébnsiderablegprecision o ‘
Except for the (0 0) and (0,1) bands where Q-branch estimates were +-

.used and the (TUO) band for wh1ch the P and R branch estimate was used,

vo Was determ1ned by the arithmetic average«pf the two available estimates.’

Ths:re§u1ts of these ca1cg]at10ns and aG{v+1/2)-values dqrivab]e from

them are Set forth in Tab]é D-9. Uppef state tibrationa1 constants that

satisfy.Eq (D-13) or the Morse model” are compared in Table D-10 where

it is seen that the vibrat1ona1 term va}ues of’Guntsch are 1.8 ci\'r'I

below those found by the ‘author, This agreement is very satisfactory

v‘(’

As Tn the Zr case, the two Mo¥se fits are essent1ally equ1valent and-

both Tie consistently below the G(v) vs (v$1/2) curve that describes the

<’

vibrational-potential.in terms of theipggsent shree term fit. .
TWo estimates of the system or1gin, “e’ were obtained for every '
band entered in Table D-9 - one based upon the three term fit the

“other upon Morse fits. ( The Morse«derived values exh1b1t much more

"’

.

scatter than the others.) An arithmetic average of all available Ve

»

estimates of a particu]ar type locates the system‘orhgin at

' - ve= 19226.8 cm -1
1

@

= Three term fits té.G(v?

o ve= 19236. 8 o™ - Morse fits to 6(v) .

« above the bottom of the xzz state potentia1 well " From these vaTues
of Ve and the vibrationa] constants derived during the course of this p
study. origins for all bands with v'<4 and v"<4 have been calculated and

. g
listed in Table D-11.

" D.4 Reconstruétiék‘éf Rotational line Wavenumbers

~ The syﬁthesis of micrbdens1tométer traces - considered in'phnptér
8 - centred on the Av=0 sequence of the MgH 5211'i_system. Tﬁittqlly,4

. - . -
‘ . . c
s " t



Déslandres Array of ‘Band Origins (cm']) with AG(v+1/2) for MgH A2n - x2gt

PO

TABLE D-9”
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Predicted Band Origins (cm™!) for MgH A= X2z* sPatem -
Comparison of Three Term and Morse Fits.
0 :

vll

] L]

2

IR UL 1 2 . =~ . 3
|0 {19284.70 (1432.00) 17852.70 (1368.65) 16484.05 -
(153.7) (1534.60) (1534.58)
1 |20819.4 (1432.1) 19387.30 (1368.67) 18018.5§X . '
o 7 (1466.2) (1465.9) o
2 20853.5 (1369.0) 19484.5 (1301.4) 18183.1
E | (1408.7),
3 ' 20893 2
» TABLE D-10 .
:i’ .
21’ State-Vibrational Cénstants and G{v) Values in cm’ -1,
. - Comparison of Three Term and Morse Fits.
" This. Guntsch This Khan
- Work _ Work’ (Morse)
7 _(Morse) . o
o, | 161400,  1611.3 1595.6, . 1598.4
wexe | 42.7, 40.5 B4 31.9
wgye | 1.8 1.4 - -
6(0) | 796.56 795.70 . ©.790.0 v 791.2 «
6(1) |2331.16 2330. 55 2322,7 .  2325.8 . 3
ngg 3797.16 3797.00. 3792.4 . 379.6 ‘
6(3) 15205.86 5203. 45 5199.3.  5203.6 -
TABLE D-11

3

19284.7
19284.9

20819.3
20817.6 _

22285.3
22387.4

23694.0™
23694.2

17852.7.

“17852.3

19387.3

-19385.0

20853.3
20854.7

2262.0
2261.6

16484. 1
16484.9

18018.7 .
. 18017.6

19484.7

- 19487.4
20893.4

20894.2 |

15182.7 - Three Term
- 15182.9 - Morse Fit

16717,3 . . “. .-
16715.6 .

18183.3
18185.4

.19592.0 S
19592.2 ‘y
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) it was‘assnmed that reconstruction of lines from bangfs' involving v<4

would be reduired. ktcwe\rer, Guntsch's measurements for the (2,3) and

" (3,2) ban'dk contain all the information available about the vibrational

levels v"=3 and v'=3. That dat# is rather skimpy bartl‘cularly ~‘;or the

(3,2) band in wnich combfi'nation differences with N<8 cannct be evaluated:

and for whic.h Q-branch(consto.nts are baeed upon data having 10<N<18 It

was felt that wavenumbers for lines of the (3,3) band co{l]d not be . N

- - 293

calculated with a precision comparab1e to that of the other bands in_the

E

+ sequence. Consequently, wayenumbers used in the synthesis w_ere determlr;ed

onTy for lines of the (0,0),(1,1) and (2,2) bands. The effective origins

P Y

4

that were used in cqonjunction w;ﬁth the rotational constants of Table D-2

are voo= 19284.70"cn -1, 11=19387.25 om™ and voo= 19484 90 e},

Hg\wnumbers of mtat}enal Hﬂes%etermined by this recenstraetieﬁ—
agree with the availaifle measurements to the precision 1ndicated _in Table
D-12 Reconstructed line waven%nbers for- -the Hain Branehes of the ({} 0y~
band are 11sted for O‘NcSO in append'ix A, Table 6- 2.

: ) A . : . L
0.5 Further: Imgrovements’ in Line wavenun_lgler Reconstruction

’ I

ﬁ A better correspondence between reconsﬁucted and observed rotational
hne positions must await observat1ona1 data ¢f higher -precision More
precise values for B D and H cannot be extracted from the avai 'lable
measures. The vibrational. constants. in particular need further refine-

ment. Currently their Values hinge, on frabmentary measures of the (3,2)

. and (2,3) bands. "Other bands having vad should be me’asured to put: the ’
" vibrational analysis on a firmer footing. However, as the MgH A2n - Xzzf »

- o’

sequeq:w’ great, o;er;lapp*lng. measurements of even the (3,3) band

* - o



L

TABLE D-12 _ . |

- - 7

- Reconstructed Minus Observed Line Hivenumber§\
for the Main Branches of the MgH 5211A system

. Band | \‘-j-
(0,0) (1,1) (2,2)
- e ——
(0 3 cm R] DQ] sp'l st ’PZ R] ’Q] ’P] R] 'Q] ’P] ’QZ
~0 4 cm -, Q, ‘

Mean, _
Deviation

- 20.6 cm'1 - M‘4~_.___—R2+Q2+E§-————————~Ré422~ﬁﬂw'*'-*

AN -
AA)

will_require the use of spectrographs having ' plate factors about ten_

R

-

/*ttmes—those~used~by~ﬁa%four—tnd~6untsch‘ Balfour-states-that his

mgasurements were made upon plates with a reciprocal dispers1on ~1. ZA/mm
Consequent1y a plate factor of 0. 15A/mm would be an appropriate choice

for obtdining data ‘of the requisite precisionﬂ
‘ ‘ .\/
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