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~ ABSTRACT

A theoretical investiation of steady radiation
fronts‘wasmcérried cuf‘for~thekexperimentally realistic5
Situation in Whichcioniiing Or%disscciating:radiatiOnc
passes fhrOugh~a$tran§parent'window intoﬁan"absorbing
,gas, It was shown that flve dlfferent types of rad1a~
tlon fronts may occur dependlng on the ratio of photon
flux to absorber den51ty. It was p0851ble to calculate
the flow in each case prov1ded the final temnerature

behxnd the radlatlon front was assumed ThlS final Lempe

‘erature may be calculated if the structure and all rew

actions within the radiation front are taken into account

An analytlc expresszon can be obtalned 1f part~
icle mot1on andurecomblnatlon are neglected‘é and ihe'
radiation is assumed to 5e monochromatic. Thiskidéal‘,
case corréspondscclosély to a weach-type radiatiog'front
cA fifst orderarelatiVistic7correcfioncindicates that thé
'w1dth of the front docreases as.: the ve1001ty of the front
approaches the speed of llght | |

In an,assoc1ated,experimentp radiation fronts in

 oxygen and  iodine were;produced'by:an intense light pulse

~from a ccnsfricted‘arc. The experiment in jiodine demcn~

strated the beginning‘of“thecformatiOnka a radiation
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front durlng the lo/asec llght pulse. Radiation 1nduced
shock waves ‘were observed 1n oxygen after the decay of
the llght pulse These Mach 1, 1 shocks were con51dered

theoretlcally as unsteady one~d1men51onal flow and were

‘, treated by the method of characterlstics whlch was mod~'

dified to include the energy 1nput The agreement between

the theoretlcal and experlmental results was satlsfactoryo
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CHAPTER I

INTRODUCTION

 ‘ 1. l The Problem

In most plasmas produced in the laboratory,
radiatlon 1s conSLdered an unde51rab1e~energy IOSS'mech«
anlsm, of lnterest only to spectrosooplsts for ana1y81s
of +the condltlons WLthln the plasmas.f However, absorp—,
ktlon’of radlatlon may be used t0~produce‘§lasmas.v;Thisr~~
'Was'first illustraﬁe& by Strgmgren (19%9) in his inves tlg-
atlon of expandlnﬁ HII regions in. lntevstellar space.‘
These HII reglons are. produced by a hot star mmltrlng
1on121ng radiation 1nto a rarlfled cloud of hydrogen atomse
Kahn (1954) and Axford (1961) have_made extens1vektheore
etiéalfétudies of the radiationffvohﬁs which preSumébly
oceur et the edves of these H IT reglons. ” |

Wlth the advent of the glant pulsed Jasers,,Lﬁ
has become p0581ble to study radlatlon produoed 1aser
'spark plasmas in the 1aboratory.' Follow1ng the early
: Wka of Raméden and Savic (1964) therekhas‘been,a.fiood_
of‘inveStigations~bf the breékdde meéhanisms~and dyﬁamics 
bf‘thése laser sparks;  The abéorption.of the radiafion

in this case is of a special nature and does not correspond



' to the single photon absorptlon mechanlsm. It is, there»k
fore, perhaps, surprlslng that these laser sparks exhlblt .
propertles of detonatlons or Chapman Jouguet waves whlch

is a 81ngular pornt on the manlfold of radlatlon fronts

o lwhlch Kahn predlcted to eXlst.

Let us cons1der the 51ngle ‘photon absorptlon mech-
“anlsms which occur at ‘the. edge of B redlatlon produced plasma,
'When 1on1z1ng or dlSSOClatlng radlatlon is 1noldent upon an
absorblng gas, a radletlon front tends to form and propagate;-
1nto the gas such that ahead of the front the gas is in its
orlglnal state whlle behlnd it the gas 1s Lonlzed or dlS-
socrated (1 e. a plasma) Behlnd the»redlatlon front‘the gas
"ls at a con31derebly hlgher temperature and there are more
' partlcles per unit wass than aheed of the front. The result»
ing pressure gradlenu across the radlatlon front may result in i
considerable motlon of the plasma | |
Most of the phe@retlcal work in the 11terature on
radiation fronts dealsfwlth 1nterstellar‘H,II reglons,and ‘
"oonseqﬁently, the eqﬁations asedﬁere’expreSSiy adopted for
'conditione‘feund in interstellar space,  One of thesek
‘equatlons which 1is used by many workers ie'e relation:betc
ween the parclcle denSLty No, the photon flux Fy, and

"the,velocity~of”the‘radiation front,vr (e.g. Goldsworﬁhy

- (1961)). \ L e - : o
: : 2w Fu

This relstion assumes that each photon ionizes (or

,dissocietes)ieXactly one particle'andQ#:<<Y$ ) whereC/is;

the speed of light (see section 3.1). Since we wish to



conélder recomblnatlon and. collls1ona1 1on1zatlon, we
»elntroduce a coefflclent 5, whlch is the average number of
| ‘photons requlred to ionize one partlcle. “(We shall con81der
| this coefflolent in more detall 1n section 3.2). ; |
We thus write VE = 5ﬁ30 . o e 1.1
: The termlnology in thls thesis has been adopted

from the deflnltlve work of Kahn (1954): »,Supersonlo radla§~ |
tion fronts whlchfcompress the gas~weak1y are called weak -
R~ type fronts Sane they occur if the radlatlon front prop~
agates lnto a Rarlfled gas. Subsonlc radlatlon fronts Wthh
‘heat and expand the gas are called weak D type fronts since
they ocour if the radlatlon front propagates lnto a Dense
"gaq. Raalatlon fronts acvoss whlch the flow switches from’

supersonlc to subsonlc are caTled ctrong R~ bype, whereas

fradlatlon fronts across whlch the ﬁlow sthches from subsonlc‘ o

“to supersonlc are oelled stronv D type fron‘tso fihese only.
oceur under very speClallzed oondltlons, end are not encounmi

‘tered for the condltloae descxlbed in thls thes;.s° -Ink

- general, weak R=type radlatlon fronts occur when the ratio

~of radlatlon flux to partlcle den81ty, FO/N is 1arge com-
pared to the speed of sound - behlnd the radlablon front and '

weak D type fronts occur when this ratlo FO/NO is small.

/'CondlthﬂS 1n the Mlddle between these two extremes where

the ratio FO/NO is of the order of the speed of sound of

the gas behlnd the radiation front arefreferred-to as M-type.
The singular point which:separates the’M»type and weak
R-type cond:tlons is called R-critical and'the pOint‘whiCh’

separates the M- type and - weak D- type condltlons is called



: - D- oritical In both of these 81ngular cases, the radlatlon
fronts propagate at exacﬂy sonic ‘speed with respect to the
gas behlndfthem, Thls scheme is 1llustratedk1n Fig. 1.1

fbelow,l

R-crltlcal ' o D-critical
weak v ] weak

~ R- ’cype‘ M-type o - D- type
, ; L ~ Wo/Fq
o PFig. 1.1 Class1flcatlon of condltlons enoountered by
: radlatlon fronts.

The reader may be famlllar with a- cla531flcatlonv
of" 1solated dlscontlnu1tles in the llterature 1n which the
~relat1ve ve1001ty, \4 is compared with the 1oca1 speed of
sound,ao U31ng the subscrlpts 1 and 2 to refew t0 condl»

tions ahead of and behlnd the radlatlon front rmspeculvely,

k,thls claSSlflcablon way be convenlenbly tabulated as follows,~

oyweak ".;crlblcal ‘ *strong

‘s : U< oy i Cr LAy L ay
D-type | 25 <a, : =, 1 2o >az
T Yi>a, | A a, Y > O
R-type ‘Zf:>az | 2 =as Yz < Az

In thls theSlS, we WlSh to mgke further theoretm
llcal aad experlmentel 1nvest1gatlons of the development
and propogatlon of radlatlon fronts and phenouwens assoo«‘k
1ated,w1th such fronts. For this purpose, we consxder an
ljexPerimentally realiStic'SLtuatlon in which ionizing or
disSOciéting fadiation passes’throughfa transparent window‘
into a semiuinfinite'tube containing the absOrbing gas.

- The boundary~conditions forkthis situaﬁion,permit‘unique
soluta@ns to be obtalned. These experlmental oondltlons

dlffer from laser spark experlments in two ways. Flrst,

* Measured in the frame of reference of the closest discontinuity.




 the‘radiation front is considered in plahe gedmetry.~‘
Secondly, the incident radiation,may'haVe any'frequéncy
distribution and is of long time"dﬁra-ti'on., e
 Cbrrespondiﬁg'to this ideéliZed experimental Sit~
uation; 1¢t'u3'conSider a tube,COntaining No absorbefs per'
‘,unit volume with absorption Cross sectiOn?<(v),~Whiohiare~
:y,dissoci&téd'(we‘use the térm‘dissociation generally-to'
klnclude 1onlzatlon) by photons ln the frequencv 1nterval
v toz/g . At tlme t =0, & steady parallel beam of Fo
\photons/xbmzsec in the 1nterval‘$7tozé,anQ‘wlth:average‘enerm,

gy*<%é>is.directed:iptb the absorbing gas,ksee Fig;,1;2.’

<transparent | V'Iadiétioﬁ
Y\\\window ﬁ ////_‘front

( Ons) R B absorbln{jr gas ‘
c :

m-sec No (cw”

A

~Pig. 1.2 ~Hypofhetical experimentalfsituaﬁibn;

Akradiation frbnt will form and propagate away from the
window into the undisturbed gas. According to eq'n(l.1)
the ve]ooltvx& of the front will be propOrtional.towthe
ratio, of the photon flux Fo to the parvticle density No,ofk
the absorblng sas. It is one aim of this thesis to show |
that the properties oi the radiation frount which d@ve]opo

depend critically upon thekmagnltude of gp’compared w1th o
the speed of sound behind the front. ‘



We feel thatﬁwith‘the comp1eti0nfof this %héSis9 ‘

we have achieved three major points. First, it is now poss-

:ible'to predict themflow pattern for Ahy value ofrFo/Nofihv
this eXpéfimental.Sitﬁafioh“and (by assuming‘a reasonable"
temperatu"e behlnd the radlaulon front) to calculate the
ve1001tles and thermodynamlc quantltles a95001ated with the
:steady radiation front This was not pOSSible from the

existing llteratureg where due to the 1ack of definlte

”,kboundary conditions only general statements about the poss-f

ible fronts had been obtained, Secondly, we have p01nted
out that the flnal temperature ‘hehind steady radlatlon

Ironts can (at least in pr1n01ple) be. obtalned from a

detalled analy81s of ihe structure of ‘and mochanlsms occur"”,

r1ng~w1th1n the radlaplonxfronun A Lnowledﬂe of this

- temperature makes unique solutions p0531blea‘ Thlrdly9 the

experiments performed here, indicate the existance of rad=
iation fronts in agreement with our theoretical investigations,
For this, we have modified the theory of unSteady'onewdimen~f

', sional flow to inélude'energy input, The method of character—

'istiCs at fixed time intervals or.the method 6f‘finite
. d1f£erences may nov be applied to predlot the flow for any
;developlng or unsteady radiation front and for any tlme

"varying photon,flux, Féo




 The main requifemenf fbr'an eXperimént;t6 observe-~
‘radiation fronté'in thellaboratorykisyan éxtremely intense
light sburce which‘radiates a large number of photoﬁs,in-'
the frequency 1nterval in whlch the test gas has a high
lphot01onlzaulon or . photodlssoolatlon cross section and
”, whlch radlatesffor as long a perlod of'tlme as poss1ble. 
Our llght source was an arc whlch was forced t0 pass through

a narrow channel in & polyethylene rod 31m11ar to that

~_~desor1bed by Bogen et al (1965) ThlS source radxated with

an effectlve black body temperacure of the order of 105 °K

,for-a period of 1O/ﬂs_eo° Iodlne;and oxygen which have large
T ) B ’ ’ ) > g o

‘photodissociation cross sections in the region 5000 A and

o o LT . ! o »

1420 A respectively were;used ag the absorbing gases.

1.2 An_outline of the thesis

: The thesis consists of two main sections: a théo¢§fk
etloal 1nvestlgetlon of steady radlatlon fvonts and an |
experlmenual partek | ;

_In Chapter 2, we list the varlous steady radlatlon
fronﬁs th@h we,expeot to occur and then we develop the
équations necessary fo deScribe the flow for each case.-
Thére'is always one mOre'uhknown,than equations. _Thus, in
- oxrder to obtain’unique solutions, it is either necessary to

'assumekthé‘final temperature behind the radiation front dr
to calculate the detailed structure of the front. |

| ln‘Chaptér 3, we carry out the calculations for a
’simplified model,” Also;.by assuming‘the.final\témperature, |
vie calCulate;the flow for‘éach of thefcases which are ex- |

pedted‘to ocgeur. In Chapter 4, we outllne how to obtaln the
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detailed structure of a radiation front aﬁd,the temperature
‘behind it. | k |

’The radiatién_souroe‘is described in Chapter 5.
1*Experiments and resﬁltS'aré‘discuséed in Chapter 6.
’In,prder:to undérstand‘detaiIS‘bf théyexperimental~
 resu1ts,’iﬁ Chapter 7, we devélop;the”theory of unsteady e

oneedimehsional‘flow With‘energy~ihput and apply it to the

temporal development of the shock frontskQbserVed]experimens L

 tally.
‘ The main results of the fhesis are Sumﬁarized,ink ‘

Chapter 8.




CHAPTER 2

BASIC BQUATIONS AND _ASSUMPTIONS

kkIet ué'now‘considér in wore detall,; the experi-
mental situééion illustratedvin Fig 1.2 for'variOusﬂvalues

2.1 The,ﬁOSSibleqtybes/of £low
We assume that after a certain 1eﬁgth of time,~a
‘radiationifrOnt forms and that the flow associated with if
'épprbaches'a Steady state.¥ We then may treat the radiation
'fﬁOnt as a Qisoontinuity'aoross whibh the‘standardkCOnsgr—
vation equations of nass and’momentum may bekapp1ied§ The
energy eQuation mustbbe,modified to ihclude thé radiant,
,énergy'absofbed wifhin the frbht; Thus, the problem way
beyfreéted‘as steady ohemdiménsional flbwkwith energy‘ihpﬁt°
| For values of FO/NO either 1argé or smail compared
With thekspeed of sound behindkthe'radiation;ffont, a4
(we always use'fhé;subscript 4;td refer'tO’quantitiGS'ben
hind the radiation front) thére‘is no difficulty in predic-
ting the‘type'ofyflbw‘Whibﬁ‘Will‘Qccur,, Ebr FO/NO>§>a4,
.;_the‘radiatidn'frbnt~pro§agates S0 rapidly thaﬁ the parti-

cles do not have an 0pportunity to react to the pressure

% ThiskaSSumptionris never sfriétly trueé its:validity will
be discusssd in section 2.5 and the following two chapters,
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gradient’acrose the front and coﬁsouently, there is only |
weak compreeeion and 1itt1e~partiole motion beh;pd the front.
k'eAt the other extreue, FO/NO<<ie4, fhe particles can,end‘dq
react to the préssure gradient. The compression wave over~1 
‘takes the radlatlon front and becomes a shock whloh propa- |
',gates ahead of the radiation front The radiation front
in thls case is an expansion wave 81nee the gae entering:
1t is in a compressed state and is heated and expanded as
it passes through the front.

: However, conceptual difficulties arise in the
’trensition region Whefe Fo/Ng=~>ag. TLet us envisa#e what
,occurs ‘as we decrease the radiation flux o from a value
at whlch VF’ FOA;N07>-a4¢ The various cases are 111ustrafed
1n Flg. 2.7 Inltlally, the radiation front will propagate
supersonloally with weak compreSSlon and 11tble parblole
motlon, as dlsoussed aboveo Since there is o small_drlftf
 veloc1ty Vp 1mparted to the particlee passing through the
'ffront a rarefaction wave will be set up (see Flgo 2. 1)
whlch eventually brlngs the partlcles to rest. The head
~of the rarefaction wave travelg at the speed of sound rel-
X afive ﬁo the particles entering (VH p+a4), while the
tail travels at the. speed of sound of the stat1onary peruf
tleles behind it (Vy = a5, where the subocrlpt 5 refers to
| quantities behind the rarefaction wave). Foliowing Kahnk
(1954) we describe such a front as weak Rmcype (weak com~

pre5810n wave) followed by a rarefactlon wave.
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As the incident radiation flux isfdecfeased;_We
kevenfuaily reach a point‘where the front travels at<the
speed of SOund:relative to'the‘gas‘behind'it-(Vg = foa4;
; where Vp is the particle drift Velocity).f The head of the
farefaetiopnane travels with,the sameespeed and is in
conjunction @ith“the radiation'frdnt. This is called'aﬁe
:R—critical,front.' |
',If‘fhe'ihtensity,of‘the‘incidentkradiation'is
“decreased 8till further, a shock wave travels ahead of the'
front oau81ng the gas between the shock and radiation front’
kto bewoompressed and heatedbk The slower mov1ng radlatlon :
i,front now enters a gas of higher dcn81ty, the gas passmng
 through the front 1°‘heated &nd expanded We expect the raTE -
faotlon wave to follow the radiation front 1a the same
manner as in the R~ crltloal cage. In this case, we adopt‘
’the termlnology "Mmcrltloal front preceded by 2 shook weve“
| As we further decrease the radiation lntenelty, the
;veloclty of the radlatlon front decreases until 1t equals
‘ the velOOlty of the tall of the ranefactlon wave. The rare-

faction wave is thus megged thh the radlat;on front. kThe_

s fpont travels withkthe sPeeq'of eound,'a4, relative'to the

gas behind it whieh itgelf is;s%ationary in the 1lab fraume

-ofkreferehee (sz ag) e 'This case isg calied e D-critical

front preceded by a shock wave. : |
Flnally, for still Jower values of Fo, we have the,

low ve1001ty extreme FO/NO<<a4, in which the radiation front
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“travels at SubSon;c speed relative to the stationary
particles'béhind it (Ve a4) and a shock front'pfopagates

c ahead of it. The discontinuities appear in the same order
as for the D—critical case. We call thls a weak D type
front preoeded by a shock wave. _ ,

We note that 1n the above scheme, there are three
regiohs of solutlon (weak R-type, Mucrltlcal,vweak'D~type)
separated by two p01nt solutlens (R-critical and D- crltlcal)
Two other types of fronts, the strong R~ type and strong
D- type, which we mentloned previously and wh1ch~are«men-r~
vtloned in the 11terature (Kahn (1954), Axford (1961)) do

‘not occu:c ln our case,

',2.2f Conservation eguations for a discontinuity in one-

- dimensional flow

We'havé assumed that the flow agsociated with the
radiation front reaches a stéady stafe such thaf the radﬁy’
iation front;may;bé considered as~a discontinuity aoross
~ which the conservaﬁion equations of mass and momentumiand
the modified energy equation are valid. We label all
quantities immediately behind the radiation front‘wi£h the
subscript 4, see Pig. 2.2, and fhe initial undis%urbed
"'quantitiésrcérry the subscript 4. Similarily, the sub-
script’2 refers tokquantities,behind the shock front and
subsbripﬁ % refers to guantities entering an M-critical,

Dwdritical‘or weakkDatype front. The thermddynamic
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ferent in thelr respeotlve frames of refefenoe * If a
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rarefactton Wave ex1sts, thefquantltles behlnd 1t are 1@«'

belled with the subsoert 5

In the frame of veference of the ﬂTSCOHtanlﬁy,

the conservation equations of wass, momenuum and energy

may beywritten as'(eog¢_for an R-critical or wealk R-type

front)

T = s

%%; = 4 7/

A /
< N

L% Compare footnote on page 4.

ot 2,2
=4, + 5" . 2:3
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v (cem/sec) is th@ velocity of the gas pawrticles relative
%o the1discontinuity,y’(gm/&m3) is the»maés’density; P ’
(dyﬁesﬁnnz)‘is the pressuré, h (ergs/gm) is the enthélpy‘
':;and W (ergsﬁmnzsec) is the energy flux whlch is absorbed

by the gas. W is deflned by y

W o= /,</w>——— / Aﬁ//,/)a,j,/ : 24

We have neglected the radiation pressure in eq n (2 2)
 Sane 1t is negllglble for any cages that we oon81der,;

With proper oholoe of the indices all dlscontlnuuiy
itieé 338001ated w1th the radiation front can be descrlbed
vby these oonservaﬁlon equatlonso ‘For an MACIiTical‘ D«k |
crltlca] or weak D type front the 1ndlces on the- rlght
hsnd side of eq'ns (261) to (2.3) have to be changed to 3,
(compare Figs 2. Z(a) and. 2. 2(b)) kForyshooku which precede
the’radlatlon front, the quantities on the left hand sidé
B Of’these éqﬁatiOns afe'labelled with fhe subSCripf g‘éndf*
the energy flux W 1s aero,_ These ccnéerVation equatiohs;
however, cannot bo applied to rarefactlon waves which are
treated in the next sectlone B S

Fronm these oonservuulon equations and the equatioﬁ
kof state, see secflon 2.4, it is possible to express ﬁhe
compw6381on ratlo in terms of an effectlve adlabaﬁlc
-exponenty g (Lun‘k1n(1959», For an ideal gas g is andlom
| gous to the ratio of specific heats 5" (see Zel'dovich and
Raizer (1966), p 207). The value of g varies beuween l 06:

and 1.7 and often may be estimated qulte accurately a priori.




\

ﬁﬁ—-/ /U’—fﬁ// w

16

Ahlborn and Salvat (1967) show the compre331on ratio (for

‘an R-critical or weak R- type front) is

/ o )Wf 4;,5 7|
7 P/

4 v oA
—Z— ’/+Zf

zZ ‘j’/f 1’7/ ’

25
: Where,we haﬁe used thefequatibn of sta%e,in thekform'
‘h = (g/g41) (P/f) to eliminafe'the‘enthalpy from the enérgy
| equaﬁion (Lun'kin (1959)) Note that eq' n (2.5) has two
~roots Slgnafylno the mathemaﬁlcal pOSSLblllty of two d1f~
‘ferent compressxon ratios. The negatlve root correspondo -
~to the weak R ~type soluﬁlon, the p031t1ve root correuponds
- to the‘strong R~type solution which does;not occur in our
:Caseg"' . 3 | |

Wé have poinﬁed;ou% previously thgtlforythe Crifﬂ“
bical Caseé (R M and D~¢ritioal) the'raaiation front tfavels
with the ‘speed of sound, a4y relatlve to the gas behind 1%.
We refer to the quanulty ag as a thermodynamlc speed of
‘~sound gince 1t is defined as L . "
4_..,(g4p4/f4)2 S 2.6
,'Usually, the speed of sound, cs, is defined by a dnfferenw

tial along,anflsentrope

| e |
Cg:':::(%‘g)e : ) S 207

For é'polytropic, gas (p =, where iy g) this equation
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reduces o eg'n (2 6) In a plasma (e. g, behlnd a rad-

‘ 1atlon front) the 1sentrop10 exponentr" is not, in general
’equlvalent to the effectlve adiabatic exponent & (see‘
Zel! dov;ch and Raizer (1966), P 207);:however, it has beenu
Shown:by Ahlborn (1966) fhat the appréxima%eispeed of
soﬁnd giveﬁ by eg'h (2.6) differs byrless\than lO%’frbmA
'.more accurate calculatlons based on eg n (2 7) In‘thisy
kthesns we will use the speed of sound as deflned by eg'n
(2.6). i
‘ Wlth thls deflnltlon of the speed of sound the,
term 1n51de the square root SLgn of eg'n (2 6) becomes
';dent;cally zero,for‘the threevcrltlcal ca._ses° This yxe]ds

~an extra relation and simplifiesythe golutions COnsiderablye'

2.3 Rarefaction wayes in g onewdimensional £low

For “the boundary cond;tlons COHQ!@T@@ in thls thesis
Tast radlatlon fronts ave alwuvs followed by rareiaotJon
o waves. Though the propeftles of suoh waves are well known
from the lite:ature, Tor the convenience of the reader,
we summwarize tﬁe important facts in this section.
Consider a semi-infinite tube of gas closed at the

left end, travelling in the +¥ direction (i.e. to the right)

 with the speed Vo4. At time ¥ = o, the tube comes to a.

complete stop. What is the motion of the gas at the left
end? | | B

 This is the age old prOblem'of‘Riemann and the




18

solution is well known (see von Mises (1958) or Courant |
and Prledrlohs (1948)). A rarefactlon wave is formed Wthh
,Lcauses the partloles to decelerate through an expans1on |
fan as 1llustrated in Flg.,z 3 The head of the rarefaction
’,wave travels at the speed VH = vp4 +oay (where ay is the
kspeed of sound in the gas in region 4) the tall of the

wave travels at the speed, vy = a5. The expansionythrough
‘the rarefactlon fan occurs 1sentroplcally and 1t can be

4 shown that in an 1sentvoplc expan31on, the quantlty Za/(g 1)~v
(lS conserved at every 901nt along the expanSLOn (we use the
effectlye adiabatic ‘exponent g in place of the Lsentroplc,’i‘

- exponent 5")} Thus we may erte

| ;fj - ‘0‘ = ’k;jf/,”, 4/;’4 : ey 2.8
| ‘ For‘a po1ytropié gas the quantity p;”vﬁs oonserved;
hence’ | iy | ‘,. | | | AV ?
. ?5f95 *355 p4’/2 ,34 e | , = o  209>‘
. Wé‘now assumé g5 < 4k= g (an apprbximation which is noﬁ

generally true for a plasma) and comblne eq'ns (2 8) and o

(2 9) to obtain .
- e

B (%, 27 m)} _ 10
4 : g 2 e

To;obﬁain the‘temperature Tg we use the relation

7s _ & A Ms , 5 41
Tz T A G 4 @

where N4 and M5 are the initial and final molecular welghtg

‘ZE'Of the gas in reglons‘4 and 5
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Pige. 2;3 ‘?ropagation{Qf akrareféction wave

We have tailoréd Our tréa%ment above %o apnly
dlrectly to the rarefactlon fans which occur behind
’ M»crltlcai R-critical and weak R-type redlatlon fronts.‘
One may expect pvoblems to arlse when the assumptlon
'g5 = g4 is not valid and wnen g dlffefs markedly from )",
’;If,thlseocours, one,mustfuse more accurate values and

" iterative techniques.
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2.4 The;equationSyof state

: An equation of state relates the thermodynamlc
 quant1t1es such as the pressure, denSLty, enthalpy, tempe-
ayraﬁure, T, and 1nterna1 energ gy, & . Throughout this thes1s,’k
we flnd 1t convenlent to use several dlfferent forms ofﬁhe |

equatlon of state. ~We have already had occa81on to use the.

quatlon whlch relabes the enthalpy to the pressure and

' den31ty by meang. of the effectlve adlabatlo exponent &,

be ZE . e

‘”fSimilafily, for the internal enerey, & we mayk

"write o | e “ N
since 5¢:h_P/F°‘ We:noteAthat the Temperature;dges not eppear

iexp1l01tly in these equaflons, however, the adlabatlc eybon~ o
ent g is a weaL funoﬁlon of temperature and pwessure (or ‘
denSLty) For a monabomlc gas such as argon g wvarieg from.

' 1 67 at 300 °K to 1. 13 at ZQOOO °K, while for a diétom;c

gas such as oxygen it varies from 1.4 at 300 °K to 1.06 at

10,000 °K. Gurveélof'g (p,T)plotted Versus T may be found
for various gases in Ahlborn and Salvat (%966) and Kuthe

~and Neumann (1964). (See Zel'dovich and Raizer (1966),

P 207 for a different epproaoh ) ; ‘

The pressure in akmulnlcomponent plasm& may be  

written as,the sum of the partial pressures of the individual
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components,' ;
/7 =, o= = U ATf T k2e1¢k

' where for aﬁdiatomio gas the index j =m, @, €, 1 = 1,2,3;¢40

refers to molecules, atoms, electrons and degree'of’ioniw

zation_respeptiVely, N

; J ;
component, ijis the'temperature associated withAthe tran-

is the particle density of the j%

‘slatiOnal degrees of freedom of the jm‘COmponent and k~
- (=1.38 X 10”7 16ergs/°K moleoule) is Boltzmonn% constant.
The lnuernal energy,éi, is defined to be the sum
- of the energles ln the vavlous degrees of freedom of all ,
"the~components of the gas. TFor a d;atomlo gas g;(ergs/gm)
' may‘be written asf‘ : | w | 1

kkf« /gﬂﬁ/,+£ﬂ"§ 077_(/2)—/’//77&‘/'27’1)1“2 Ec ‘ 2’01,‘5,

]
ZJ‘ 2y 4//’[“.‘

,where the quantities Ik, ﬁj and Tj arekdefined~as in eq'n
(2.14). m (gm) is the mass of the j® componenu paftlcle,f
D (ergs) is “the dis SOOlatlon energy of the diatomic molecule,
K (ergs) is the ionization potentJal of the it stage of
lonlzatlon andi?a is uhe par%ltlon function of the Jm com=
-ponent excluding the elec‘troaso (The term conbalnlng;éa
.nges the energy 1n the Vlbraulonal and roteblona] states
OI the molecule and the eyolted electronlc states of the
atoms and ions.). The denomlnator of - eq n (2 n5) is the 
wass den81ty;f :EnJ W ‘ |
By comblnlng eq'ns (2. 14)and (2.15) it is pOSSlble

to obtaln an equutlon of the form of eq n (2.13) and thus
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obtain an éxﬁﬁbitéxpression fbrrthe'effeotiVe~adiabafio
exponent, g;‘ T@ 1llustrate, let us consider the gas in

fa dlssoclatlon front in oxygen 1n1t1a11y at T00m temper~
a‘ture° We assume that there 1s no 1onlzatlon and we neglect
~the energy ln the execited electronic states of the atoms
"and moleoules At room temperauure, the rotatlonal degrees "
of freedom of’the~molecules are in full excitation and
Contribufehnka‘to the inﬁernal‘energy‘bf fhe gas. The
,‘excitatioh of ‘the Vibratibnal degrees of fréedom-bécomes

apprec1able at temperature 1arger than 1000 °K ASsuming

',the moJecule v1brates as a harmonic osclllator the contrl- 

butlon to the Jnternal energy is glven by (see Ze]'dov1ch

ﬁand Ralzer (1966), p 181)

(h78) AEa 16
fm = m«% e, Bl

,'where for oxygen hW//k = 2228 °K° ﬂhisveXpréssion aséumes
that~the v1bratlonal degrees of freedom are in complete |
equilibrium wi%h'the trahsiational degrees of i‘réedom°

Ve may thus write eqin (2.15) as

‘ 47! - V ‘

e= (2 /vﬁyf——-'—-/ e

where M is the mass of the'oXygen wolecule (Memp=2my) and.

where the dégree'Of dissociation y is defined as

L A R
% 7’/'1,1—1‘—24477“‘ L - = 2017
~Similarily, eq‘n(2;14)may’béfwritten as

_ 5 ’ o | ; ;

F = //f';%) 7 i}]‘ PR : 2.14°"
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~where f— n ma+nmmm- (ng + zna) M.
Comblnlng eq ns (2.141) and (2.15! ) we obtaln an

'VeXpreSSlOﬂ for £ in the form
oA -/
£- /‘+z/)+(—7)/ﬂ)/€”””) %ﬁf)]
R /'/-? S

: where the term in the square ‘brackets corresponds Lo (g 1)7 -1

_2 13'

“‘of eq'n (2. 13) We note that in our siwplified example gy

is a funotlon Qf‘temperatUre and fhe’degree‘df diésocia%ion
'y only. In general‘«dhe should also include the degree |
of 1onlzatlon and invoke equlllbrlum relatlons or rate

equatlons to relate the various partlcle ooncentratlons

2.5 Estimation ofktheffemperature behind the radiation

fronﬁb

Let us’oon31der a non- relatLVJStlo wealk R tyne'
;frOnﬁ across which the conservatlon equatlons (2 1) to (2 3)
can~be applled If we assuwme that the-rate of energy in- |
'put W is known, then these three equations plus an equam'
'tlon of state and an equ:llbrlum relaﬁlon glve us fnve

equaclons with six unknowns Vs v4 7 47 pA,h4 T4 (One may
" : ) 9 5 ¥ $ ® N heatand

“argue that Vf = Vg is knoﬁn from eq?n’(1,1k hOWGVer,‘this‘
is ho he1p'sinée then the coefficient § 1is unknbwn,)
Similarily; if we‘considér any other typeVOf'front we alé
cways have one more unknown than equan‘lons° We wust, there-

‘Lore, obtaln a. further speolfylng equatlon or fix a parameter*

* for the particle concentrations,
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to golve the prob1em.
‘In order to obtain the specifying egquation, one

- must be able to calculate inwdetail'the'staﬁe of the par-

' "tlcles as uhey pass through the radlatlon front. It is

also neopssary to know the detalled struoture of the
?dlscont;nu1ty. In general, this is a formidable task since
one must oonsider the reaéticn rateskoccurring in the front,
’coliiéioﬁ and eXcitatipn}cross sectibhs, traﬁsitiOn proba-
| bilities, energy‘transfef by~means of radiation and g0
k7f6rth, In addition to the obvious complekity; we haVefa
further’problém'iﬁ‘that quantitative valﬁes}of many o£ fhé
1react10n rates, efd.‘are eiﬁher inaccurate’br‘unknowﬁ',
Tor the present, we will not attempt to obtaln
the otvuoture of the radlatlon front but Wlll, Lnstead
kshow how to esclmate or glve llmlts for the flnal temper-
'ature, T49 beh1nd the radiation froab A flrst order |
approxxmatlon to the temperature behind the radlatlon front.
may be obtalned by conSLderlng the energy equation (2 3)
If we oon31der' ‘dlSSOClatlQn front enterlngka dlatonlc
“gas at room temperature, the enfhalpy‘h1 is given by
'h1 = 3.5 kT1/W, where M is the mass of the molecule. The
entha]py behlna the front is given by h4 (SkTA + D)/M
-where D 13 the dlss001atlon energy and where we assume com-
‘plete d188001a51on bvt no ioniz a‘rlone In seotlon 3.2 we.

will show that the term W//qvy may‘be vwritten

M sehrs - 5 ogy
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Thus eq'n (2.3) becomes

3.5 XT/M + 3vq2 + a7 /M = (5k Ty + D)/M + %v4

whloh may be solved for the end temperature T4 behind a
B d155001at10n front ‘
S 3EAT # SKEFDS O+ M (5 S
'~/%’+ e e & i o . L 2.18

The correspondlng temperature for an 1onlzatlon front is

,2.5/471*5’-(47}'—.»5 +;Wa(fzﬁ—ﬂ2) | |
; : s PR IR 2.18"
. where B is the ionization energy and ma iS'the maéS'of
the atoms. From: eq'ns (1, 1) and (2.18) or (2. 19‘) it is
fev1dent that values of ? and vy are required to calculate
the final temperature. | |
One'oanwexpeoﬁ the'temperature~to be between rela~
tivély‘narrow limits. Por a dissoCiation'front the equi-
,.librium'temperature behind the discontinuity wust be larger
that séme'minimum temperature,’Tmln,‘at which’virtﬂally
all the partloles are d185001ated (for examp le; we arblf»
rarily as sume that v1rtua11y all " 1s 99.8%). For an ioni-
zation front the~eqvlllbrlum,temperaturey behind bhe ’ k
dlscontanLEy must be at least such that all the partlolesk
are still 1onlzed after: pa551ng through the rareiactlon wave,*
% Tnp fact, even if radlablon losses from the plaswa behlnd
~ the discontinuity are ignored, an equilibrium tenperature
cannot be reached since there is a finite probability
- of particles recombining even at extremely high tempera-
- tures.. On the other hand, if radiation losges are cons .
sidered, then it is not possible for the radistion front
~and the flow associated with it to reach a steady state
unless (perhaps) the radiation flux incresses in tinme
in some special way. Nevertheless, the concept of an

equilibrium temperature is necessary in the ”steedy
state“ approximation of radlutlon frontu,"
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For aydissociation front in’oxygén at atmospherickpressﬁre;
we choosé%T = 6000 °K at which temperature only 0.2% of
kthe gas is in molecular form and O. 005% is ioniged (Landolm~‘
B&rnsteln II1.4, D T17) |
‘ ~ On the othar hand, we can deflne another memperau
ture; Tméxﬁ‘ This tempevature is thau value of T4 which
“one obtalns from eq'n (2.18) for a weak R~ type front with
vy =y and §.= 1. As an exam;pley let us conslder a dis-
sociation front produced by 1420 A (8.8 eV) photons enter-;
".1ng a cloud of oxygen molecules which have a dlSSOOlutlon
energy of 5.1 eV. In thls case, T___ 'a>89OO °K.

If +the photon fluy I is ektramely hlgh ( such
that P /N >>—a ), the weak R~ type front travels 50 rapldly
+that there is little compress10n (v = v1) and tbere is
'llttle tlme for the hot clssoowated atons: to dzssoczate

v‘other moleoules in eollisions. Also, at a temperature of
8900k°K,vone could expect l;ttle recombination. Thué onéy
vphotbn dissbciates onlykonekmolequlegsuCh'thaj’§='1, In
this oase;'we,expect~%hé,temperature behind the radiation

 fromt to be T_. .= 8900 °K. | | |

| If ohe Jntensxty of the 8.8 eV radlatlon is rela-

v7t1ve1y low ( such that TO/NO<<;a4) we~sha11 obtain a weak
D-type front preceded by a shock. In this case, althOugh/k
;there is a large expansgion (such that v4>a>v3) the term ;
(YBZ - v42) is swall oompafedyWith §<0Y'y D in eqg'n (2.18).
Also, there is plenty of timé for the hot dissociated |

% TFor convenience of calculation we assume the temperature behind
the radiation front, Ty, rather than the temperature bebind the

- rarefaction wave, Ts, This assuomption is of little consequence

'81nce the tomperatu ~¢ drop across the rarefaction wave is small,
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particleS‘tOfcool’byfcolliding with and dissociating other
moleCuleSa Thus, one photon will disSOciate more than
one moTecuIe such that $< 1., In this case we expeCu T4 T

6000 °K.

min

S For lntmrmedlate values of F, (such that P o/ afa4)
n'.for whlch we obtaln Dy, M or R-crltloal'fronts, the situation
is more uncertaln,‘ In this case, the tvrm (VB‘- v4 ) or

‘(v12——v4 ) is appre01ableok Gollls;Ons in the radiation
‘ front requt in both dLSSOCLatlon and recomblnatlono If
vthree body recombinsation is predomlnant over 00111510na1
, dlSSOClaﬁaon, then ?>4 and we exp@ot T4>>Tmax If collls~k
ional dissociation is predomlnant over renomblnauony %hen
i'§<<1~qnd we expect Tmin:£T4‘<Tmax‘ Unfortunately, th@ra
seems to he no criteria by Which one could'prédict the
relatlve 1mpocbanoe of 00111s10na1 dlS cciation and %hrée
“body recombznaﬁloa Wlthln~whm front. - |
| ~As another ld@all?@d exemplb7 congider radlauJon
at‘912 A enterlng a gas of hydrogen atOMS,Wlth an ionization

,pobentlal of 13 6 eV, There‘is no excess energyyof the

R 1onlzat10n <h1/> Eﬂﬂo such that T . = % T, <« .

in and,

| therefore,,on~the average, one would require substantially
more,thanlone photoﬁ (i.e.§>1) to ionize bne:ato@kand heat
Tfhejgas to e winimum temperature of the order of 10,000 °K.

The results of this séotion may be summarized as

follows:

i "T«"r: = Thax AL G F = Al RSH P S
R i (1) ur-X <%7h’z% S f ansierary, § >/

4 min ; ’
| or (ii). (/7?)"7>/572n{44,6//\/0.<<6f4 S 5=/
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Tmmé_m4< P - IE ‘(A/> ~Z ;7‘1/7,,“.% , Pl Mo =2y, § </
| Ty> Thax | if <h#>~X > A L re ) Fe/ Mo =g ~7, §1>'/
whereX is the dissociatiOn'énergy for a dissociation

front and the ionization energy for an iOni_za"Gion;t‘ronte
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CHAPTER 3

PROPERTIES OF STEADY RADIATION FRONTS

In the discussion of radlatloq fronts ina gas
*fllled tube closed on one side by a transparent w1ndow,

we postulated the ex1stance of five different types of

‘radlatlon fronts assumlng that the flow in each case would
'freach a steedy statc, We also developed the equatlons
| which w113 enable ug to. calculaue the thermodynamlc propm
‘ertleq and the Llow velooltles of the gas for each of the
five types. For thls calculation, we must make two’assume
pﬁioﬁso FirSt, wé‘assumedrthat the>flow~is‘steady in
every case (we conszder a ravefactlon vave with its head
fand tail both travelling at consﬁamt but different upeedu
as being’a steady'statek31tuanlon)o Secondlyp we assume
the'temperature9 T4, is known (either by~asspmption'pr

by a calculation/of the detailed structure of the front).

3.1 Tdealized propagationjof a radiation front

In bur hypothétical situa+ion, the diésociating "
 rad1aLlon of F photons/omzsec passes through & transparent
window into a semi- Lnflnlte tube contalnlng L abqorblng
‘particlés per unlt volume. Let us now male the further

'aséumptioﬁs that all partioles are stationary and that
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theré is no recombination of the dissociated particlesp
such that thére is a 1:1 correspbndence between‘ﬁhotons
absorbedfand absorbers‘debleted; (Ve assume fhat‘the dis=
SOGiéted‘particles éie tfanspdreht to the‘incoming radiation,)
‘ It4turné out,that'this‘sitﬁafion;is closely appfoximated by
a supersonié (weak thYpe) radiatién front, |

| | Aftéf a sufficienﬁ length Ofkfime, we expect the
radiation front which forms and propagates down the tube’
,‘with velocify Ve to,apprOach a‘steady state,  Let us 00n~
’sider such a steady‘front’for\the casé Wheré'the radiationf
F, consists of photons: of oﬂe'frequency‘and also for the
case of black hody radiatioﬁ F(7') with absorption ¢TOSS“
séCtiénScx(?Wo‘ 3 s |

" 38.1.1 Case of one frequency and one absorptidn‘“\

créss seéfionycﬁ .== The @iagram5~in‘Figo 3,1,illustrate '
'the,radiaﬁion front. as aﬂdiscontinuity’on one side of which
’théfe are only absorbers énd no ﬁhotons and dn‘the’other
side of Which there are,photons but no absorbers., In the
labfframékéf‘referénce Fo/c = %VZ phofons/cm3 travelling
with the speed’of'light, C, enter a,stationaryfgas of NO
‘absorbers/cmd. The velocity of the front is v, . We may
make a,LOrentZrtransformation into thé frame of referehce
in which the front is stationary. Following Schwarz (1964},
p 392,and considering the phofonéfas a fiux of relativistic
;‘pérticlé59 we £ind the flux of atoms entering from the right

is = ¥y Ny (abSorbers/cmzsec), while the flux of photons
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LAB SYSTEM

~c,f° (Photons ‘ ; absorbers)
FQ 0040 cmésec /) T <& ¢ Lo No‘w~—9~www~5

L 5 p e e Y

V2=¢‘ | Ve v1:O |

No( bgorbers)

cmrgsece

'Fig,‘3o1 Radlatlon front Lravelllnv in +x direction

‘ with vo10019y Vee o v
 entering the front from the left is F s X(l ~'v;/c)P
(phqtons/cmzsec)y where )’E (L = v /02)
EQuafing‘thé‘phbton'flux to the particle flux, we
~ obtain k | ; L - | |
| V(1= vre) o =rar e B

which may be solved for vg to give

' F_/A@ ,
Ve = /o P SN Zi%ﬂﬂa€7 3.2

We note that for very high 1ntens:tles such that F /N 77@,7
the front velooxty gpproaches the speed of 1light as we
expeou (V#__¢c) Wor low Jntenqvtlesksuoh that F /N <4< ¢,

we obtawn the expeoted non relat1v1silc relatlon, ve= F /N
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~Since the photoabsorption cross‘sectionk is nof

‘ infinite, the radlatlon front will have a flnlue ”chloknesso

' The intensity F(X) of the radlatlon at any p01nf within

the front will vary from F kat the extreme. left to zero
at the eytreme right. Slmllarlly, the absorber density
W( x) varles from N ét the eytreme right to zeroc at the
“  extreme.leftcw Ve deflne the position of the front to be
fhe poinﬁ‘Where F(X)/P = N(x)/N . By equating the
cnumber of absorbers depleted in an 1nterval of 1engthAAX
- to the number of phoﬁons absorbed in the lnterval, we

obtain*

s L 2F) NI 'kQW(xy S -
[/—“—i—) T = % T - 3.3

SubStituting,for v, from eq'n (3.2), eq'n (303) becomes

Jiéﬁ 7 féé?: constamt =/ 5.4
The usual exponential decay~eQuation in the lab
frawe of reference, F(x %) = o XD (AXNX), 5hould be

'genefajlseq in our case to be :
~ AWYJJdX ~ ‘ ' RAE
Fixe) ~ A exr ["SLD ; ) S 3.5

S VESE

since the number of absorbers N is a function of position,

o ,x,'and time, t. Also, the souroe is moVing away frow the

- front with veloojty - Ve so, in genera1$ we- must lnc]ude
%he,first order correct:onf F' = (1~VF/C)I‘o ThuS‘lnstead
of the uqual deferenLlal euntlDQ for exponential decay

¥ Slnce we are not partlcularly interested in the relativ- ;
“istie regime we now and in the follow1ng equations assume

=1,
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aF(X)/a)'= ~ <N r(7;) we must write

[/u —5) QF/X'Q = - °€ /\/0’ £) :F/kX,zé) , 3.6
 ~Wthh by v1rtue of eq'ns (3 2) and (3.4) beoomes | S
'—‘—‘//+ 27/0)[~<></(/F):—-[/+127/0)b</‘1’o /-‘»F;)F,. 37
This,diiférentia1°equation~is readily solved by separation
of‘variables using the tr&nstrmationix:n(F/Fo) and then
y = w13 //1§§fg% ;<Aé5/7+¥i;/2%é) S x .
’ i) = Mo (1w nsep) X

or, retransforming

Crms I |
P2 = Tiam e em BN 1 5

ﬂ where the proportlonallty constant yo(t) can stlll be a
: functlon of tlme |
So far We have ignored the time variablé' SinCe

thls steady wave must necessarlly satlsfy the wave equaulon

CITFoNE) L 2EFKE)
axx T R e

the functlon Yo (t) may be. evaluaued

A solut;on which satlsfles the wave cquatlon and the boundary\‘

condltlons ; ,
. | / 'fa/;- )V(__},_ad)’é’—fb’“p
F&ﬁ):i , for X =0 | #=o g
Fo , For X—FH, L o0 ’
L is o
) ‘ < [/fF/&N )x—ax?t . ~3.10
Fo P 2tk -A et R : ' T

From eq'nsf(3,4) and (3.10) we obtain the particle density
NE) T I TrA e e N )X A X E 3.11
7 S
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These two equatlons will hereafter be relerred to‘as
the " radlatlon‘front equatlons. Eq ns (3.10) and(S ll) are
derlved for an ideal case but they correspond closely to a
weak R~ type front which has llttle partlcle motlon and no
recomblnatlon o

(i) Thlchness of an 1deal radlatlon Iront -- We

deflne the thlckness -of radlatlon front JX as the dlstance'
between the points where F/Fg is 0.9 and 0,1, Using these

values in eq'n'(B.lO) we obtain

P AR § @40

: IndSE A ' o )
JIX ’/)(01 os)— TN (14 Fo /e ) o</Vo{/+F/f/~/v) e 3.12

| We note that for high 1ntens1t1es and low. partlcle den51tles"
‘suqh,that Fo/Ng>>e, the w;dth of the frontols 1nversely
eproportionai to the inﬁensity-F~. In this case, the front
travels w1th the speed of 13ghu ‘Convefsely for iow inteom’
,51t1es and hlgh particle densities such that FO/N0<<0 the
width oi the front is 1nversely proportlonal to the parulcle
denSLty No. The front speed is glveu by Lhe ratlo T /No,k
These dependen01es are 111us»rated in Flg 3 2 in
whlhh F/F, and N/No of eq' ns (3. lO) and (3. 11) are plotted
versus XNy X for Fo/cNouo, 1 and 10, and for t = O.

'(ii) Typical values. =~ Radiation fronts occur

under extremcly varxed condltlons. The high intensity,

low denszty extreme is illustrated by 1onlzat10n fronts

a88001ated thh H II reglons in interstellar space° In this
. ;

case; a star radlates photone at wavelengths below 912 A

. into a cloud'of hydrogen atoms. ~Typ1ca1 values are
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i Fig.3.2 Ploi; of the radiation equations for various values of F_g 1
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. S=3 o __  L ; ;
‘No =’10 cmo, Fo= 10200m z‘sec lrand photoionization cross

section for hydrogen at 912 A,cxHEVG,S\X 10~18 cw?. This

ionization front, if it satisfies the assumptions made in

‘this‘seétioh; would travel wifh the speed of light and have
a width of 2 X 108 cm. | B
durhbwn experiment described later in this‘thesis,
“in whéch,photons in the 1400 2 wavelenéth regionvdissociate~

oxygen molecules ‘is an example of the low intensity, high
' ~3

density‘eXtreme. Here,;typical=values are No = 1019'cm 5

Py = 1022 ¢n™? sec™! and the photodissociation cross sec-
~tiont(02~=~l5 X lOflS‘cmZ; -Thus (neglecting recombination,
“etc.) the dissociation front should travel at 103 n/sec and

 bave a width of 0.03 cm.

3.1.2 Case of black body radiation F(%ﬁ,and‘conu

tinuoﬁs absorption cross‘sectioﬁ N(%O,—m Most'radiation L
SOurées which azre available in the labqrafory or Which oécur
in nature havé‘a continuous spectrum over a Wide:range»of
frequencies, - Furthermore, the absorpfion cCross sedtioncx(7) ‘
of the: absorbin gas varies widely over the frequency qpec_'

; trum, Eq n (3. 12) 1ndlcates that the width of the rad3a51on'
front is 1nversely proportionaT to the absorptlon Crosg. sec—
tion, For example, if at the maximum absorptlon Cross sectlon

el,, at sbme'frequencyjﬁg,the the thickness of the radiation
front is’l'cm, then af some frequenéy where «is 0.0lc, the

‘thiokness will be 100 ém Thus, it is often'necessary to

~ Ignore uhe absorption cross sectlon outside a chosen frequency

‘reglon, A good rule of thumb is to consider onJy photons
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: with absorpticn CrOSS Sections in the range(xm sy (¢j<0 1,
| The differential equatlons may be set up in a manner
similar to the precedlng‘subsectlon. We pick two frequen01ee
71 acd.%é between which the absorption croSs‘sectioh,is
;flnlte and OLtSldO of whloh it is negllglble. (We assuﬁe
the gas 1s transparent to photons w1th frequen01es outs1de
k thls reglon In general thls is not the case and 1t 1s
necessary to consmder several such frequency 1ntervals)
‘The total number of photOns cOntrlbutlng tohthe front is
A = 4€F/7)‘JW s e - 3.13
The Velocify cfuthe front is again given’by eq'n (3.2);'The
equation cofresponding to eq'n’(S 3) is : , m =
['-_// = //ZF/:VX)JW) o 24T R
such that agaln ' | 7

/rf¢ )Q@V;k‘ Nx) ;_ ' , R
/,__{._’i... . 2=, gis

o

~where we emphaslze ﬁhat’this equation is‘valid acrossVa
steady:radiafion front prcpagating at a velocity V..
| 4’Corresponding to eq'n'(3~5) énd (3.6) we may write
1n the frame of reference of a semi- 1nf1nlte tube w1th 23

transparenc w1ndow at x = o,
-3.16

/

: F4 %, ) F/Z-Zﬁ) exp (~occ2) (1 ﬁ/{a)///()( -é)e./)’)

-and

//’./—) ///Xﬁ) = —ox(#) /V/X,tk) F/f//){/‘ﬁ) ;’  3.17

Integrating over the frequency and using the identity
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; -1 , ,
(- ve/c) = = (L+Fy/cNy) from eq'n (3.2) we obtain
% /é //f;){,t)fz/)~: ~( 1+ Ei) Mixe) [ =/7) Az xE) 7, 3.18

».TheVfollowing‘procedufe;provés convenient in obtainff
ing'a‘éolution of,these‘equations.“kThe prbcedure consists~of‘
, transforming the x co~ordinate infwhich_N(x)‘varies to a =
cofordiﬁate in which N () is a constant (we set ﬁ(z) = Ng).
The'problem theﬁ;corresﬁondsvtokblack bod&kradiatién into
fa non*depleting cloud df absorberé in which the inteﬁsity
‘at each frequencyi/decays exponentlally w1uh a decay length

Whlch depends on 7. , |
| In this termindlbgy eq'n‘(3.16) méy'be rewritfeﬁ

as -

c-(ff/) = B o
/77 foﬂﬂ) = /573%27} = s L 3.19
where ‘ ; '
L v C = xle) , ‘
L ZKE) = ol Mo (1# f;/z/vo) [ A 3.20

and where «,; is the maximum absorption cross section in the
range 7§ to #5. Also, we have written F(7,0,t)—=TF(7]0)
gince the incident radiation is constant in time. We now

integrate eq'n~(3.20) over the frequency range and normalize

to obtain i‘ﬂ “ 5 % ' _?ﬂ?’7
Fiz) o AR Armr) < TR T dr
e /g%/v%wk¢7f L 4;4 Freo) d7 ot
E . . . v : . B ) ’3e21

This equatibn mﬁst be solved,@umerically,'if necessary)to det=
'ermlne F(Z) as a- function o;izfor any IuncLlons F(7 o) andc%(/)o

We now 1nvert eq'n (3 20) to solve for. X
e

= (e //"27%)) / [/ww)) | " 3.22’




Now from eq'n (3.15) we may write

o 7 ’
NS o f A o Fre) |
| N SR c 3.23
Where we have used' the fact tha% the‘number of photens pas-
sing a p01nt in the x co~ord1nate system is the same as that
pa551ng the same p01nt in the ACO ordlnate system Eq'n (3.22)
has been derived in a frame of reference whereifm o when
X = 0. For numercial solutlons,‘lt‘ls more convenient to
:VShift tb the frame‘of‘reference of'theeradiation,front:with'
boundary conditien,zé O when x =-~and X =0 Where F(%&/Fo ; 0.5.
‘Substituting eq'n.(S-ZB) in eq'n (3r22)'we‘obtain for positive %

P g?

(QM4N'(/+Cw%)) /C' /; a@e\

/ 3.24
and for negatjve X , , RN S
: --( Zs o dZ/ i e
= ~(w@1NJ7+JMJ)j/ iif?é@ , . ,
25 = 7 324

where we have broken the integration up into . two parts
~forﬂconvenience in carrying out numerical caculations.«zo,5,‘
indicates the‘value of where F(%)/Fo =-0,5, Care must~be
“taken that the limit of,intecrationtin eq'n (3.24") appf‘e
o roaches but never rcaohesz —>0, |
- We now have F(ZJ/F as a function of x from eq'n
'(3;21) and x as a functioﬁ of szrom eq'ns (3.24), Ve may
thus plot F(x)/FO as a function of x to obtain the overall
éfructure ef‘theAradiatiOnvfront.‘ The individual frequencies
FC?}X)/FOﬁmay also be plotted sinee‘we know that they decay

exponentially in the ® co-ordinate system.
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| Fig.3.3 Idealized radiation front inVOXygen for black body radiation,F(#)
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An example is plotmed in Flg 3 3 to deménstfate'
the technlque It~shows a dissociation front in oxygen
~produced by black body radiation fron a source at a temp-
erature of 6 X 104 °K.~ The photo dlSSOClatlonAcross sec=
‘tions in thg Schumannké‘Runge region from 1280 X‘to 1800‘3
VWefeitaken;frdm Metzger and Cook (1964), see Fig.B.S,kk
’Appéndix‘B.,~The program to oarryfout~the numericél cal-
culatlon of F(%J/FO and the 1ntegrat10n of . (l F(%J/F )—1
to obtaln:%(x) appears in Appendlk A.

| We note in Fig. 3. 3 that photons with low absorption
cross sectlons penetrate substantially further _than photons

A

\\w1th hlgh values of absorptlon Cross sectvon

In concluding this section on idealized radiafion
Vfrénts, we should like to point out that although we have
assumed'thét there is‘noyparficle motion, if Langrangién‘
co¥ordinafes are‘adopted;rthe,results obtained here are va-
lid régardless of the flow of the gas. Of course, it is
;still‘néceSSafy fo trénSfOrm back to Euferian co~0rdinates.
‘:Secondly, the radiatidn front equations (3.10 ahd‘(S.ll)
,Whichjére derived for planar symmetry‘Can easily be’adapted
to~consider spherical Symﬁetry such as expanding H IX

- regiong in interstellar space.
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3.2 Relaxation of restrictions on particle motion and

recombination

The assumptlons in the last section th@i all partlcles‘
are stationary and that recomblnatlon and col1lslonal ion~
1zat10n or dlbsoolatlon are negllglblo permltted us to ob—' 
vtaln the radlatlon equatlons (3.10) and (3.11). We now
w1sh to relax these assumpulons and in parficular, redefine

: the front velocxty Ve and the‘coefficient 5.

’ 'T3.2.1»~The coefficient, § . - In the last section,
1We used the relation (1 ~ ¢?)F = YﬁNo to equate the number
‘of photons enuerlng the front from thc left to the numbexr
of,absorbers entering the front from the right, ‘There, we -
:insisted that one photonfdissociate or ionize only one'
absorber. However, if we ailow COlllolOﬂS to ‘occur such
'Zthac the enorgetlc dlSSOClated or 1on17ed partlcles eloher
fd135001ate or ionize oth¢r~absorbers or- recombine to become
absorbers~agaih; then on the average, we could have one
,phOtoh dissdciaﬁé or ionize-either more than one absorber
or less than Qne'absorber, ;We‘now‘define_ihe coefficient,
txf, to be.the number ofnphotonsirequifed to dissociate or

ionize one absorber (o< § <eo). Thusinstead of eq'n (3.1)

lor

we write ; ; ; , , S
(O -22/c) o = V5 5H | ' 3.25
A/ § N |
Ao = ; ' '
7 J A+ A §No - 3.25"




43

We empha51ze that vF is the rate at wh1ch the front is

recedlng from the source The photon flux den51ty;1skde-,

flned‘by eq~n,(3.13),

‘ 3.2.2 The energy imput, W/Py V. == 4The last
term W/fi vy in eq'n (2,3) is the net energy imput per unit
mass'inSide the front. If weyneglect radiation losses, we
‘may wrlte

W= U F/c) </,7> ﬁ ) / 47/%/%//7 3.26
_where Fo <hf>TE ;/éj h?”F(f)df’is the energy f1lux and

(1 =7z£) is the uSUal rélétivistio correction. If the par-
ticles éhead ofvthe‘frbnt are stationary’With,respect to
the source thén vy = ngb The denslty may be Wriften as

7 = /% g, A = g ) . 3.27
where the subscriptko,refers to the absofbers (of density
NO)-and the index J refers to the disSociated or ionized
particies and to any impﬁrity particles whiéh may bhe: pre=-
sent in the absorbing gas but which are not affected by the
:incomingkradiation,

nj is the particle density of 3th particles and m
refers to the mass. Thus we may wfite

W (= v2/c) F<A%> ,
7 ' (% . -l-é 7’/J o )VE ) 3.28

whlch with the help of eq'n(3.25" ) becomes

W 5<W>, //, {—_M)
7, -,

Z No 310

where we have written vy = Vg
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We note that if there are no 1mpur1t1es in the

absorblng gas and if there are Tno dissociated orklonlzed

in

partlcles ahead of the front then the term Egnj my
eq'n (3,29) is'zero énd~we may write | ;
W S<hED
7Y B, . o

'ﬁé havé'ﬁéed thiS‘equation;pﬁeviéusly in section 2.5 where
~  we‘sh0wed'howithe’temperature behind the radiation froﬁt
cénibé,estimated. The Coefficient~g and eq'n (3.29) are

‘ especially uSefuIVWhen'chsidering'R~critiQal,>or:Weak Rétybe
. radiation fronts., "f- " , S A 5  EEEAE t

3. 3 Weak R-type front

; A weak R- type radlatlon front moves supersonJcally
'relatlve to. the gas ahead and behlnd it. “The hot gas is comm, 
‘Pressed with a compre531on ratlo betweenvl'and’2  ‘ ‘ |

/Z/fi < 2). The asymptotlc‘sqlution (Vi——#c) of this
"type'of front corresponds to thé'idealized’ffont described
iéarlier in'sédfion 3.1. V¥When the front ve10c1ty 1s compar-‘
able ‘with the speed of llght one finds -/2/7/1 =1, én
'approx1mate value for Ty may be obtalned from eq'n (2.18)
or (2 18') with vj = vq4 (assuming 5 1, for <h%>il:>kTmln7
: otherw1se for (h?@}—)f‘é,kTmin, Ty = mln) and the pressure ‘
Py méy‘be‘dbtained ffom'eq'h (2.14).

’:In'the ndn relativistic region (where vg = Fo/j’No)
Wé méy.maké variousyapproximatibné to simplify eq'n,(2.5);

8 i T , - g
~For' all weak R-type fronts the terms Pl//j and e Pl/fi
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may be neglected with respect to the term ‘.Lvlz; This

~corresponds  to the standard notatlon of gas dynamlcs My >’>l
_where Ml is the MaCh number For front ve1001t1es at least

.10 times larger than the speed of sound 1n tle gas behlnd the

front (i.e. Fo/S N >-10a4) we can make the further approx—
Zw

xlmatlo 76,1’73__1‘1/K<.’<:1 We may now expand the square root

of eq n (2 5) (taklng the negative root to correspond to the

weak R-type solutlon) to obtain

Ao Ir# f;4+l)»—+ (;47‘/)[;., /)[ﬁf_..-..‘

P

ST Ty

= o e ) i

3.30‘

where XK = 1-191 Vl .

Substltutlng for W/-/’vl from eq n (3 29') we obtain

| J e ;7_/) f(A%) &47&3) ) 5(/77)
2 , ﬂ/«fz 3 30'

1 :
For the non relativistic case (v = Fo/SNo) we obtain to

where we have let A =N M and Vl = y_as defined in eq'n (3.25?);

~ef1rst order

/7 s S/Vo | | .
Lo /s i ,,; “o PE

which illustrates the relationship between the compressioﬁ
ratlo and Fg, No and § .

The particle ve1001ty behind the front (v = v1~v4)

is related to the density through the relatinn Vp = Y (£4/A-1).
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Thusufrom eq'n'(S 30') we obtain ,
% Cf«—d f(/ﬂ’) (/647'-3)[@,1 -1 5(47/> e R

L
MV z 3.31

and for the non relativiStic Case to first orderkwe'obtain
e P I
S 3.31'
- Note that‘the particle Velocity behind the“froht is’inyer~
',sely\prOportidnal‘to the velocity of the'radiation froﬁt;
Ve o 'The ceefficient f and the'function g4 depend u?onk 
;the assumed temperature of the gas behind the front.

Flnally, the pressure ratio’ for the non relat1v1stlc

case may be wrltten from eq'ns (2,2) and (3.31') as

G, ) S |
At 3.32

_where we have used the eq'n of state pj = N, kT1 and 7} =
ng M. This ratio should check with,the valuefobtainedAfrom

1 th¢'véquations of state. | | |

| fObtaining numerical solutions from the above equa—

‘tiens,is7straight forWard k'With the aSSumed temperaturekT4’

(e.g. we choose Ty = Ty,.) we approx1mate the enthalpy by

"h4 = (5kTy + RC)/M and the 1nternal energy by ¢£4 = (3kTy +Z)/ML

- where X is the jonization or d1s5001at10n_energy. Thefeffe—

' ctive adiabatic exponent is then gy = hy/£ ,. With this

:Avalue of g, and §7= 1L (if Ty =‘Tmax) approximate values of
A4 and ‘Fg are obtained from eq'ns (3.30'') and(3.32). It
is then p0551b1e to obtain gy accurately elther by calcula—

‘tion or from curves of g (p;T) Vs T - Acéurate values of all

kquantltles may then be obtalned elther from the asymptotlc
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rformulae above or directly ffom eq'n (2.5) and the con-
servation eq'ns (2.1) to (2.3).

| - An exampieVOf a Weak'Retype radietion freht is.
shown‘in'Fig; 3.4.;‘For~fhis and ether examples (Figs 3.4
to :3.8;inclusive) we useioxygen at a pressurerof‘Q.Oi |
‘atm>(No'= 2:69 X 101;7 particies/cm3)andga tempereturefof

Ty = 300 °K. We work out the examples for two final tem-

peratures»T in = 6000 °K endszax = 8900 °K. For Tmln we-
use h4 = 2, 31 X 1011 ergs//gnl g4 = 1, 146 and ay = 1.835 X
10 5,cm/sec. For Tmax; h4 = 2. 78 X 1011 ; ergs//gm

g4 =1, 228 and. ay = 2 517 X 105 cm/sec The d155001at1ng‘
'phobons have an average energy of 8.8 ei/ and a value of
5.08 eV 1s,used as the d155001at10n.energy of oxygen;. The
upper diagrem‘in ﬁhese‘examples is'a plot of time;t versusk
fpositionvx shoWing the relocity of prepagatiohfof fhe‘ear—;
“ious,steady disCohtinuitiee in the flow. The lower three
e diagrams are plots of the pressure density and‘temperatere
as a funcilon of x at a constant time, t = 1 sec.‘k' |
, “In Flg. 3.4 we assume a value of FO/N = 108 cm/sec.‘
At Tmax we find vy = 1. 17 X lO’6 cm/sec ( S;E‘Fo/maNo'; 0.855)
".and at Tmln: vy = 1. 33x108 cm/sec ( § = 0.752). Notice“that
although the pressure and temperature rise sharply behind

the front, the density is almost constant.

3.4 R-critical front

- If the velocity of a supersonic‘radiation front is

' reduced, either by reducing ¥y or'by increasing No’ one will
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,'reach the point where the veloeity,relatiVe to.the hot gae‘ B
'behind'the front ie exactly soni03 but the velocity rela-
tive to .the undisturbed,gas'ahead of the fronﬁ is still;supei-
sonic. This is an R-critical front. It corfesponaskto the“
Chapman — Jouguet point ahd can be’considered the high:den-
sity llm1£<0f weak R- type radlatlon fronts. ‘Theaeompfession
ratlo is always sllghtly below 2 The struefure of the |
front is quite cempl;cated'- a shock\starts to'develop' in
the fadiation’frent ahd“the head'of the rafefaCtion wave which
‘ffollows is merged w1th the front

Approx1mate analytlcal relatlons are readlly obtalned :
“fe? thisfcase ~ Thefcondltlon Vg = (g4 ,74/794 1/2_ ay
(ay is the speed of sound in the gas behind the front) fe—
~sults in the quantlty under the square root in eqa'n (2. 5)

: belng*ldentlcally zero,‘ Thus after some algebra we obtaln

the compression ratio

3.33
where we’note that'pi/,f1v12.4< 1 for an~R~critiealkfront
,‘(Ml > 1).

The partlcle ve1001ty behind the front is given

R L
24 “ At 7+ Pzt

which tO'firSt order in;pl/-/lvlz may be written’aS'

2 ~ AL //’4 C%fd’llz) ’. ‘
24 J Y - 3.34
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. The pressure behind the front as given by eq'n (2.2) is‘
g =l T r = St e /Z,%F)//-ﬁfﬂ)f#) 5o

' - - ‘ - 73.35
'where we have substltuted from eq'ns (3. 33) and (3. 34) and

[‘retalned only first order terms in pl/7ﬂ'v12'
‘ The condition. that the: square root in eq'n (2. 5) 1s
zero gives us an extra relation between vy, 71 and W.

~ Neglecting terms of pl/-f7, we obtain

ﬁ,lﬁ‘;’k/zfj‘f—/)-f) | e '3.36

or, SOlVlng for fi and substltutlng for Vl from eq n(3 33)

e : qux /}4-—/)” : ,
Yoo = 4 = ———-———;;~ g |

; : (Z4+71) 7 , 3.37
Flnally,‘we obtaln a relation for the coefflclent s

Irom eq'ns (2. 3) and (3.29') ‘
/ <Hh?> _ : ol
D R R
from Whlch w1th the help of eq ns (2 12) and (3 33) we

’;<m%>g;4%%%7//*@”%)/¢') 43

The R—crltlcal case is a p01nt solution separatlng

‘obtaln |

3.3 8

the M~cr1t1calkfronts and weak R—type fronts, -For a glven
- set of”éonditibns eq'n (3‘37)'iskuseful in pred;ctlng the
: type of front which one can expect to occur. For this pur=-

pose, one must approx1mate the value o; a4 by the rélation

= (o) = (pr-04e) =~1//W?/4«J 4

3.39
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where we emphasize that m is the average value of the mass
~of the particles behind the fromt, m = =nj m./=mnj. A value
of g4ﬂls obtained as outlined previously‘for the weak R—type

‘case.

A complete numerlcal solutlon for the R~ crltlcal case

,1s stralghtforward once: an accurate value of g4 is obtalned

o We treat the rarefactlon wave follow1ng the front as an isen-

,,troplc expan51on in a manner outlined in sectlon 2. 3 For a
firsthapprOXimation Wekassume g5 = g4.k(QuantitieS~behiﬁd~the
fail of’the‘rarefaction cafry the eubscfibt 5). Ouce the
J;temperature T5; pressure p5, den51ty %% and enthalpj h5 are/,
'approx1mately known ‘a more accurate value of g5vmay be ob~
‘“talned and “the flnal propertles of the gas calculated mnore
‘accurately. ’

k An example of an R~cr1tlcal radlatlon front calcul-
ated for the sane condltlons as used in the weak R~type case_‘
.‘(see Flg (3.4)) is shown in Fig. (3 5) Ve flnd that for Tyaxs
we requlre FO = 9.50 X 10%2 photonS/’cm 2 sec and ‘the front
travels at a ve1001ty vy =4.55 X 10° cm/sec ( §‘:‘Oi777).
mln; Fd = 6.25 X 1022 photons/cm sec and vy =’3 .41 X 105

cm/sec ( § = 0. 680) ‘Notice that the pressure ratlo is large

For T

whereas the compression ratio is still qulte small, Thefrare—

','faction,wave is dominant.

3.5 Weak D-type front preceded by a shock wave

Weak Détype'frohtS‘liefon the opposite extreme on

the density scale fromkweak R—type‘fronts,fthey occur for




‘high densities ‘and felativéiy low radiation intensities;

This subsoni¢ radiation frOnt,has many similarities with
combﬁstion’zones. It moves Subsoncially‘With respect'to

the gas ahead and behind it. As explained préViously, a
’fshoék'diSCQntinuity‘propégates.ahead ofithe frOnt cOmpressiﬁg
the;gés, the slower moving radiation front heajs and expands
this compressed gas. Airaréfaction wave would travel at
,sdnié speed and o?erfake the’radiation front and, therefore;”
7 dbeskﬁ0t’exiét. We’nOW'haVe two discontinuities to conSider—*
‘the shoék wave with no eﬁergy imputrand the wéak D—type front

‘with energy input.

3.5.1 'General'equatibns; -~ The conservation equa-

; tions across the shock cOrresponding to eq'n (2.5) with

W=o0 glve : '« ' S
2t b 4;’ 2 ) /
A B R
7 ‘/‘7:—/ 1f,+£p, (
/1"/7P .

. 3.40
where we have chosen the p051t1ve root, We note in paSSing
that for strong shocks such uhat vlz > pl//fl (or Ml2 > 1)

" we obtain the well known approximate relation

A P AL A ol 3, 40°
EZ Fz=/ ° | |

If we assume a ve1001ty for the shock front vy we
‘may sdlve forvall the parameters behind thenfrontfas out~
liﬁed in Gaydon and Hurle (1963), Chaptér 3 or Ahlbofn and
Salvat (1967) (Preferably we use plots of,?% , 573 andﬂé?
versus Mach number asgaven in Gaydon and Hurle page 52).

At any‘rate the solutiOn is straightforward and we,Shall‘




not comment on this point any'further.
The conservation equations acrOSs;the weak D-type

front oofresponding;to»eqfn (2.5)'give

R
I — &“"‘)[ )/2 +,‘;;Z:/ ,;L;?&/;z/;
{Af * )z

/ : 1’71-,1— L

/j: %‘tf Z 7z
é, ;3(__/ /7“):_ /71_ -/_‘W
/ jz‘/f 7"(‘7

where we have‘again chosen‘the positive squafe‘root- (The
negatlve root corresponds to a strong D-=type front - an ,
expansion shock with energy input Wthh does not occur in
’our’case,)

’Sinee,the‘particles,are sﬁatiohary_aheéd of the
shock front ahd behind’the fadiation fronf\we haVe the fol-
lowing relatlonshlp for the partlcle veloc1ty between the .
shock and radlatlon fronts.~ | k

= avs, e |

CWE = V-V, Ves 7% o - 3.42
where the ve1001t1es are deflned’as in Fig. 2.2, the sob;‘
scrlpts & and Frreler to shock and front respectlvely

The.flnal pressure, obtalned from a momentum equa=«
tion corresponding to eq'n (2.2), is

P = s
where the’particle Velocity v,is defined in eq'n (8.42).
eFor future reference we notekthat the finai pressufe p4
must fall in the llmlts 2p2 <;P4A< P2. |

The equations 1n thls weak D-type case do not
lend themselves to approximate solutions as,ea51ly as in
the weak R-type and R-critical cases. We, therefore, fol-

low a numerical method of aftaok. As usual, we assume the
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"f1na1 temperature T4. We then assume a‘reaSOnable'Shock
’ve1001ty Vi calculate the thermodynamlc quantltles behlnd
the shock front, calculate the veloclty of and»thermodyna—j
mic prcperties behihd the radiationtfront and‘finally, cal-
culate the radiation 1nten81ty required to produce the vel=
'001ty. Ah 1terat1ve~procedure is required to obtain exact
'sOlutionsf | ' |

| For potential uSefs~of this technique we Willyout—i
‘:11ne the 1terat10n procedure in more detall in the next sec-
ctlon.‘ Readers who are not partlcularly 1nterested in detalls
tmaycomlt this subsectlon and proceed to Flg. 3.6‘at the end

of the section, -

- 3.5.2 1Iterative«prOCedure for calculatipns.-— The
prdocedure is as follows: We choose a shock velocity, vi,
‘and calculate P2 /2, To, hZ’ gz, and the velocities vy and

v.. (For oxygen we use curves of pz/pl,‘fﬁ/fl, To/Ty versus

p*
Mach number given by Gaydon and Hurle ,page 52). Wefwillyéee
below that the final pressure Py must fall between f-LP2<:p4<:p2
and can thus calculate a value of h4 within 5% (using assumed |
T4) and. g4 quite accurately.

The term beneath the square root 31gn in eq'n (3.41) .
must Have a numerical ualue between o and 1. By assumlng

that it is zero we obtain a maximum value of 7,

;”;;“M :E’Zi =z "zn/ , 3.44
F=1 T, o ‘
) ; | K—Z —Fﬁgz)
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where we have used the energy equation
/Ig‘z; : PN W ‘
N =3 : S
= *he < A+ S Az )
and eq'n (2 12) for the enthalpy Since vy = vp‘+;v3
kwe may solve eq'n (3.44) by iterating to obtain an upper
- limit for vg. = - | |
. With the square root equal to zero the rest of eq'n
(3.41) gives a minimum value for /4
- 5, A
Lo 2 [F 4 2y
7 A i —#é% ‘
: E z

3. 45

fwhlch we- solve us1ng the value of v3 obta1ned from eq’ n (3.44).

We then obtaln ar mlnlmum value for V3

,¢§¢¢;;: (Bl P = 1) 5t
3max and v usually agree within

a factor two. We substitute the mean of these two values

“The numerical values of v 3min
into eq'n (3.41) to obtain a first apprcximation fOrf‘%z
and then;u%ilize eq'n (3.46)to obtain a better value ofv3
We repeat this 1terat1ve procedure until we obtain a self-

con31stant value of V3 and —fz (The solutlons of v3 tend to

osc1llate about the final value,and it is thus best to aver-

N\

age the initial value of Vg with the result of the iteration-

as a starting point for the next iteration. . Two or three

1terat10ns are usually squlclent to obtain an accurate value

of V3 ) We then calculate v, and £, from eq’ ns (3. 4?)and

(3.43)
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‘With a relatively accurate‘value of ps we can obtain
acCurate'values of hy and g4 Similarily,~0ne can calculate
accurate values of v3, vy4, #y and Py

1na11y we use eq'n (2.4) and the energy equatlon
correspondlng to eq n (2 3) to obtaln the radlatlon 1ntens1ty

requlred to produce the observed front

B B (hepemm) AT
where we assume V3/C‘4<l '
| If one wants to. calculate vy and other quantltles
"kfor an experlmentally glven 7” and F,, one must vary the
~,assumed Vl (eventually by 1nterpolat10n)'unt11 the value cf'

‘ F0 calculated from eq n (3.47) agrees w1th the experlmentally

,glven flux den51ty

: An example of a weak D~type‘radiatidncfront‘(fcr

our standard conditions as in Fig. 3.4) preceded by a
Mach 3 shock front is sho@n in~Fig. 3.6. TFor Tyax, the
 photonfflux Fo = 4, 72 X 1021 thtOnS/cmZSec, enters the
shocked gas with a ve1001ty Vg = 0.417‘X 104,cm/sec k
(§ = F, #1/V3 Py Vo _,0.71,9), For Tyin, Fo = 4.62 X 1021
““photOns/cmzsec and vg = 0.491 X 104icm/sec (§ = 0.549).

We notice that in this case the pressure ratio is not as

;arge,as~1n the other‘cases. However, iif we study the den~
“‘sity distribution for this weak‘Dnype (subsonlc)‘front,

it is:seen that these radiation fronts act like "leaky"

pistone;'pusﬁing'the shocked gas away from the radiation
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source 1nto the undlsturbed gas. Behlnd the radlatlon
fkfront the den51ty of the gas (whlch is completely at rest)

S is substantlally lower than the 1n1t1al den51ty No This
behav1or is markedly dlfferent from the weak R -type (super-

sonlc) radlatlon fronts._

3.6 Decriticallfront preceded by a shock

-Wefwill now diseﬁss the low denSity limit“of sub~
_‘sonic(weak D-type)ﬂiadiation fronts, ‘This limiting sblution
‘eie cailethﬁeeD—critical front. eTheAappearanceeof‘a ﬁ—eri— e
~tical radiatiqn front is exactly the sameias fof.a'weak D~
'type front; the only difference is that the front travels
cat seniC‘speed with respéet fo the gas‘behind it. At”".

: Siightly higher velOcitieS a rarefaction wave begins to
’form.“ The D-critical céSe repfesents a singulaﬁ solutienﬁ
 which separates‘weak‘Detype fronts from M~criticallfronts,

Ae for the weak D»type fronts we muSt consider two.
discontinuities, Approximate analytical relations are again
‘,ﬁore,diffioult to obtain than in the R-critical case. As
before, the conditioﬁ vy =‘a4 results in the quantity under
the square root in eq n (3.41) belng 1dent1cally Zero,

Correspondlng to eq n -(3.33) the compre551on ratlo 1s

Vs _ H ’24*’ [

Ve o A Cand
Ban R Tt (1 2%21) > ~3.48

where we note thai contrary to the R~ crltlcal front the

term p2/792 Vg’ 21 (or M32<z:l) for a D- crltlcal front

Eq'n (3.48) may be rearranged and solved for V3
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, L4 2 > T | :

s :,,_}z{;f«;%/) —25 [/"‘ 'f;/f] 7 - 3.49
where we~have used’the definition a22 = gzpz//b. The term 
lln the square brackets is approx1mate1y equal to unlty.

The condltlon that the square root in eq'n (3 41)

is zero glves ‘us an extra relatlon 1nvolv1nd-the energy

"flux w. We solve this equatlon for Vg to obtain

k S
~/)ij/¢ [“‘ fj[ /}:jh/ 7”/] ’350

}where agaln a2 1s ‘the speed of sound ahead of the front

andfthe terms in the square brackets may be consldered to
‘bejcorrectionefaetors which are set equal~tounlty'1nfa flrst
'approXimation.” Ve now'equate:eq'ns (3,49) and(S.SO) and

solve for the pressure py to obtain

@ (ﬂ(l’)»" Z~/Zi~//f/[+’ZZ /)M/ zwj/[

s |
3.51

Weiae%e'fhat exeept fer the small correction factors the
ﬁreesﬁfe.aheadvof the front depends oﬁly'oa the energy flux
’W; , , | , ; |
The‘relationships‘for the parficle velocity be-

, tweeh the shock and the xadiation front and'ferlthe'pres-
eufe drop aeressafhe radiation front are the same as for
the’weak'Dﬁtype case (See eq'ns (3.42) ande(3.43))5 From
these equations and eq'n (3.48) we may“obtain'the pressure

ratio

3,52
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If byploal numerlcal values are inserted we find p4 e z sz
~,From this equatlon and equatlon (3.51) we obtain the pressure

,behlnd the radlablon front

)= 220y [T gn |
; }4j4+/)a4 | (;,2-/)m/ Tl 3.53

- Wlth a lengthy calculatlon we can obtaln the shock
'front veloolty assoolated with a D—orltlcal front For thls:
purpose we use the relailon vp = a4 - vy to rewrlte ed'n

(3 49) as ,
| g = aa——z——'——‘” ‘+f/é//3_7

Zeizrt) Fx =

\'é¢54
We must now wfite Vp and a, in terms of'fhe'velooity vl |
For this purpose we assume that the effectlve adlabatlc

, exponents ahead and behlnd the shock are identical, gs ~ gi,
and use the ordlnary shock equatlons for an 1dea1 gas The
partlcle veloolty behind the shock is |

- (2/g9+1) (1,2 —/]/Mlj vy,

vhere M1 —’vl/al is the Mach number of the shock. For strong

shocks the term in brackets approaches unlty. ~We may write

| ~a2:2'= 1‘ (_Tz/Tl) , |
- where , ‘ o - | ’e‘V‘ o
z- = I ) G )

Substituting these equations into eq'nf(3,54)iwe obtain a

quadrailc equatlon the solutlon of which is

¢fm/)‘ “Z"/Zif—i ?"'" [[/{]7/ ' { /:‘;)%F/) uJZ]j{}“’W )[{(/}7 )
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w1th the correctlon terms ‘

fsz-:[ﬂ z /Fj | . 3.56
[7/] M/,; /] S 3,57
| ‘In:Calculating‘numerical values’of\vl(gic), Qné first
obtains.an’approximate value by neglecting the correction
* térms and'then an accurafe value by‘repeating the caléulation‘ 
with the correctlon terms 1nc1uded u |
| - The crltlcal den51ty may be calculated by using the

‘,pressure ratlo

R j,_.f_/ "" jzf—/»'zz
. ) "‘

; where‘again‘we assume, g, = g;. From the definition

2 ' 4k
a,“ gy p1/7/1 we obtain

pe
see) =) 2,
~ 3.58
| whére’thé initial preséuré'Pé(bd) and velocity vy (pc)‘are
defined in eq'ns’(3‘51) and (3.55) respectively. 'Wé ndte
that in the first approx1mat10n %7(/20 depends llnearly
upon the photon flux Foro Since the D- crlulcal case is a
51ngular solution separatlng the weak D-type and,M—cr1t10a1
ses,eq’n (3.58) is useful in predicting which front Shally
ocecur for a glven set of conditions.
A numerlcal solutlon for a specific set of condl—

tions may be obtalned from the above equations. However

for exact solutlons it is preferable to apply the basic
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quatlons across the shock and radiation front such as
fveq ns. (3. 40) and (3 41) " The procedurefls_51m11ar to that
used:fer calculating weak'Détype frohts.

| Fig. 3 7‘Shows an example of a D»cfitiCal fadiatien
front (for our standard condltlons as in Fig, 3 4) In
“this case for Tmay: a Mach 8. 10 shock (vl 2.67 X 105
,em/sec) precedes the radlatlon front‘ The radlatlon flux
_FO 3. 96 X 1022 photons/cm sec enters the shooked gas w1th o
a ve1001ty, vy = 0, 183 X lO5 em/sec (5., F /&/vs,ﬁz 5
1.02).‘ For Tmln)a Mach 6 02 shock (vl l 98 X 105 cm/sec)
:kprecedes the front, Fo = 2. 32 X lO22 photons/cm sec and

vy = 0. 162 X 109 om/sec ( $= 0. 893) We notice that the

# appearance of the flow is very similar to the weak DwtyBe

case9 howeverp the shocked reglon is narrower and the presé

- sure and compression ratlo are hlghero A D=critical front

‘"sweeps up" less gas than a weak D-type radiation front,

3.7 wacritical:front‘preeeded,by a shock

“We have’efudied radiatiOn fronts at low and high
':deDSitiee‘and have giﬁenilimiting’densities for theee sﬁper
and subsonic radia{:ion‘fren’cs° It one caloulates numerical
"exampleekwith~given Fo, N, and Tg4 itkis found that the high
densityklimit'-fﬁ (Az) of the supersonic radiation fronts
is still,considerably‘belew the low density‘limit,7ﬂ1 (&¢)

Of the Subsonicaradiation fronts (see Fig 1.1). The region
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between %1 (AT) and / (ﬁZ) corresponds to the M~type‘

“conditions of Kahn ~Thus radwation fronts Whlch occur 1n'

- thls region are ca11ed Mecritical renlndlng us that these

fronts exist over an,extended'range‘of densities which lie
in fhe‘ﬂiddle between the Rarified and Epnse COnditions;’
A radia%ion front which travels slight1y fastef
‘than a D~critical front, VF;>349 must have ‘a rarefaction
 wave follow1ng it, On the other extreme when the front
xveloc1ty is sllghtly less than the R-crltlcal veloc1ty, a
‘shock must propagate ahead of the radlatlon front and a
‘rarefactlon wave. folTOW it. We thus see that an R~critlcal
~front can also be descrlbed as a D—crltlcal front sllghtly
, p:eceded by (OL merged w1th} g-shock but with both travel-
k’;'!.':i:.nfr aﬁ the same vélociﬁyé This can beqconfirméd by num-
erlcal calculaulonse VWe assume that in the Mucritical
~region a radﬂatlou front propagabes at sonic. vellc:ty rele 
’atlve to the gas behind it such uhat v4 = 8y = (g4p4/704)1/2
~and such that the term under the square root in eq'n (3. ,41)
is ldentically zeron | ’
| The ve1001ty relaticnships are nov slightly more
complicated, COrresponding to‘eq"n (3;42) we now have  ‘

ZEEA vp ==t

/

%:f—/«ﬂ; w‘ - .——’/’k/
A= 3,,4&~¢;¢~/;«J; ,

2z = VetV
wheré'vp4'is‘the velécity of the particles leaving the
“radiatiOh:frbnt meaSﬁred ih theflab’systemgk Fromuthé equa-
tion of conservation of mass; /3 Vg = f2v4 and from eq’n"

(Z59) we obtain
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,’7{;42 'Df 3/___/ | , 3,60

Correspondlng to eq'n (3 43) the pre5qure behlnd

the front is
G = “ ~ 2 (5 )
- 4 ‘ . , - 3.61
We note ‘that for all chrltlcal fronts p, ~(1/2)p2 to about
5% accuracy°

' To obtaln a numérlcal solutlon we follow roughly the
same procedu;e as outlined in section 3. 5 2 for weak D type
':frontsok Assumlng a reasonable shock velocity vy we Calculate
‘all the thermodynamlc quautltzes behind the shock, Since
p4,x(i/2)p2 we can calculate h4 and;g4;qu1te accurately
(using an assumed value of T,). A’valué of vy is obtained
by iteraticn from eq'n (3.44) using a value of(a4 obtained'
from eq*n (3.39). 'Tﬁe;compressionkratio Lyl %y
obcalned from eq'n (3.48), and the par51cTe ve1001ty behlnd

the front, v is. obtalned from eq'n (3 60). Finally an

P4’
vaccuraue value of P4 1s.obua1ned\from eqd'n (3.61) and an
'éccuraie valué of'aé from the definition, a42 = gépé//zo
If‘there‘is‘insufficient accuracy the whole~proéedure is
repeatédo‘ | c
,The‘radiation-intensity‘QSSociated with the'initiaily
assumed shock velociﬁy iSff0und from'eq'n (3.47), The raréé’

‘faction wave is treated in exactly the same manner as deg=

cribed in section 3.4 for,ﬁhe Récritical case,
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;"Fig° 3.8 illustrates an M-critical shock prebeded
by a Mach 9 shock fromt, (Again the calculations are for our
standard conditions as for the weak R~type case in Fig, 3.4.)

For Ty.., the photon flux, F_ = 4,63 x 10°° ph/cn’sec,

S

enters the;shocked/gas with a velocity,‘v éFOQZOO"x lO

3 | o
Fo = 4.87 x;lOzzkph/szsec,

L3

cm/sec ( § = 0.968), For T,

and vg = 0.277 x 10° cm/sec (5 = 0.735). The pressure and
compresSion ratios are stillhhigher than for the D~critical

casej the appearance, however, is similar except for the

‘rather weak rarefaction wave which follows the radiation

-~ front.,
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CHAPTER 4

THE STRUCTURE OF STEADY RADIATION FRONTS

In the 1asc chapter we treated radlatlon fronts
as 1dea1 diSCOHtlHUlLleS behind Wthh the gas was all
dissociated, It was necessary to assume a flnal temp Ta-
~tﬁré in order to calculate the -flow assoclated Wluh the
~‘£r6nt;’ The’preVicus results wou1d~bé unique, if the final
' temperaturé cou]d~be»calcu1ated , Ve féel that it is one
- major contrlbutlon of this th681s to reallze that this
‘temparauure can (ab lea5u9'1n pr1n91p1e) be obua1ned it
iall detalls of the rates of 1onlzat10n dOaSOClq tion and
recomblnatlon proceséﬁs wnthwn the Iront are COPSLdeTGd
and a stepw1sc integration across the front is carrledfoui
It is the aim of this chapter to outline such a detailed
calculation As an exanple we will discuss a dissoclation
front in oxygen Again, we consider the radiation front
as a one~dimensional steady state discontinuity with enexrgy
input

Unfortunately, it turns out that most of the
required rate coefficients are not yet known, and also that
the numerical integration is quite difficult (and was

actually finally not successful). Thereiore, the merits
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«of~ﬁhisfchapter lie morékin the outline of a procedure

to oblain T4 than in,the productioﬁ of'numericalfxesults,
,The’cohesion’of the thesis is‘ndt lost, if the reader
tuxhs ovef to sectiOn 4;40 He may la@er reﬁurn to some
,,parts df this cﬁapter inkorder to~étudy two defihitions
which are used in Chapter 7, namely9 the local power 1nput

and the local degree of dlSSOClaﬁlon,

4,1 Conservation equations of mass, momentum and energy,

Slmilar io the treatment of shock’front strucﬁuros
Y(Zel'dov1ch and Ralzer (1966), Chapter VIE)9 we w111 1nclude
‘v1scous 1orces and. heat iransfer in our dlscus ion of the

,,radlathn front~5urucuure,,kThe conservatlen equations may

be written

S vy = Ao T R 1
P(X) + £IX) 0X) =~ G4 Fx = B+t 4.2
4.3

. o . (‘z Sl Q/fo) 2 e )
h(x) + 1’12—’271,7?1;4(,/{: o X L ) dxx) /ﬁ/f/x)/rx)ax

Z

= s
T4+ D
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The terms on the right hand side of these équationsi&refCOn%
fstants of lntegratlon expressed 1n term° of the 1n1t1a1
“values of the flow varlab1659 dlstlnﬂulshed by the subscrlpt‘
'ﬁo", 'Vok?s the front velocxty relative to the partlcles i
ahead of the front /a and %’are coeff1c1ents of v150051ty
~and thermal conduct1v1ty respecilvely‘(one usually assumes
~that these céefficients aré'cpnstant;)‘ The;termkz(d‘is;thek
fatéydf energy;input per unit mass such~ﬁhat far‘behind thé
front - o UL _ ,
7;»’%; Z:'f/f)g/f)c/z = ':‘;,Z;; ' 5. 4‘4 :
-where W//gvo is the’total enefgy input per unit;mass as
defined in eq'ns (2.3) and (3.29'). AllL the other variables 
aré'defined as in eq'ns (2.,1) to (2;3){ | k\
E We'ﬁote that these equatious are valid at any point
inside the radiafion fronty ih*fact ifar behind the radia-
tlon front these equatlons are 1aentloal w1th ed'ns (ch) to‘

(2.3) 51nce uhe terms: conta1n1ng v1u0051ty and heat conduction

vanxsh,

4,2 Reactions within a radiation front

In general, many kinetic reactions occur within a

radiation front. - The photddissociatéd particles tend to

recombine either directly by two body or three body recom-
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bination or indirectly'through a‘chain‘prOCéss in whichi
’"1ntermed1ate" stable or metastable compounds are formed
Negatlve as well as p051t1ve ions may occur, atoms and mol~
ecules are Iound in varlous stages of: electronwc vibrat-
10nalfand,rotatlona1 ex1tat10n.' Colllslons between hét‘
particles within the front‘fend to‘causé'further dissocié~;~
tions.’ Finally,‘at suffib@ently high temperatures‘and |
 fadiation iﬁtensitieé'the~gas‘inkthefradiatioﬁ,front absorbsk 
‘and radiateS‘as aﬁgrey'body'(See‘Zei‘dovichvand Réizer;
Chapter IX),'presumably.thréﬁgh an inverse bremss%rahlung>
,,ﬁechanism with‘theifree eleétréns;.

‘If the incidenf radiation has'a‘biack body frequency o
;dleribuﬁlon one could expect each type of partlcle to |
absorb in some reglen 0{ the irequency spectrum Furtherm
 m0re, the front may produﬂe its own radlatlon through froe~
free or frce"bound two body co1lL530ns oY radlatlonal de*
‘excltatlons, ““Trapplng of resonant radlatlon m@y occur,

The varlous types of partlc]es in the radlatlon'
‘frdnt are generally not in equlllbrlum with each other such,
~that equlllbrlum relailons (e.g. S&ha relatlons) must he
“used w1th cautton if at all, Thus the concentrat:on of cach .
typevof partlcle must in general, be described by a separate

conscrvatlon equatlong

Let us con51dor the vnrxous mﬂchanlsms which occur

in a diatomic gas. As pointed out by Zel'dovich and Ralzer,
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- . Chapter VI,.studies‘of relaxatidnﬁtimes of'thé’various
proceSSes.behind a shobk front indicate ﬁhekfdilowing:
Complete equilibrium between‘thé tranélational,rrofational
and~elecfr0nic degrees of ffeedOm is reached~éfter less than :
20 COlllSlOnS per - part1cle (3 X 10 9VSéc‘at'atmospheric pres=
'sure) It takes a’ much longer tlme to reach equlllbrlum
between the v1brat10na1 and translatlonal degrees of frcedomo
Blackman (1956) estimates that 2.5 XlO7' colllslons‘at
300 °K (9 G/a%ec at a standard den51ty Of 2.69 X 1019 -3
and 1 6 P 1o3 colllslons per partlcle at 3000°°K (0.083.#sec
‘at a den51ty of 2 69 X 1019cm 3) are requlred to reach equils-
1brlum in oxygen On the other hand equx]tbrlation between
\fthe 1nd1v1dual Vlbratlonal SLates is ehtremely xapld (of the
: orderfox-zo collxslons). Ma thews (1959) has decerm1ned,Lhat
behind~Shock tronts the disSoCiafidn time is an ordér_of
~magnitude~1aiger than'the‘vibrational relaxation time,»~Thé;
cdllisionalydiSSociation mechanism seens to be due't0 co1m,'
lisions batween a partlcTe in a highly eyc1ted v1brat10ﬁal
state and a partlcle with hlgh translatlonal energy. Col-
lisions between molecules in the ground state rarely produce
dissociation. COnvérsely thevﬁhree body recomhination;mechm
banism presumably leaves the molecule in a highly exoited’ |
vibrational s‘cateo |
Varicus types: of reactwons may oeccux to produce

complef molecules in the radlaulon front. TFor example, in

‘oxygen at low tempnratures and low degrees of d1Q30glatlon




atoms tend to combine with molecules to form ozone,  (If

ionization were pLesent we would also have to consider O+

and Oy particles.)

’4;3 Special,case of a diSSOCiation,front,in okygen

To illustrate the concepts let ua‘con81der a -gis=-
5001ation front propaga51ng in pure oxygen caused by black
body radiation above 1280 A (we assume~that~there 15 no
'ioniZation), We choose a sufficiently“high particle density
yéuch‘thét'excited‘oxygen atons are éollisidnally demexcited
’and the domlnant recombination mechanlsm is by means of
three body c0111s10ns, Accordlng to the mech&nlsms outl1ned
ih the previous sectidnp‘the follow1ng reactlons are
&Ominant:

/ oo :
é% ? #+ & etz p_/_ﬁ

/280 ,
b o e O

r800

T

Looe 7
Sors # G > 0% = o O
Ow O+ M = D +/;7 = 2 1

:where M, the thlrd body in tho COlllSLOH standg for: any of
0 Oz, 033 O; 5 the superscrlpt wEn denotes a moleculc ina
800

v1bratjond11y exczted s»ate, the noiat1on hz&28o 1ndlcac§s

that the Cb molecule has a hlgh photod:soocwatlon cross

©

section’in‘the ’avelength regions 1280 A to 1800 A,
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The set of reactions above is perhaps not compleueg
 but these reac51ons clearly 1llustrate ﬁhe pr1n01ple and cous
cepts whlch we wish to emph951ze later Un:ortunately9 the
reactlon rate constants for‘mqst of the reactions in eq'n (4.5)
are not known.’ For calculéfion purposes’wé furthe: simplify

the‘reaction_SChéme of eq'ns (4.5} as follows

180"

J

O+ N === O e gl SR | 4.6

that is, we neglect ozone formation and Vibrationally excited
molecules, (A general treatment for the reaction schcme of

‘eq'ns (4 5} is glven 1n/4ppendix Cc.)

4,3,1 Conservation equations for absorbing part=
~dicles, == Since wevonly,h&ve two types of particles in the
reactions eq'ns (4.6}, the conservation equations for the

atoms and molecules differ only by a factor 2,

M gal e, am/z) Tl
g 1T o=z T 2( 9z T 5% J 4.7

where u is the flow velocity, N is the particle'denSity‘and
the sﬁbSCripts i and o denote O and Oé particles respectively,
The conservation equation for the molecules may be written

’k“asf | %'}YZL JM//z - /077[ B jb’/ﬂ/z/\/! ”’%dz //VZ}

ik, /M T

where k 15 the reac tlon rate constant and the sub°cr1pus d

and,ﬂ donote dissociation and. recomblpa51on respecilve1y,

The term /@%;/ in’eqvn (4.8) is equal to the number




76

 of mo1ecu1es which*have‘been destroyed by abSorbihg vphotoﬁs
‘ | and is defined by eq’ ns (3,18 and (3. 16) We assume
l"tha‘ the . photon flu? is sufflclenﬁly cmall so that the term
@+ F /cN may he neglected.* The soluulon of eq'n (3.18)

may be written aS"

. o , ‘ o(//)/vz/)(/‘ff)a/x
/ F//X)f)e/// / F/m,z:) e / ‘

E4 4.9
whore for a black body radiating at a constant temperature

the photon Ilux entering the absorblng gas is

zq/;// .
F/%/é)/ﬂ = [ (%) Fl7)d7 = const 4/5/ e*’///’f/ ) 4.10

where (ior future reiorence) ve have ueparated the time
~variation, G (t), from the frequency dependufe F(ﬂ/)d%/
| The masS den51uy‘of the gas for the case undey con=.
| sideratkﬁlis ’ :

//79%//5/7% = 4 M{%&Z‘)*A/z/x;ﬁ) ! o ) 4,11
where M- is the mass‘df fhé Ch molepule.‘ The.degree,of diSm

sociation y is defined as

oz £ A4‘//(/}§AA¢V%) | : 4,12
such that‘We may write : , ' e '
(/~//Jf//” . et . 4.13'

Using eg'n (4 13) in the left hand 51de of eq n(é 8} we

have CWW Jath . £ Jﬂ») /2 21 £ 90 / )
Z:: - —Z s gf&/

-z e_a;/@ /)

*  Actually the term (1 - VF/C) = (1 + FO/GN ) is app-
ropriate only if we have a steady radlatlon fronc, In
general, one should omit this term and write the photfon

flux as FP(#,%, t’ ),vhere t’ is the retarded time, t7 =
(t - X/O) ,
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since 87”/8t‘+ I(fu)/ox = o. Thus eq'n (4,8) can be
. written in terms of the more usual thermodynamlc Varlables as

/ i”:Z) %9/,,ﬁ} ‘//%)/f//ﬂ’/%);/%ﬂlt) & f"“’)//J"° O/

- /;’a,—_ b)) — A 2 B 175 7)

7"/’{/“—/ 5’/3%) 7‘-/?//"’2 /1/3/47j//”%} 7414
 where we have dlfferenilated eq'n (4 .9) to obta1n the flrst
term on the rlght hand s1de

Colllslonal dlSSOClatlon and thvee boay recomblnam"

tlon coeff1c1ents in oxygen have been measured by varlous

/

workers‘(Rlnk~et al (1961), Cemac and Vaughan (1861},
‘Mathewsv(IQSQ)} The reaction rate constants depend only
om the %emperatu e and are related to each other by the
pr1n01plo of detawled baﬁancxng |
fé%g ﬂé% '”/%07 =47 ’455224?f/;”4;/““5)) 4,15‘w

where K(Tj,is,the’equilibrium constant, which determineé
the:equilibriﬁm‘degrée of dissdciation'y_at a given temper=
ature and density; A is:a constant, Alihough eq'n (4015)
ié sfrictly valid for an equilibrium situation, preéumably
bit is‘alscyrat least approx 1mately, vaiid fox non equlle
brium situations (Hurle (1967)), k | |

| The disSOCiation coefficient is assumed to be:of
 the form \~ 5 | : ‘ : - S o
' /,/i/ ::g/jg;gr) L exp /~ﬂ///?77) 5 1o <M< 2.0 ) 4.16
| ;where E‘is*éome constant, D is the dissociatiop energykand

the exponent n is believed to have a value between one and
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- three, The value of n is dlfflcult to deuermxne since
’ the temperature dependence is swamped by the exponentlal
term. '
The 9xygen gtom is roughly three times aseffective
‘asfa molecuTe in recombination reaétions tth Lalng the
values of Rink et at (1961 and a value of A 115 X 103 we

'obtaln

3,06 x 1073 173/2,D/k7 (i) e
, A
[—~—-- T /dig)i’ & /&M
(i) = A

0.18 % 1073 77/ 2 DUT [y
4.4 % 1080 71
13.2 x 10730 71
» 4,17
Ve mvsi emphasize that these vaTLes were obtained from shock
' ane7scua1es,1n oxygen near 4000 °K and Lhe exponeni ( 7) in
the’equationsffor’&ﬂ_ wés'us@d bngink et al to obtain an"‘
apbfoximate'temperatureidependencei It may,’in'fact,‘be as -
large as (ﬁé) andkSmall as (m;fk, Consquentl y, at room
teﬁperature'the va1aes of k, obtained from eq'ns (4,17),may

be significanﬁly in error., Nevertheless we shall use these

-values for calculations in the thesis,

4,3,2 The rate of enerﬁy input per unit volume

40(1X1ﬁ) % (,XyL == The energy input for rad1301on chnts

or radlatlon produced- shocks is uhroudh absorptlon of phobonm.
For high radlaulon intensities and low number denoltles
(corresponding to weak R-type conditions) there is little

part icle motion so a knowledge of the energy input at any
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poiht in space‘gnd time is not necessary, Nevertheless;
if fecombiﬁation of the particles béhind thé rgdiation front
is negllglble thls ene;gy input may be ea511y calculaied
iﬁ a manner analogous to the methods outllned in sectxon 3. 1_
,Ifkrecomblna 1on is noc negllglble then the ca1cu]at10n k
is much more compllcated and 1uruherm0re depends upon whether
’the recombinaplon,ls due to two body colllslons with resul~
ting photon,emmission'orkdué to three hody 3011isiéns ﬁith'
no emission, E |

Recomblnatlon of the partlcleg would tend to broaden
the radlatlon front and distort the energy 1nput across the
Iront 51nce the photons of high absorpulon cross section
would tend to be absorbed by the recomblned partlcTes which
presum@bly are iormed relatlvely far behind the 1ead1ng edga,
of the front Also 1f the parulcle den51iy 1 relatively
IOW (1016' ) the domlnant recombinatlon mﬂcban1sm is by‘

two., body coliLsxons w1th photon emzssxon “This result lﬁk

"’SHbSbantl&l ngiffus 1on” ot rad;ant energy in the v101nity

"ox the xront and it is necessary to empTOy the theory of
radiative tranﬁfer (Chandrasekhar (]9601}to obtain the net
:;enevgy 1npﬁt at any p@lnbln space and time.

In weak D=type fronts preceded by shocks there is
Subsianﬁial'motion;of the gas and therefore:a knowledge of
kthé energy‘input at evefy‘point;in spgcewand tlme is of

domlnani importance lf one wishes to analyZe the develop~

“ment of a yradiation or slocg fyont oOxX. the strHCLure of &
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steady state radiation front,

: The’rate ot enefgy inpuf ior the reaction scheme'iﬁ
eq'n (4.6) is obtained directly,fromlfhéy/%%f ﬁerm_as.defined
in eq;ns’(4 8) and (4.9) simply by replaéing~the‘photon ARG
F w1th the energy flux E, (See Appendix C for thé~genera1 |
case,) The relation between the energy flux and photon ;1ux

is

g/x,) = / f/m,ﬁ) dy = / 47 Fri ) d s

-/ —[ o< (2] My 5 d x :
/& /7’/7%2ud = " | OQV , 4 18

where we have used eq'n (4 9) and where F(#,0, t) d?’ls de~
flned by eq'n. (é 10)., Thus dlfferentlaulng eq'n (4 18) we
obtain ‘
// /o, /l//o«// 47 ///ai/f/w/w/x’fﬂxo// -
| 4.19
which in the notatlon used in eq ‘n (4,14) 1 o
/’/a //7 2 / oaff/M////mf)e f*ff’iff%f‘/x S 4.19"
In general if there is more than one type of absor~
blng rartlclesin the radiatyon front, an. cqu&tion SJMIIaT |
to eq n (4 19) must be wrwtmon for each type.f This is Jll“
trated in Appandlx C for the. reactlon ascheme shown 1n

qg'ns (4,03;

4.3, 3 Calculaulon of the front structure, -~= For

vlven boundary cand1t10Ls one can, in princﬁp1e, calculate
the qcructhre of a 5beady radiation front from eq'ns (4.1),
(4.2) and (4. 3) where to evaluate the term /?’(x) Z(x)dz

in eq n,(4,3) it is necessary to use e€g 'ns (4 19" ) and (4 ]A)
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For a steady rad:atlon front oﬁe replaces the tlme derlvam
“tive w1nh the spatial derlvatlve 2/t —== = vF<9A5x where
Yc is the veTOClcy of the front, such that the left hand
side of eq'n (4,14) becomes .
7/;_// ~_(_’:;Z) % __{’_’f}} —— ’//a W’)JX//}) ’/f‘g ('?‘J 4 20
; where ~U?{u - Y:’ is the partlcle veloecity relatlve to the
‘front. | ‘ ‘

An attémpt Was made to’calpulate thé,structure of
a weakkDmtype front inIOXygen preceded~byka MachkS shoék;
‘frdnt, For thLS we used eq'ns (4, l) (4, 2) (4;3),‘(4,14)
and (4 19') as woll as the equatlon of staieaf‘Iﬁ fhis man=:-
ner we hoped to obtaln a value of the temperature behind th@‘
radlatlon,front which we had assumed for the oa1cu1at1ons in
Chapter 3, The procedure was to dividé up the ratiiatifon _
fronﬁ intorequal sections (ianagrangian coéordinatés)\With
“the fifst séection &* the‘point where the phctdnkflux WaSrl%
‘kof the 1n1t1a1 value, Calculations wére then oarriedfcﬁt
for each succeedlng section, TFirst, the degree of disseccia-
tion Was calculated from eq’n~(4,14), 7pq was calculﬁted E
frem'eq‘n (4 19')‘and v2/2 from eq'n (4, 3) Unfortunately,
 <the 1t@ratlve procedure did not convexge wms negatlve values
 0£ the densxiy dnd 1mﬂginary values of the ve1001cy always
occurrea, Perhaps this is hardly surprising SLHCO the v2/2
term is about 10%* times smalier than the 1/qami the h terms

in eq'n (4.3} -- our iterative procedure cOuld‘hardly;be

expected to produce such accuracy.. Perhaps sOme‘cher'calm
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~cu1at10n procedure would ‘prove to be more S&LTSIaCLOPY
However, furcher Work in thls dlrectlon was abwndoned
We shall return brlef1y to thls pLoplem in Chapter 7,

where we w111 ‘use the equations developed in thvs seculon

4.4.‘Concluding remarks on Chapters 2, 3 and 4

In the previous chapters we have treated steady

: radiation fTOHtS‘propagating in a semininfjnite tube and

e showed that five different types of fronts were p0531b1e.

In Chapter 3 we carrled oui detailed caTcuTatlons (for an
assumed uemperabur ,fT4) for‘each of the flve cypes ox
"radiatiOHVfronTs~which océur - We would like to stvoss one
of the most 1nieregt1ng phenonema Radlatlon,fronts may

‘act llke dr1v1ng pistons tO'accelerate the'gas~ahead ofk
‘thém; The~fesu1ts;arekbest presented by plotting the vel~
ocities vp?,vg and vg as a'functioﬁ Of~N0/Fd, The diagrams
in:Fig,,é.l,show such a plot, The values of theSe‘curves
'were’obfainedifromfﬁigs, 3,4 td;3°8 Which were-¢a1culated
'for standard_C0ﬁdi£ion§ as outlined~in section 3.3,

| Iﬁfcﬁapter‘4fwe jntfoduced doncepts and équationS‘

to calculate the structure of any saeadj radwatlon fyront W1th
“given bOLndary COHdJLlOHS, In'ﬂus way it 1spogsva 1injL“Jph%
to calculate the 41na1.temperature behind the Iront~§0‘as

to make the solutions of Chapter 3 and the relations pres=

 ented in Fig 4.1 unique in terms of the final tTemperature.
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sThis, in'efféct, yields an addit onal equatwon so that

now there are as maﬁy equations as unknowns (Sev section

. 2,5) and9 therefore, no assumptlons are necessary. Althoughf’
we‘failed to obtain a numerical solution for a 51mpllfled
case we belleve that th° ideas developed in this chapter and
’Appendlx Q'wlllypalnt che way to succesful calculation in

the future, | |

We‘have intimated Severalytimes that in the
str;ctest senae of the word steady radiation fronts do not‘
occur in realkgases. A1l radiaﬁion'fronts will‘possess non
Stéady‘state Characte istics to some degree, Thefapplication
of steady state equatiens to radiation froncu Wlll yzeld
approx1maue results ~ in some cases qulue accurate %nd Ln‘
Tothersy less reliable, However9 even in 0bv1ou%1y non steady
skate situations the resu of . these ch%pters are Leenul
' 1n estlmatlng the proper ties of and chermoaynanxc ququltme

'aSSOCLated with the radiatlon front,

In the neyt two chapfora we descrlbe an Vperiment
whxch matches the geomecry, wnlch we. haJe corsxdered ihrou@hw
‘out~this thesis, In tryzng to undorSLand the details of our
‘eAperlmeDﬁal resulis we found it necessary to consxder gpects

of nonfsteady radiafion fronts, ‘Consequentlyy in Chapter 7

“we develop a method to consider such fronts.,




CHAPTER 5

THE BOGEN _LIGHT SOURCE

Havxng treatod SLGaay radlatlon fronts in the flrst
part of this the51s we will now LOCHS our attention on’ an
experlmenﬁ’to\produce radlatxon fronts 4n the‘geometry of

Fig. 2,1,

An extremely intense 1ight source radiating in a
anelength region where’thé‘photoabsorption Cross séction

of the test gés is large is a necessary requirememt‘for‘eXw
perimental work dn,f&diétion froﬁts,  An‘idea1‘5ource WOuld
be a powerful pulséd laser radiating’at'thé desifed frequency
and for a period cf several tens/bffmiCTOSeoénds,i Compérim
son of the experimental rosults w1ih the theory for suuh a
monochromatlc source would be much s1mpler than for a bloch
body source,

| Unforhunately such Ldeal ]ascrs are not available

at present. ¥Yor ouvr exper1ments~we choose a light source
similar to that described by Bogen et al‘(1955), This scurce 
consists of an arc‘Cénstricted,through a narrow chapnel in

a polyethylene rod and radiates as & blqck hody with,an ef=
fective temperature of,fhe order of 10° °K for a‘Peri°d °f

about 10 _«sec,
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5.1 Description of light sourcek‘

The ljghiysource is illustrated schematically in
Flg. 5, l A 25 pF capacltor bank capable of being chardea
to 20 kb’ls dlscnarged through a 2 = 4fmw1d1ameter hole
drilled thyough/a 4,2 cm long polyethylene rod, The dis~
 charge,‘squéezéd'through the hole, vaporizes the ﬁolyeé
thylene‘at'the walls and,produceg an extremely hot, high
density plaswa which radiates‘along‘the aXis"qfkthe hole:
, as a bl&pk bodyf The radiati0n passes into fhe ﬁest
chamber either directly'or thTOugh a glass,‘quarté‘§r'
- LiF window. |

Unforcunately much of the polyeihylene plasma con«
51stq df vaporlxed carbon Whlch tends to settle on: the walls
of che chambex»and on the w1nd@w, Consequenniy 1t is nec~
eSsary first to remove thb test chamb r.as fav‘ffon the‘
source as practlcal Secondly9 to insert wallos betwcon
the source and the test chamber and thlruly to use 1arge
dump chambers to dlgpﬂrse uhe spent plasma, Otherw1$e, the»
‘w1md0w murt be c}eancd altev every one or two shots.,

“The sequence of events in Firing the lldlt source
is- aS‘fOIIOW°' The syscom is pumped down co below 0. 05
TTorr which is éufficiently low to ensure that brealkdown does
" not occur. The ceﬁdenscr bank is charged to the desiréd
value (usualiy 3 k}/). The light source is fired,by directing

a jet of hellhm onto the ‘hole in the polyechyleneﬁ This

raises the pressure untt] for the app]led vo]cage a polnt
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on the Paschen curve is reached where br eakaewﬁ OCCurs.,

’The spent plasma and excess_helium'are punped out and the
’whole‘process may'be repeated every 30 to 60 seConds¢‘

After about 1000'shoﬁs the discﬁarge channel becomes enl&rged’
andthe polYethylehe,must be replaced.

'An,alternate method of_triggering'the~discharge
,,wbuld‘be supplying a pulse of 5ppfaximately - 12 kV/ at the
negative electrode by means of a'brush cathode, This method:
was not-used’sincekthe,eieCtrical noisé,associatéd’with the
triggering‘pulse tended to. trigger the ascilloscdpe pfem%‘
:aturely,,f
| Various doalgn% ox"he'}iWht soafce Wére tried
before the d@51ﬁn 11}u55rated ln Fig. Bl Append:x B was

rsuccessxul, It consxs@g of two electrodes embeddcd in aad

polyethylene B _dump chambers
//window
inled ISR ESh ba5t;
for T NN ~
heliuw , ; . |
, : | \\ _ X
test
\\ , chamber

j i baffles
2548, 20kY :
capacitor bank
over danped

"Tig. 5.1 Schematic representation of light source
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,sepaiated by epozy strengthened WIth ;Lbreglass, A a/4"
diameter threaded poTyethylene rod is screwed into lhe epoxy
,such that the 2 - 4 mm diameter hole serves as the ax1s of
Vthe cylwnarlcally symmetrlc apparatu
- Although this d851gn’was gquite satisfactoiy the
_polyethylehe tends t0'crabk'aﬁtef many shots espeéialiy
at rel&tively ﬁiﬁh discharge vol%agesy (::zﬁﬁ’j‘ Also, the
,'rlnglng f?equoncy of the banh decreases as the dlschqrge |
channel in the polyethylen@ anrea es in dlamemer Con~=
sequently, the llght 1nten@1ty was not strictly xeproduc“
ible firom shot to shot and the peak 1ntensxty ﬁenaed to.
vbecOmefdelayed after many shots were fired, .

| The dump chambers cénsistéd of 6 ipch diameter
alumlnum Lublng oi various 1enobh (2 iﬁchas to'l2;inché55
sealed with C?m rings. |

The LiF and quarﬁV windows wore 1/4” tnlck by 1M

‘ diameter; the actual &perture for»the radlatlan enLaang~l
the test chamber. wam‘u,7 cm dlameter A mechanical shuitew
con81st1ng of sheet meial Wwas installed to stop the 11ght
from <3nber1ng cJJe'tesi chamber . It was operated from

- outside the chamber,by means of a magnet,

5.2 Measurement of intensity

{A typiéal oscillascope trace of the lzght pul%e ig

shown inkFig, 5,2. The peak 1nLcu¢Luy of the 11ghu pulse
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was measured as a functlon of wavelength and as a function

of dlscharge voltage.

2 v/d1v, 2 psec/dlv
l = 5000 A, d1scharge voltage = 2,5kV

Fig, 5.2 Light pulse from Bogen source

5.2.1 Absolute intensity at 5000 A with discharge

voltage at 3.0 k V¥V, == The absolute intensity was measured

by comparison with a standard carbon arc (made by Leybold
with Ringsdorf RW 202 anode and RW 40l cathode) The arc

was operated as prescribed by Null and Lozier (1962) The
experimental setup is indicated in Fig. 5.3 Care was taken
to ensure that the optical systems were identical for the two
light sources. This was accompllshed by means of a mirror--
first measur1ng the 1nten51ty of one system, rotatlng the

mirror by 90" and measuring the,inten51ty,of the other system
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Fig.5.% Experiwental setup for absolute intensity meagureswents
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‘By adjusting the siie of the‘SOuréé‘apérture (sece
Figm 5»35 it was possible to adjust the effective size of the
fiight sourcese éy adjusting the Solid.angle'aperfure it
was possible to measure the intensity of the‘Eogen‘ligHt
'sourcé~a3'a functicn of‘sdlid anﬁle. Meaeremants shéW‘thaf
f‘the 1n€en51ty per unit cross-section tends to decreage lightly
with the size of the hole in the polyethylene 1nsert xhe
opblmum,51ze (at a discharge voltage of 3.0kV and at aAWavem
“1éng€h of 5006 E ) waskfound to'be-apprQXimately 4'mm¢
Measurements'also show that the light‘from the Bogen sourcé
“iskcoﬁcentréfed infquite a'narrow‘béam~in the axial direce
tion 31nce the intengiity per unit solid angle decre ses
markedly fox 1arge solld angles (perhapa hy a factor 3»for
JQ:”O 1 stevad) | |
Mea surements 1nd1caued Lhai at 3.0 kV and oOOO A
the‘average'lnuenszty Of'the Bﬂgen light source for a solid
‘angle of 0.1 sterad was (1.9 :!;;O,Z)IXIO3 times‘as bright
as fhé carbon arc. Aloﬁg the axis this value is roughly
fhree times 1arger' Since the:c%rbon“éro intensity at SOOQ A
.ylS 200 watus/(cm ster p) we calculate thab at the source

21 photona/

'apovture we have a photon #lux of abouc 3.6 X 10
'(300 A cmzcec) (for.ll 0.064 and area mBgnlflCBLLOD of 5.3},
”From Stefan's law the eff9051vo hblack body tempcrabure of

the Bogen source is in the region 60,000 °K to 150,000 °K

depeﬁding;on»the'301id angle,
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5,2,2 Inten51tv as a function of wavelength at

3.0 BV, = To measure Lhe 1nten31ty in the wavelength
region from 2500 A~a procedure similar to that described
abeove was’uSed.‘kHowever ﬁo lenSes/Qere used.éﬁd the
nevﬁﬁl den51ty fotevs vere replaced by a set of frosted
guartz w1nd0ws (uhe transnvsﬁlon of the Varlous comblnatlcns
wa.s measured 25 a funcﬁion of wavelength prior t0~intensity
fmeasﬁremenﬁs), The measurements show thau the 1ntensxty Qf’
 the Bogen>30urce erea dually 1ncreaaem wzth wavelength to a‘
‘value of~4&2 X 106 watt s/(cm ster L) at 2500 A (i,e. ahout
10 tlmea 1arger than at JOOO A) | Unfcrtun&ﬁely the intéhé
sity of thé carbon arc:is very small at 2500 2 ahd accurate’
measureménts &ge difficult, ’Neverthe less ﬁy comparison
with Planck black'body radiafidn the:values -of the intensi{ies
at 2500 Z indicate an effective black body temperature’of :

the order of 40,000 °K.

5.2.3 Intensity as function of discharge voltage, ==

At Qw’voltages the 1ntensxby of thé Bogen 1ight source ingm
reases guite linearly,; HoweVerg at higher veltages it téngg
to incresse mOre,Slowly'iﬁdicating a s&ﬁuratidn level isg
‘being~reaohed at around 6 kV, Also this saturation level
‘seems to bc Targcr for 1arge; diameters of the chavnel in

Vihe polyethylene insert. A Vplcal curve of LnﬁcnSIiV versus

discharge voltage is shown in Fig. 5.4. From this curve it




Intensiﬁy

0 1 2 35 4 5 6 7 &
RERE > discharge voltage (kV)

Fig. 5.4 Intéa 1ty of Bogen light source as a funcﬁlon of
discharge vo tage, B
 appears that the optinum discharge vo?taée‘is arcund 5 to
6 kv, Unfcrtuna clg unlesg the window is Very far from
he 71ght sourcogxt gets b&dly chipped at these volcagosg

conuequenilyp it was preferable to use lowef-dlgcharge volm

tages and place the window cleser to the light source.,
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CHAPTER 6

EXPERIMENTS - AND RESULTS.

Througheut our theoretlca1 1nvesilgatlons wé
“have consxdered steady radlatlon fronts whlch are gener=
kaied in a semi 1nf1n1te tube sealed by a iraLsparont wxnm
 dow, For experiments with ionization frsnts one mu&i usek
a WlndOW winich Lranamits photons of energy bolow ﬁhe 1onw
1;1zatlon pot entlal of the test gas (e g uhe 1on1zam10n
‘limit‘0f hydrogenfat0ms is 912 A)n We Knoﬁkof no’méterial
which ﬁranémiﬁs rediation at such low wavelengths. Lith-
dum fl@ufidev;which traﬁsmitsrradlatlon down to a wavcw-
length of about 1200 Z has the lowest cut off llmlt, 
Consequently_we could only study dissociation fromts in
test gases which have photadissoéiatidn gross SectionS'in
a waﬁelength.régign abave 1200 Z, quiaekand oxygen ful-
fill this requirement and weré used as test gasesc
When we examine the cempora} varlation ox therlighti
/pulse from bhe Baﬁen source»>we find that it is of much

teo,short a durati@n for a steady dissociation front 1o

develop . Therefore it was decided to study itwo phenomena
~(L) the he@lnmll of *the formation of the radiation front
at 1ow absorbbr don51tLes uurlng the time of the 1ight‘

~pulse and- (ii) the’formation of shocks at high absorber

densities after the light pulse was over. Such ezperimental




investigations are described below,

6,1 Beginning of formation of dissociation front in

iodine

An experiment to observe the beginning of the for-

matlon of a radiation front requlres a test chamber of

flnlte lengt h (see Fig.6.1), If we choose a test gas Whmch

absorbs in the v1sxb1e wavelength region (where we may use

'conventionalfmonOchromatOI filters and photomultlollers)g

1t is. p0551b]e to measure the amount of llght passing

~through the tesc~chamber; An increase with time in the

amount of radiation passing through the test chamber rel=-

ative to the radiation‘incidemt on it (i.e. an increase in

transm1981oa) ind10 ces the development of a.dissceiation

front; Furthbermore, if the conditions correspond to a

,weakknntype case (see‘Chapter 3) or if the predicted width

of a steady radiation front corresponding to such condit-

ions is widé (Such‘that the pressure gradient is small},
thethﬁefe:will belittle ﬁotion~of thé particles during
theylozésec lighﬁ pulse and fherefor@, the interpxetation
of the resulis is sxmpllflod |

To carry out such an eaperlmenc iodine was chogen

,as the *est gas since it is phobodlssoc;ated by radiation

in the regxon 4600 A to 5000 A "It has a pn0u0ab oiption

zyat 4995 A (see resulis of

Cross secﬁion‘Of 2.4 X 10”18,0m
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:Rab1n0w1bch and Wood (1938) in Fig.B.2, App@ﬁd?? B} and
a recomblnacien caalflcwent of 7.6:X 10 ~30 cmG/moleculezsec ,
for three bhody recamblnablon with Ip partg 101@5 &$ the third
body (Porter and Smith (1961)) There were three condlulons
to satlsfy in the ChOlCG of the 1enguh oI the test chamber
and the ‘initial pressure so as to obtain a maximum in the
varlatvon of the transmL551on 'Fir st we wanted about 90%

0

of the radlaulon at 4995 A to be absorbed within the chanber

'51nce £0r this case the signal to . noise ratlo ( AltranSM

o m1581on: transmic5101) was 1arge Secondlyg we wanted to

use a short iOC&l 1ength 1en% “to focus the® 11ght into the
test chamber and thug obtain 3 1arge photon flux, Féo; This
~dictated chefuse of a shart test chamber, On the other hand§f
the chamber could not be too short Sincé this would require
the use of high.partiéle densifiGS'at which thrée bédy're*,
combinatidn would;notabe aegligibleo“To aaELSiV these con= .
ditions we che%e 8 tesﬁ chambef 10 cm in length and ugsed. a
'partlcle density oI 1,12 X 10%7 particles/ cmgo |
The tesi chambe? was a 3,5 cm dlameﬁer evacuated

 g1&sS celi (CGLC&EQ&H“ iodine crystals) oncloqed in a brass -

contalner which was equipped with heating elements to con=
trol the temperature, The particle density of thekiodine
Vapof was regulated bykadjusting'ﬁhe temperature of the cell,

We used 70 ¥ 0.5 °C which corresponds to [ié] = (1,12 L 0.03)

X lo;7cmf3),




“measured by photomultiplier
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Tne eyperlmenual setu99 is shown in rlg 6.1, It

has an 0P110&1 system similar to the arrangement for measurw;

ing the absolute intensity of the‘Bogen source (see Figc 5.3).
A 2.5" focal length lens was used to seal the dumping‘chamm

ber of the Bogen source and also to focus the radiation into

the test chamber (with an area~magnification~df'5,3)g It

‘was necessary to clean this lens after every four shots. The

transmitted light T passed into a'monochrcmator and was
41, A piane glass plate was
inserted to divert a swall fraction of the incident radiation,

Foyfinto a second monochromatox and photomultipli@r‘#z which

‘served as a2 monitor, A [= 4.0 neubral density gelatin fil-

ter coﬁld be placed either in front of or behind the cell,
Sihce the differencekbGEWeén ﬁhe,signals F and Fo is
small and, furthermofes not repfoduuleo, it was necessary
to use~a differea ;ial technique, The experlmental pxocedure
is‘as'fallows: The neutral density filter isuplaced‘in‘frqnt

entering

of the iedine cell and the amount of light, Fos

'phototube‘#z (at 4995 A) is'adjusted to reasonable levels

and eaualized to ¥ ent r1nﬁ pho OLube #1 by means of addifm

ional neuiral den51ty flltorc (not shown in Fig, 6.1). The

‘dlfference of these two glgnals 1s dlsplayed on an oschlom

scope;, (Ldeﬂ3l this dllference should be zero, but in

practlﬁe thlS never occurs) and reooided on polarozd £4.3m,

‘,The 4¢O N;Dq filter is then placed behind the iodine cell

and the procedure repeated, If there is substantial depletion




of theylz molecules in the cell during the time of the light
pulse,thé~signalyfrom phototube #1 should be larger thankfhe
signal of thermonitofc The differencé in these fWO‘signals
is aimeasqre of'the developmeht of the radiation ffont, |

Typical os@illosaope traces are shown in Fig,~6.2; A

“Unfortunately the’éignals are not reproducible‘andkin order

3

to obtain a meaningful measurement it was necessary to aver-

age measurements over 12 shots, The results are shown in
indicate the standard deviations,

Tig. 6u&ﬂﬂan01id error bars The dashed error bars indicate
“the results obtained with no iodine'vapcf'in;ﬁhe cell (accom=

,plished,by keeping the cell at liquid nitrogen temperatures)

for which we should obtain a straight line along the horiz=

ontal axis, The deviation from the expected result and the

large error bars are testimony of the difficulty in detectin
: ; , : : g

the radiation front in this experiment,

The two solid curves in Fig, 6.3 give upper and lower

1imits for the expected theoretical results. Here we used

. < p R
a photon flux F, = 1.44 X 1022 ph/300 A em?sec) and a photon
£iux hélf thts vaiue-(corre%pgnding to the results of section

5.2 using solid angles of 0.256 steradians and 0,128 stera~

dians)., The calculations are carried out as outlined in

Chapter 7, (Drift motion and diffusion of the particles

as well as wavelength dependence of the absoxrpiion cross

‘section were neglected. Also, the radiation was assumed

to be parallel.]  Dt9spibaﬁhe obvious shortcomings,of the

Rather than plotting the original and the increased flux
which differ only by about 5%, we gave the exzpected dif-~
ferences of both signals in Fig, 6.3. =
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measurements andftheofétical curves there‘is general agree-
ment between %hecry and r99ults‘ ~We would llxe to empna51ae
© the dlLflcultlea encovntered in these measuvements === the
inten 51ty and time duration of the light pulse from the
Bogen source were: thply insufficient to measure the developm
ment of Lhe rad1at1nn front precLsely,
In cencludlng thls section the author would lee to-

suggest that an experiment gﬁmllar to the one described above
'but using a-Sbrong d.c, lLight eource be attempted. (P0851b1y‘
a large carbon arc such as are used as prOJectovs in drlvewln
theatres would be sat fac cory}, A1909 qther gases (or mixw
tares of gaSeS} sﬁch as chlbfiney bremine\and Sulphuf dioxide

may be'preferable‘as test gases,

6.2 Shock fronts in oxygen

In the experimenf in iodine a low‘dénaiﬁy was used
such thatyli ;tle particle motion could be expect ed In this
sectioﬁ we wish to accentuate the dynamics of the testvgas S0
‘as to produce shocks ™ As shown in Chapters 3 andyé one has 
to use a high absorber density and 2 test gas with a2 high
~abéorption coe£:301ent in order to proavce signif éﬂnt'parm
ticle maiion over sh@ru pe ioasyof tlmeé Oxygen vas Chasenﬁ
as test‘gas for this purpose, It has afhigh photddi ssocise-
tion cwoag sectlou 1n the Schumﬂnn Runge region from abouu‘
1280 A +t0 1800 A (q@e results of Hetzger and Pook (? m4j]

R Y 2
Fig. 8 3, Abﬁandlﬁ B); its wmaximum vaiue ox 14,9 X 10 lgcm

3 Similar shocks were reported by Elton, (1954)»




102
gt‘lézo‘AFis sig times’larger\than the valueifor iodine
‘at 4995:A.A,Also the;particle‘densities used were in the
region 0f~1018cmm3 to 2,69 X-1019 cmm3y subétantially:’
higher than for the case of iodine, Consequentlys a radlam

P -
tion front tends to be much narrower than in the ca e of

iodine andythe pressure gradlents;much larger.
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Fig, 6.4 Schematic of experiment in ozxygen.

The,éxperimenﬁél Setup is illustrated in Fig. 6.4,
The tesf chamber consisted ofka 2" di&meter pyrex T=junc=
“tion filled with oxygﬂn at the desired pressure, The radé 
iation passes ﬁhrough‘che 1 7 cm diameter Openlng in-the
‘llthlum ilourlde (LlF) window, is absorbed in'ﬁhe oxygen

gas mnd produceq a shock whlch travels in the «+x direction,*

# Slnce there are no confalnluﬁ walls it also tends to dis~

' perse ocutwards in the radlal direction, However, this
seems to have no effect on the axial propagatlon of the
shoeck since a 1.8 cm I.D. +tube. inserted to prevent this
diffuxion resulted inm no detectable difference in the
strength of the shock. ' ‘ ' ‘




103

A PieZ0ke1ePtric pressure‘prdbe (pressure tra nsdﬁcer LD=-15/89
of the Atlantlc Research Corp. , Ale candria, Va.) was placed
dlrectly xa01ng the anOmlng radratlon the\dlstance~between
it and the LlF wvndow could be adjusted to any desired value
by means Qf a threaded screv, The~face of the;piezo‘probe
was'doated.with alQminum paint to”preventkthékradiation‘from
;falling directly onto the cryStal; This probe mea ured the
time df arrival and strength of any shocks or compression .
Waves whiCh were formed.
| The procedure was simply to set thé“piezofprobe at
‘any desired distance d, fife thekBogen source and récofd thek
>Signal from the piezarprobe'aé dispiayed“on an oscilibscopegy
(It was neces 38ary. to cloan the LIF wxndow after every 6. shosSJ 3
'TyPica] Lraces are Shown in Fig. 6. 5 We n0u1ce that the
sharp shock szgnals are superposed on a 10ng duration q'ﬁowly
,decaylng szgnal,- ThlS 31gaal is presumably,due to thermal,;
heating of the cryétal‘when radiation (above 2000 A)‘strikes
and is abSdfbed by the face of the probe. yxn‘factpkthe
ﬂampliﬁude of>this signai pfoved to be a convenient way’of
monitoring fhe intensity:of the radiaﬁion‘passiﬁg through
the LiF wideW. “The Secondary peak which appears after the
prnmuw 51gna1 is due to ﬁhe reflected shock (from the piezo
probe back to the LiF window and bach to the plezo probe)
| From uhese signals we may calcu3ate the speed and
initial
kpoint of‘formation of the shock at varlous/pressufes. We
find that‘at‘high pressurés'(ﬁOO Torr)vthévshock forns very

near the LiF window while at low pressures, (20 Torr) the
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‘dlstance d must be at least one centlmeter before a signal
can be detected In general as the dlstaqce d is increased

the amplluude of the s1gna1 flrst increases t0 a maximam and

k ,thenfdecreases gradually, Presumably this 1nd10ates that the

compressxon wave. in1t1ally builds up in strength to a max~
imum and - then SlOWTy decays Thls is illustrated in Flg° é 6
'Ior an lnltlal pressure of 400 Torr at wb1ch the maxxmum is
at about 0, 5 cm, We w111 cxamlne these results in more deétail
in Chapter 7 “ , | :
The velocity‘offtﬁe shocks at a11 présSures is 364 % 8

 m/$ec; In fact, the velocvtles at low preSguros c=eemed to be
',sllghuly larger than at high pve%aures bu certalnly no more

~than 8 m/seco The u;me of arrival of the shock as a fuucﬁion
‘fof‘disfancékd is plot*edjanigo;ﬁ 7 for an‘initial pressure of
400‘Torr, From the slope we obtain a v01001uy of 368 m/sec
“wh11e from the reflected shock the veloc;ty is aﬁ m/secof
fNotlce that there is a sllghﬁfbend in the curve at GOS chly
"indicating that near;the window the velocity may bevdifferent;
than  the meaauved va"iueo Unfortunately, it is difficult to
obtain reprodu01b1e results in this reglon° We compare these

~results with theory in Chapter 7




105

Pressure = 400 Torr Oxygen
0.05 v/div
- 50 psec/div'

 Fig. 6.5 Oscilloscope tracés of piezoelectric probe.
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Fig.6.6 Shock strength as function of d at'400rTorr oxygen
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Fig.6.7 Velocity of shock at 400 Torr oxygen
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6.3 Attempts to measure ionization in the test chamber

1f one removes the w1ndow Whlch was used in the

 two prev1ous experlments +then 1t 1s p0851b1e for 1on121n0

;,radlatlon'to.enter the test chember.; Indeed large slgnals
~of the ofder of 100 volts werefmeaSuredeby means,ef eieetm,
rodes inserted'into the test chamber.. However, these
signals dld not seem to be correlated with the llghu pulse
in any way, seeming to starc at or Just after. breakdown of
ethe Bogen source whereas the light pulse is delayed 2 or 3

Ly/asec, Also ”the‘signqls depended upon the'gfounding of the
dump chamber and polarity of the test chamber, Furfhery_
work along these lines was abandoned |
| We alse obcerved the phoﬁoeffect from metal sur-~
,faces due to radlatlon in the range of 1200 to ?OOO A

k With the 1ntense Bogen llght source it seems to be easy io
produce a co]d electron pTasmay ideally sulted for the
‘measuremenbs of electronmneuural colllslon Cross seotlons

’However,rno syutematlc 1nveet1gat10ns were carrlod out,
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CHAPTER 7

UNSTEADY ONE*DIMENSIONAL FLOW WITH ENERGY INPUT

In the theoretlcal sectlon of. thls thesis we ‘con~
31dered only the stoady state cases in which the radlatlon

front was fully developed and the in01dent radlatlon ‘was

';constanu as a functlon of tlme., In this chapter we will

conslder the development offradxétion_frcnfS'With the in-
dident radiatioﬁ~vérying,w1th tine "in an'arbifrary'manner.
~In pafticular, @e will séﬁ up the theory to calculafe the
development of the shock fronts inybxygenfwhich wefe,obseré
ved experlmentally in Chapter G,

| ‘The boundary conditions\agéin are a tube bounded
‘at‘éne~end by a ﬁindow The motion of the gas may be des-
“cribed as unsceady one»dlmen51ona1 flow w1ch energy input.
’If the onergy input as a functlon of t1me and pos;tlon al“
ong the tube 15“known, the evelutlon of the flow along.

’the tube may‘be calculated by thé$method of characteristics,

'~,or by the method of flnlbe dleerences The rate of energy

1nput q(x t) may be calculated qulte gonerally accordxng
,to the creatment outllned in Appendix C for the case of
oXygen; However, We wi1l base our calculatlons‘of this
quaﬁtiiy‘On thefsimplified treatmenf outlined in section

4.3.2,
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Method of characteristicé.

A detailed explanatlon of ihe method of character~

1st1cs is glven by Shapzro (1954)

‘tltsch (1957) Chapter 3.

Chapters 23~20,and,Oswa~

HOSkln (1964) deSCribeS“a'method

of calculat;onfat‘fixed time intervals Which‘iS“particulaflyr

' ~applicable to our case,

In order to: show the 11m1tat10ns

' of this method we w111 first give a brief explanatlon.'

"Con51der the ==t plane’shown~1n Fig., 7.1(a).

" us assume that

ot
' Jx £,
[) L{zg (523 aTZ) L(;; S 4
dég
%{dt “d\ ‘
2
(a)
‘701 Mach lines and path

o Fig.

ﬁhe_Complete state of thé gas

Any disturbance travelling to
propagate with the speed'u1;+
ling to the left from point 2

Uy

the speed of sound at the point in questlon)

Let

lines: of characteristic:net.

at points;l‘and 2 is known,
the right from'point L owill
ci’ any dvsturbance travel~

will propagate with the speed

- Csz (where u is the particle dflft ve1001ty and cs,is

“VWe rexer to
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the loci of right travelling waves as 7{ charactérisfics or
Mach lines aqd’to the loci of left travelling waves aS'E;'

characteristics or Mach lines, The,loci of the: individual

particles are called path lines. The 7 and jfcharacteris—

tics intersect?at;some point~3;

~ The basis of the method of characteristics rests on

~ the fact that alomg the Mach lines and path lines the ther-

,mcdynamié quantities vary according. to certain specified

equations (see below) such that the state (and velocity) of
the gas at point 3 may be calculated,*
The‘charactefisfics net is coﬁStructed as illustraﬁed

in Fig 5.1 (b)., Using our case as an example we choose -

equally spaced points along_the Xwaxis where ﬁhe'particle'~

velocity is zero and the speed of gound is constant, We

~ then find the intersection'pOints of  the 77 and f§

characteristics, and determine the thermodynamic quantities

at these points. We then simply repeat the procedure to

" obtain the next set of points, As we feed in energy the
ychafacferistics-net becomes.distorted indicating the forma=~

tion of compression and rarefaction waves. A shock forms

at a point~Where two ox more characteristics of the same
family intersect.

The method~of characteristics at fized time intervals

X Thisfiskstrictly true only if the 77 and § characteris-

tics can be drawn as straight linesj however, we cqn'sat~
jsfy this condition to as high an accuracy as we wish
simply by decreasing the distance between points -1 and 2,
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is similar in concept to the above ekplanatlon evcept that

,‘the poxnts at which the state of the -Tluid is calculated

are selecued beforehand For this purpose one. usually
selects a rectangular mesh in tlmemeagranglan space cc~
~ord1nates;and uses ﬁhe requlred~d1f1erent1al equatlonsvln
Lagrangian form, ’The Mech lines aredrawnfbaCEWards in
time from therpre—selected poinﬁ“into the“regiOﬁ~where the
state of the gas has already been calculated k

7 1 1 Phy31cal characterlstlcs in Eulerlan and

'rLagranglen~co~0rd1nates.‘—% In Eulerian co-ordinates the
equeﬁicns of'ihe‘Mach lines is |
céin("‘aic O 7.1

where the upper 51gn of + refers to the'ﬂ characterlstzc
\and the lower sign rexers.tOxthe,f characterlstlc. ?he cqua~f
;kﬁich of the peth;lines is simply‘ |
. /52/%4 =4 el o "7‘?

, In Lagranglan 00mordlnaﬁes - ; eq ns (? l) and (7 2).

may be wrltten as

[d = _ o+ G | ~
TE ), S - T T / : o : 7.3
and ‘
- 5529 E ' S
/ peth 3 L | 7.4

“where fpls the mass density; cg 18 the speed of sound and fg

1sziconstant reference den51ty (e 2. thc density 2t t = 0

when 4@(3) is constant)
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7.1.2 State characteristics, == in Lagrangian co~

Ordinateg the properties of the fluid along the path lines

are described by the second law of thermodynamics

iiff@ﬂ 5

kWhére h is the enthalpy per unit maSs, /is the density and

7.5

p is the,p?essure. %/is the”rate of energy input per‘uni% -
mass as given in eq'n (4.19%'), |

In LagrangiaRVCOmordinates tﬁe eqﬁatidns ofrmoﬁentum
‘fand’mass may be Written,as,(HQSRin (1964)) | -

’:?—Z"{‘ 7z oz T & J , e 7“6
’a_nd, ‘ :
ki ,;%4f9%

7 dT 7z IE :
7 ‘ 7.7

'{where; %%‘is;a reference densiﬁy'defined in eq'n (7.3). (We
| neglect theer1 condu¢tivify and viscosity as was done in
Chapuer 4, ) If we'multiply eq?n (7.7) by the speed of sound

] and use the equatlon of ‘state 1n the form of eq n (2 ]2)'

eq n (7 7) may be written in Lhe form

S 0),7 L s U Loy 2 J/

—,

res aE f&zﬂf@,&f“s - 1.9

S

' USlng the energy equatlon and the equation of state (eq ns
(7 5) and (2. 12)) we may wrlte the rJght hand side of eq n
(7.9) in terms of the rate of energy input 5 Thus eq’ n

(7.9) becomes




e J? Z %%z(;a

r”‘cg 7t 7 Z Jz’/(/;g*/}/} ;/ +/”Z’P () ]

7.0
~  We now add and subtract eq'n (7 6) from eq 'n (7 10)

“to obtaln two equat:ons in characterlstlc form

fe Tt F R E Z L

y:"/ﬁ"”f 4%*% ‘5/j

"~Thus along the characterlstlcs (d.Z’/dt)q)§ ,;yi 7pcs/fb
we bave P ; - L

ﬂﬁ/ ) qg f%é} 7% ;/éi}fﬁgLézifkj 7,11

We empha91?e that the dlfferentla]s on the left hand side
are evaluated along the MuCh lines whereas the dlfferentlals
on the rlght hand gide of eg'n (7 11) are evaluated aloncr the
'path lwnes |

There are two peoints in eq'n (7.11) whlch we would’

11ke to dlSCHSS ‘ Plrst the term contalnlno-(~&g/ at) is
uSLally small (theugh not necessarily negli glble) compaxred
;@o‘the term (g - 1)7%§,‘ For calculatlons in this th051s we
will negléof this term.* Socondly, the speed of sound cS
",Was introdhced.éd hoc and has not yet been deflned,, The
proﬁlemjhefe ié;fhat for é systém,of,particles not in ther-
' modynamic éQuiJiberm the speed of sound depends on the
ifrequency of the sound. vave (see Zel'dov1ch and Raizer (1066),

chapter VIII). (Ve should p01nt out that we are really

interested in the veloclty of propagation of a ‘disturbance

% see addendum Appendix D, page 138
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at some'POiht in the radiationrfront which wekasSume to’be
equal to the speed of sound at thét point rathér'than in the
speed Of'SOund'itself ) Cla551oa11y the speed of sound is |
deflned as the rate of change of pressure with respect to

denSltY at constant entropy (see eq'n (2.7))

= - [af "pg.

' where ¥" is the isehtropié expdnent, ‘We pointed oﬁf in
‘vChapter 2 ﬁhat'replﬁcing F With,tbeeffectivé adiabatic
exPOnenﬁ’g mgy not be ? ver& good approximation.~‘

For non=equ111br111m ‘situationé‘the validity of
VSuch an approx1mat10n is still more questlonableo Neverthém‘
'less, for‘calculatlons in this thesis we Wlll asgume ci %'
k gp/¢7 such that the term contalnlng‘(avyéﬂz in eq n (7. 11)
is zero., With théSefﬁwo approximations we ohtain a simp-~

lified form of éq‘n (7.11)

JdF | .
/C)S /dﬁ 41§ - Ci')//[/z’f' ’)Z S = /f's [[ﬂy’-/} fj] ' 7'11'

" 7.2 Method of finite differences in Lagrangion co-ordinate

If we use a constant energy input then the method
of chafactéristics will determiné the eVolution of a radia~~
tion front,and‘evenuuallv che SLeady staie siructule as

given in Chapter 3. However, once a strong shock has formed,

a sp801al procedare is. fequlred to calculate~the thermody~

: ’nam1c guantities across it, 1f the strLcturc of the shock
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is of no importgnce it is more conveniént tb use the method
of'finite differéncesto calculate fhe flow.

A trégtmsnt of thé‘method‘of finite differehces in
one space variable and no energy input is given by Riéhtmyer ”
and Mofton (1967), Chapter 12, Once thelr equatlons are
modlfled to 1nclude the energy 1nput thelr Lreatment is
' directly‘app1icab1e torour case fTor numerical solution on
a computer, L | |

One drawback of the methodvof finife diffefences is
,that 1t 1s 1ncapable of handling shock diséoﬁtinuities and
;sharp gradlents in the thermodynamlc quantltles, The pre~
sence of such a dTSCODtWHHIty results 1n "an 050111atory
isqlutlon. To Qvercome-uhlsfdlleculty Rlchtmyer and Morton
introducé'anﬂarﬁificialVViscosity which "smears out" ﬁhea
’ dis¢Ontinuity‘0§er a finite distanceiané thus’elimiﬁateS‘or
~ ré§uces the oscillations in,tﬁe solution.  | |

| | This artificial vigcosity Qg is of the form
- (7a? [su)? ‘;/a’z{<o | |
‘4% = {jO" , ,/%/ J;‘Zé7 ‘ o719
‘whefe "ag is a numer1097 constant (a 7’1), the‘vé]uérof
which one chooses at ones ccnvenience and Ju is the volocxty‘.
| change over the Gpace 1nuervai A}=bcuween lattice po:nbs
ThlS v1scosxty appears in the momentum and energy equaglons

(see eq’ns (7.6) and (7.5)). One 81mply makes the substit-

ution p—>p + Qg
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Slnce we do not develop any new concepts in u51ng
- this method we relegate the dlfferentlal equatlons for

“this trea»ment to Appendlx E.

7.3 Application of the two methods to dissociation fronts

in oxygen

| The eQuatiOns”given in the two secfions above
‘(and;in>Appéndices D'and~E),'together with eq;n (4,19%)
for the energy 1nput and ‘eq'n (4 19') for the energy in-
~put and eq n (4.14) for the degree of d153001at10n permit
nus to ca]culate the development and flow of any radiation
front nOne drawbaok is that in many cases the amount’of
’¢0mpu%er time necessary f§r such calCulatiOns‘is prohi-~
 'bitive1y 1ong'(and expensive ). VPerhaps the procedures
Outlined‘in Appendice51D and E. could be h@dified to maken
more effiéient use of computef time; (One possibility
is to obtain a bebuer first approxlmatvon in LhC 1Lerau1ve
‘procedures by;excrap01%ﬁ1ng the values of the‘varlables
- from- tbe previously calcu}ated valuos )

Neverchelesss these methods wnre used to help

'explain the results obtained prev1ously,, For the calcul~
ations we assumed that the incident radiation had a black

body spectrum corresponding to a temperature of 6 X 10% °
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7,3,1 Shock formation for time dependent radia

’ﬁlon from Bogen source o The results of sectlon 6,2 1nd1~

cate that the shock front 1n oxygen at a hlgh pressure forms

i more rap;dly and nearex the LlF window than at low pressuref
?ff i' 7‘A1soy”near*the‘LiF window7the speed of the shocks mayibe‘
low§r~4t high pressures than at lowpressures° It was not

,knpwn‘if the signal méaSurediby,the piezo probe was due to

5a_shock or a compression wave, In order to cbmpare these
.results with fhe,thebry, the devélopment'of the shock was
~ treated by the method of characteristics at fixed timé inter=

:vals, (The'method of finite differences cannot be used in

this case since the artificial viscosity "smears out" any

shocks which may form,)

B .~ The calculations were carried out for pressures of

1. O atm and O, 1 atm, The various constants, the difference

h

| er¢ ~intervals and the computer programmo WhLCh were used are
given in Appendix D, (A computing time of 10 minutes was
usedo) ~FigS°;7c2 and 7.3 show'cdmputer plots of the various
theimodynamié quantities as a function of dimensionless’
distanée X at various times.,

Th@ pfessure pvof11eg are of special dint terest since

"thls is the quantl ty which produces the sigral measured in
rsection 6.2, At 1.0 atm the pressUre riges to a mazimim of
p=1,9 Py within %,0 psec, then decreases as the pressure
wavé‘prOpagates'away‘from the Window,‘ At 8 psec the Compression

wave is at O, 2950m and is travelllng at a vel locity of 460

m/sec° At 0.1 atm the ma31mum pressure is p = 3.8 Po w1thin
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8.2 psec, is 3.3 p, at 8 psec and 3;2~p6 at 16 psec.

At 16 psec the compression wave is at 0,85 cm and is.
‘travelllng at a veloclty of about 562 m/sec In section
6. 2 we obtalned ve1001tlcs of 364 m/sec at distances
: far from the LlF w1ndow. The fact that~the calculated
‘values are con51stantly h1ghe1 than the measvred value»
indicates that the photon flux (F, = 1.16 X 1022 ph/cm sec)
JWthh we used in our calculations was too high. On the
other hand the velocity meaSurements were,takencrelat?
cively'far frcm‘the LiF‘Wicdow whereas the calculations
| were~carried‘out to diStanoes,reiatiVely néar the LiT
cWindowf' Flndlly, it is p0551ble thﬂt our programme glves
a systematlcally high value for the ve1001ty |
These pressure~profiles indicate that théfcom~;‘l
pressioﬁfwaveS»do not.become shocks{within‘the computing
timec However, wcbshould consider this statement with
caction,since it Was_not practicable‘to,show thét if sUff
’ficiect fime weré allowed the compfession waves do become

shocks.




‘Fig.7r2 Computer,prbfiles; 1.0 atm,
Method of char’ac’ter’isti;cs‘ at i‘lxed time i‘ntervayls‘.‘_‘
Eriergy&nput f‘r’oni Bogen 1ig1‘1t s'ourcke," | “ |
Peak ‘photon' ‘flux,‘ Fo=1.16 x 1022,ph/5202 cn')2<sec, k
Time, t=(N-1)at , ‘with At=0, 10 pseé. |

"Distance from window, x=0.00249 X [em]
Curves piotted for,(N/lo)zl,z,s, RE: N
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7.3 Computer'profiles,'O;l'atm.

Method of characteristics at fixed time interva1s,¢‘

Energy 1nput from Bogen llght source,

Peak photOn flux, Fozl i6 x 1022 ph/520A omzseo

Time, t=(N-1)At , with at=0, 20 psec,

Distance from window, x=0.0249 X [on] .

'Curves pIOLted for (N/lO 1 2,3, cee 8,



72,000

) { [
1 )
0 i
L 3
2
il
.
s
|
=
AR
o
~
[®]
sl L
o] pras—
jon
g
)
i = e
g
h N
A
i AR
42 @) (T )
o 1l N
o By A\
% . N S
A Ev ﬂkv :
(< TRREEa o4 § ™
N 7
SRR N R
B A L0
: RIS BBLES =
i T
i i APy
U eyl :
S /
il i
4 . [ O o
7 1112% R

P

Sl
N

o

Loy

£
.

Py
o
A

e

PRIy
T

o8,

£\
RANNE

junt

-

R

43,000 56.0048 64, 000

- 4p.00g

24,000

13.000

y04

<
.
3
W
o
g




Gi, 000

48, 000

Lp.00g

o
[0}
n
N
‘B
o
o
] m
1 i
s o .
C .
e
et
[ e
; LB
Q.
C‘
RNy
e
i
=)
ol :
[O} -
S
= B
T
O
e o
O
L Q =
“ >
LR
e IS
ST D
B
R
I
L a3
] =S o 1
LL L |1 L
8021 0005
1 S
i

[}
&)
o -
n:,fm kS
[

56.000

<
@
pa]
L
Q
<

32,000

- 24,000




72.000

64,000

i
]

ENN A

1 G e O O O

I
1

|
I

]
RRREE!

|
)
i

1
|

]
|

R

' Fig.7.3 --continued

1.43 x 1074 gm/"cm3

#1 o , with £,

R

= i
C g
N B
N i
A prrt™ : i
T ] Ak
N ‘ Al

‘ ] i

RNERSES i
T 4

N

RrA

ol

Nl

A

SN

15.040

L&Y

N

y
ol

DENSITY,

B s

I f e
- T

- ; - Ssu)
IR i IS

fdd ol R \\_

o T &N
, il LI

; et

8.80u

i -~—-\ i
/

<1 i
N ]
)
/i
f s N
llnr.f
RN ! n
Z 0002 08 ; 1 oG-
: P S T
- %Q i i

43, 000 55.000

4d.9oa-

24,060

SA,

TNy

=
o
Q
<

iy

e 2
PRODULCTS, NS

¥

=3
g

¢

TE

PU

i

MR COW

=
EES

LI

Ao




e

“lisd

ul _ Fig.7.3 --continued

DEGREE OF DISSOCIATION, Y=y , with O0s2y=<1.0

1
e
=
1.0
crEpy
5
1
¥
i
i
1
i

T L i B G T T il
. : T R T i i - } 1

320

o

e i g
A

7
|
{
{
i} 1a
240
L
e
el
/,{V Vi
AP e

ol s

i
G0
i
e
!
g
|

"1

ot
D

/

gl

]
N

. AV Ly i wa w
B NCINENEY .
i : T S T A \\; -

NS \NENARE i
i. B S S j‘ ] \\ A ?\_TY
: & N NOTEN] :
.' 'l & SR S = HE -
T i I 717 ‘”\)—S-—\:‘*"“—"‘**“:%‘\;:: Sngrr T o _! G P T s W . - ; - N U ]

i ; T

L {
-,0on 8. 000

‘ e : K
18.00a - 2, 008G 32)(.8&8, 4p.ood o 43,000 ‘58.004 B4, 000 72.000

MADE T 1LEA T




Lt b e: Lot r:;nxrr spegy T e Vet e T vy o = it ot b b iz b ded e bbb b bl ol Ll L
i

E

o
)

ar

pEE

1
T

Fig.7.3 --continued

+ - _ e e e |
© ERERGY INPUT, Q=(M/ag,/5Co)d -, with a=14.94 x 10™-8cn?,
= ' ' o : :

£o=1.94 xlogergs/gm, M=53.3 X,10-24gm

S 5
& i
c:;,:;,p ] Lt
lo §
ey NI

L
i)

GEJﬁ

o

T
v et
st |

e
£
it
Lot I3 e =
’b
fay sl

|

§
1
i ]
L |
H _/-,,,_:-/""-""‘

24,800 3@.338 4p.0pg o HB,00g 55.000 gL, 00g - - 72.080

MADE- 5. : vas




S fredorebobiet s bbbl NS O NCH e

~Fig.7.3 -~continued

T
¥

TEMPERATURE, H=T/T, , with T =300 °K

1 ] a N L A B [ T ~ ENEENEEEE
. [ - i

ST

e -
ELEE
= N
BN
n \ 3\ A \ N
L\
A AT WY
] n A REARR
LR % )
X i\ WA
Y
& \ - i
T R Y LY i
= AR AN
. VNN b

S
Wl

bt
g

7

/7

ka’? =
e

Hf/i’

ANARERS, CALIFORMIY  CHART NO. 03

MAADE 1M US4,

e fANEE AT .
AN VRN A A T
B NN
N NN s E%V
| ,
| T e e e - ST
;L s : T T v -
N ; N
o | I
T 3 ] . . ! i ; i . i T
! , , I I , L
-, 000 8,000 18.000 24,000 S%ESEG © 4pLDO00 48,000 55,000 64, Q00 72.000
| _ , o e , | ,




vvvvvv R T o e e e L L Tt stsbadmlede ot bbb e b it T e S L] R O L L1 R 0
i [ i J i ) - S o ) N Q‘V hei i e : e = s N e ol B R S TR e e e e : :
: b :
|
i
T
Q__.
.
i i | )
Jofd ' | Lt , B
. BERERE=- ] N = REESN Mf:’r rﬁw.:z;t;::fmf
Bl T T e AT e
Lo = e /’_’_,_,)-4 ] ___,_,:::,g;:m*"""’“ -
i gl B R S g W s
S8 o - e G e S e W et
= BN RN MRE v Zos
i L | LT f”‘“kﬁf“gﬁ_
T i
- 4 Lo
£ A f/-:jé/r/ TV
7 Hp A T /
&k PARREZoF ZaViRu iRy -
= ¢ ]
TR 1’/ //;//Z R _-‘,/' B
[}_ e ) “4; r/ [I 7
;i /T AP
I s A / /
s / / -
§ A L8 / /
{ / /i 7 ;
AR, ViR ARYA
REARR 1 AN / _
f Fi | i / /
i { Vi / L
I / / ¥ { FARY
] [ Tif
IR {
I

/- ~ Fig.7.3 =-continued

ARy, . EFFECTIVE ADIABATIC EXPONENT, GAM=g , with 1,0<g<l.4

s Ul
~
L
P

2y

00

1
1A
g
ey
-
. |
ey

.

Ry
=

.

AN
N
I
d
e,

\\?\,Ilg
EA

|
7T
e
e
PN
MR
Sl
‘ SR
e
N
I
|
|
|

[ - T T ) ' 7 T
Q,QDB : J2. 004 - Lp.ooo o 4B,000 56.000 - B4, 000 72.0607

X

oy
&y

RT MG 92 HADE [N UB.A;




119

7.3.2 Structure of a steaqv d155001at on front,

The results of Chapter 3 indicate that a steady photon flux
Fo = 4°72 X 1022 ph/cmzséo (with an enerngof 858keV§1is
required to produ¢é a weak‘Dwtype radiation‘front preceded
by a Mach 3 shock aflan initial pressure of 0,01 atm oxygeno
{’We applied the mathod ot £1n1to differences to calculate uhe
evolution of the flow for thls‘case, Thercon5uants,‘d1fferm
ence intervals'and the camputer programme for these calcula-
tlons are. glven in Appcndlx F
Agaln it was 1mpractlcabTe to carry on with the cal-
"cuTailons untll steady state was reached Howevery the plot
of the preSSLre a8 a Luncizan of distance X, see Tig, 7ox,
1ndlcates that wlth1n15 psec the pressure is 7027ﬁimes the
‘inifial value, A%v this‘poinf fhg degree of dissboiatioﬁ
‘at the window ié only 36%,*theytemperature‘is 4000 °Kyand’ 
‘the_compressiom ratio (final‘:vinitial density)/is 0;395, The
maximum pafticlé veloéity iS'1 4 ¢ = 460 m/seca Aluhouvh
the radia cion front is in the 1n3t¢al obages of developm@nt
n1t already exhvbltsyaome OA the propm“uies predicted in
Chapter 3. |
- These réeults must he considered as preliminary
sinCe considerable difficulty was encounueved in preventing
the calculations from goin§~int0 oscillations and as mapy
as 15 iterations vere necessary to obtaln s¢1fmconglstama'
values, In fact, such 0501llatjons are already in ev1dencc

in the computer proflle% shown in Fig. 7.4.



Fig.7.4 Computer profiles, 0.01 atm.
= Method;of finité differences, applied to conditions
for a'Weak D—type“radiation'frOnt,preceded by a
Mach 3 shock,
L , el 122 2
Photon flux, F, =4.72 x 10°“ph/cm”sec.
Time, t=NAt , with 4t=0.303 psec,
Distance from window, x=0,249 X fem}.

Curves plotted for (N/10)=1,2, -5,
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PRESSURE, P=p/p, , with p,=0.0l atm.
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PARTICLE VELOCITY, U=u/c, , with c =330 m/sec
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CHAPTER 8

. SUMMARY AND  CONCLUSIONS

The dbject of this thesis was to investigate both
‘thécrétiCally and experimentally phenomena associated with
radiation fronts for the experimentally realiétic situatieh
' of ionizing or dissociating radiétioﬁ, pasSing through a tran=
‘SPafent window into & tube,Containing,the-absorbing gas,

 ~Five differenﬁ types of steady radiaﬁion‘ffonts may

'océur,for the experimental,situatien under ¢onsiderati0n.
At éne extreme of high,radi&tien'intensity'and Jow barticle
deasity there is 1iftle:parti¢1e motion associated with the
ff@ntg at the dther extreme of’felatively‘low~intensities,k
and-high particle densifies the pafticle motion,is dominaﬁt
and a shock front prepagates’éhead of the,radiafion front;
The speed of the vari@us'digCOhtinuitieS and all thermodyn-
:amic quahtiiiegfmay be caleulated either if the detailed
structure of the radiation front and mechanisms_occuring
within‘it are khown or if the température behiﬁd thejfadm
'iation‘front“is4assumedé Conversely a measurement of this
témperature'Would yieldbimportant information about these
mechanisms., ’ ’ |

If was shown that for the case of no recombinatidn

or collisional dissociation, the structure of a steady
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radiation front produced by mbnochromati¢ radiat%0n could
be descrlbed by a svmple analytlcal exprossxon in ﬁerms o£
Lagranglan co=ordinates, ; This expresszqn depends only‘on
the absorber density and on the absorption GOfoicient,c<‘
A simple relativistic correction must be made if‘the vel-
ooityfbf the radiation front ié near that of light; ths
causes an apparent steepening of the front,

A treatment of the'structure,of a dissociationffront
in ozxygen for a simplified reaction scheme was outllned
It was pointéd cut that, in general ib is necessary to con~
sider 21l the reacﬁions'within the radiatian‘fron% A punme-
erloaz 5olut10n was at tompzed for a weak Dmcype front p“cm,
‘codcd by a Mach 3 shock but was unsuccessful,

For an eXpefimemtal invesiigatimn‘ox radiatioh frouts
an intense pulSed light Source? ﬁhithCGQSists*of an‘arg
diécharge hraugh a narrow channel in- po]yethylene wés‘éanm‘
_ structed. The average‘?n enszty OFf thxs ”Bogen" llghc source
(in a solid angle of 0.1 stergd, at 5000 A and operated at
g discharge voltagé of 3,0 kV) was measured to bo (L,9 % 0.2)
X 103 times. as brvght as’ 4 stanaard carbon arc, Al@ng the
axis the 1ntensity is about'three~tim@s,larger thankthis
value, This indicates that the eiffective black body féme
perature of the source is from 60;000;°K %o 150,000;°K,

Experiments were carried out at low and high absor-—
ber densities; N,. " An experiment in iodine at a low demsity,

N

O,‘illusfrated the beginning of therformaticn of~a radiation



front{’ Altgoughyﬁhe meaSuremeﬁts wé:e quite crude the
ggreement'with’theory waslquite reasonablé, Thé aﬁﬁhOr suge
gests a similar type'of experiment be attemptéd with a sitrong
) d;e; light source. | |

Shock ffonts in oxygen at a high density, N were

: oY
detected'by means. of piezoelectric pressure,probes."At
high pressures (1 atm) the‘sh0cks formed véry ﬁear‘the
1ithium flucfide window, while at lbw pressﬁres (0,03 atm)
thekpeint Qf formation was about-one cm ffom’theiwindéwn
The speed of propag&tion of the shocks was 564f 8’m/sec
for all pressures, at least at distances far from the
LiF window. ®

'Attempﬁs toydefect phatoionizationﬁin the test
chamber showed iny'that photons in the'wgveiength region
fmeVIZOO A to 2000 A Werekespecially efficient in knocking
cout electrbns from brass or dieleCtric;material, Attembts
t@jdeﬁect ionizétion frohts'proved fruitlesén

It was shown how the development of a radiation
front may he considered as unsteadyfenewdimensional~flow
with eneréy input and treated by the method of characterisw‘
tics at constant time interﬁals or by the method of finite
differences. Thesektheories were appiied to calculate the
eﬁolution of the shocks which were observed in oxygen. The
theoretical results agreed well with the experimental’ /
resuiﬁs. ’It @as‘also pointed out that if sufficient com-

puter time were available and a constant energy input were




ﬁsed thesékme%hods could be used to . obfain steady‘state
‘solutlons (complete thh thermodynanic quantltleay veloct“
ties and the front strUCLure) which we had attempted 1o
calculate pfev10usly,‘ It had been hoped that it would be

' p0391ble to compare the results of such a calculasloﬂ thh
the structure obtained by the meuhod outlined in Chapter 4
(an aotempt at whlch proved unsuccesaful) , Since thws was‘
not practicable uhe author hopeé_thau ha has at leaut poxntoa
éﬁt,a poﬂ51ble mode cf attack 1or LutLre wovh in this field,
| In conclu51on, the author would~like‘ﬁokpoint’out
“that future work in this fie1d_depend$ upon the development
féf extremelykinﬁense sources of radiafion both d.c. and
pulsed, The author can only dream in ant1c1pd510p of a

glgawqtu Lmser9 radLatlng for tens of micro¢econa@ and ade

justable %o any frequomcy desired.
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NUMERICAL CALCULATTON O? A STEADY RADIATION

FRONT IN OXYGEN

The programme used to calculate the structure of an
idealized radiation front.in oxygen for a black bhody spec-
trum F( /) and absorption cross section o< ( #) (see section
3.1.2) is given below., TFor the calculations we use the
photoshsorption cross section between 1280 A and 1800 A as
given by HMetzger and Cook, Fig, B.3, Appendix B and assume
a frequency distribution of a black body source a2t 6 X‘304°K
as given in eq'ns (4,10} and eg'n (D.7), Appondix D,

First the total photon flux is calculated by Sim—
pQOL S‘ru?e and ﬁhen ~tanuazd‘RungaqutLa subroutine is applied
to eq ns (3.2%1) and (3,24) to caleculate thc phcton ‘EluaP
T/P %nd co-ordinate xﬁ at %eleuted intervals Az, The
initial value of ¥ = 0 is chosen arbztrarliy at a point
hevre B/ = é ¢ The terminology in the programpe is as
follows: h 7// = f—=X; x —Y(2); Z—>¥(1); and

Ayz“ﬁﬁDZ




[FURE A & I )

'75505‘ 79296~ 'kROB‘MORRIb

KELVIN

$FORTRAN

C IDEALIZED RADIATION FRONT FOR BLACK BADY RADIATION AT 60000
~C LORREbPONDING‘TO‘WEAK“R-TYPE“DISSOCiATION‘FRONT’TN OXYGENT
C === USING RUNGA=KUTTA SUBROUIINE- '

CDIMENSION Y(10)sFE10)»Qt10)
COMMON‘FJ»FN,DX9A(?1)1X\21rTFUlzl)

9 o @ &

DATA A/70,0025150,0087150,0274390,049830,107050, 189U9U 301
1064163900548 9066723067845048943U0496391, U»u.985’u 894a

Z Ues 647920, ZZI?CwU7469U 04985U U§/3/
T=6.0
, X(1)=840/T
TTTDX=0W 16/ T T

DO 10 1=1»20
10 X(I+1)=X(1)+DX
T D Jd o i € 4

11 FO(I)*(X(I)*X(I))/(EXP(X(I))—l )
FOT=FO(1)-FO(21) '
T T DOTIZ K=Lyl0

12 FOT=FOT+4.0%FO(2%K)+2. O*FO(Z*K+lf
FW=FOT#*DX/ 340
“WRITE“16960T“FW

60 FORMAT(1X910E12 4)
Dé——O 06

DO 2 J=127
Y(1)=4.518876
Y(2)=0.0 ~

DO 1 1=1,75
CALL RKEYSsFsQeDLs2s 1Y

1 WRITE (6960) Y(1l)sY(2)s FJ
T2 0%DLT T o ~
STOP ' ‘
END

TSUBROUTTINE AUX RKTY s F)
COMMON FJ9FW9DX!A(21)9X(21)’FO(21)
OIMENSION Y(10)sF(10)5FY(21)°

POT2171E 1,2r““' ‘
21 FY{I)=FO(I)%(EXP(=A(L)%Y(1)))
FYT—CY(l)-FY(Zl'

DO 22 7KELYI0

22 FYT=FYT+4e OLFY(Z%K)+2 O*FY(z*K+1)f
FL=FYT*DX/A360
FUsFZ/FwW ~ 7T

R Lo CRAIN LIMITED

CF(2)=1.0/(1s0=FJ)
RETURN
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FigoBol'Scale drawing of Bogen light scurce~consisting 
of cylindfically symmetric electrodes separated
by epoxy and strengthened with Tibreglass.

‘Figs,Boz and B,3 Absorptidn‘croSs sections for‘iodiné

and oxygen reproduced directly from the‘literatu:eob
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Fig. B.1 Scale drawing of Bogen light source,
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ot | 20000
1 ; =1 20°C, P=0-158 mm <
N i :12\cm
: e Tan
| 71 \ — e 88 C} hoec;{;é}gm?a
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Fie. 1-~Extinction-curvesiof iodine vapour: X -

bl i e

 Fig.B.2 lodine abs othlon cross sections (RabanWLTCh and
, o Wood (19)6))

, PHOTON" ENERGY, hy (V) ,
" 9b4 ofs 886 855 827 70 775 . 75l

167 : 5 : ' ‘ - a0
B 149 1400
o 130 350
B
Ji-2 1300
Eo . 352 )
- Max I . -
929 185 -1 '", il VALUE OF A 5
x Rl ,f? ABSORPTION 0  E
b V7.43 - _{f}.}! COLFFIC'IENT . 200 -
1333 a
558 Hmax* H‘ - 150
551!59m'!j' I‘,/'l ‘ s
372 } b 100 iy P
LA e e
ras iy e
4l

1300 - I350". 1400 1450 1500 . 1550 - 1600 1650 = /790
B * WAVELENGTH, ) {A) ' ' ' '

FiG. 6. Oz absorption. A few e,\amplcs of results obtained by the first and second arrangemcnts are
: indicated b) circles and triangles.

Fig.B.3 Oxygen absorpt 1on crosg sections (Metzger and Cook (1964))
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APPENDIX C

o wwn e  mivw | bmere s e

EQUATIONS FOR SPECIAL REACTION SCHEME

' The reactlon eq’ ne (4, 5) are wrltton to 1ndlcabe
dlfferent groups of partlcles (O atoms, 02 molecules, O3
‘molecules O2 molecules) We can wrlte one conservatlon

“eguation for each group Thefequatlons’cqrrespond;ng,to
eq'n (4.8) in the“simpTified case considefed in Chaptér 4
(using the subscrlpts i=1, 2 3, 4 to 1nd10ate O 02,

'03, 02 partlcles respectlvely) are

oM, g 0”4~~2/ / +z// o]
L X ' ’>/ Jox F> st q

'-/“‘.2:- /f{ca(; /V(;/y/‘ - = i/g‘ﬂi /3//‘2/V4'
. G =

/>4

- = e NS - - =, S, M‘/z/f_m-“ ey

Z+I-—‘>3 L 4—//-——>3 :
M=, 2 (ad) | |
odE L) K o &X Dol

-—:i,é;‘,myn t = A Nad

L~ : Gz

LT = A Ne Mo K

Zi- | —rZ

S C.2
e +‘;’;§‘§<”KJ o fer /
| R
+ = _fn; ,M/V,N 7L;a<,ﬁ44 WibsHe —,  c.3

24 A—>3F ) Fff—r 3
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oz/i/% J(((/s} S g)F ; / / S
Jr cQX . ‘;X‘ﬁél g JX 3%»/%4
- = 42/1/4/\/( # B /7’¢ /(///

AL

“”Wz %M MMWZfE%%Q,WWQVQ; R
: ‘ P S
| C.4
The HOL&LiOH is as for eq'n (4. 8) the arrows indicate the

‘reaction plocess (eoc, knl 1¢,the recombination rate

2t i3
,process~fo? the‘reaction O + O + Mzkf—f>03 + Mz, where
VM‘is5the'third particle in a three body collision).
| ';Correspondingkfo eq'n (4.92) the photon flux passing
,.thrcugh f0ur différent types of absorbérs'is‘ |
| ..fA o({%)// (#e) dx

ya /’/;fxxz_)c///—/F/f/&f) I, s

where cxi(jV)‘lﬁ the photoabsorptién cfcss'SGctiOn for the
i?h,particlé.

}Z'

We may now obtain the individual JY

terms in eq ns

(c 1) to (C.4), ‘since

//, F//,\,é)o//) Z;x >, 7)‘/Z_5]/ gﬁ,},ﬂ /Jx@/.C6

.

The 1nd1v1dua1 terms are thus

/9x PR /1/4/9(,,,/7// FA//N) 2 /” N i ch/7/ | c.7
_/’z:aw,ﬂdf o

ya ' : k ﬁ4fiiymyﬁcd%? ,‘ N c.9

/%}\‘//:7/' = /\/Z/O(z/ (#) /f/”j/a/ t} & L o ) | i

: i ) . o ' ;
. . E . B ) X ’ 'p. / ';2_2 C\{g /4/1.'{/)” / . Co, 10
| /0//;/ = /Vé/mff (7)) £ & 2 : J7

& ._;f . z” ' )

&
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Where we have splif the photoabscrptvon cross section o;

Og molecules aocoidlng to the end product of thc reaction

(o(2 (#) is the cross;secﬁion‘associated with thekreaCtion
‘h # + 0, *+~a»02*)k‘~Their sum is equal to the total cross
VSGQ%ion

- - -

X, 7) Zo () +otrr) |
A C.11
Flnally the donalty ox Lhe gas is relat @d to the
concentration of the variocus types of parulclos by the rele
,ation | , ,
//X 2 = L M lhe) + Mo (K2) + F Wy (5L + Ny (1,2)
| ¢z
‘In order to solve eq'ns (C.1) to (C.4) oﬁe‘mast
kgow 24 (6 X 4 = 24) reaétion rate cons tan s ag a LunctLon
of Lemperature for the various coJ} icnal proces ses and |
four‘photoabserptiontcross seclions, Unloruuﬂa clv wost
 of’thesefquantities are not known; What have been measured
experimentally are combinations of reaction rafesycgnstantso
For exampley the vibratianally,excited moiecules afe ignoredf
and'aré'lumped with'the‘greund'state'maleculeso ‘Thus'ﬁhe'
frecembLnailom rate consrantc of the reaction O + O+ M
ﬁ::;oz + M has been measured (over a small range‘of temﬁ'
~peratures)9 the intermediafe step invelving the Vibration@
aily excitéd molecules has been ignored., We wish to emphaé

size that the use of these constants in caleculations involw~

J—

ving r&diation Ifronts would he str tly permissible oniy 4if
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the vibrational and translailopal degrees of ireedom were

in equllibrlum, Furthermere in such a case it would be~

necessaxry to use a phoxoabsovpulon cross secilen which had

'been measured as a fuﬁcteon of wavelenath and as a functlon

of temperature (1 e, . the photoabsarptlon cross section would
be temperature dependenc)

As for the 81mplgfled case treqtea in Chapter 4,

‘the energy 1nput for each group of purtlcles may be obtalned

‘dlreCL?y from eg'ns (C.7) to(C 10} (see eg'ns (4.18)~and‘

(4.19)), Thus we obtain

Sy =0 S |

- N s
' . ) o Ereanidx
77 = //;z’vzj) =AM /// (o (7)ol 7)) 4P A o) € SV,
ST C.14
[ e Middk

75%3 /{é/fc<3ﬁ%L47//€§Qyﬁjé? ‘ C/7; ;
S ‘ C.15

/ﬂéfcxvax

/; A/// c><¢/7/) 4 i ?L) e I7

. C.16

‘where ~7ﬂﬁ1 = 0 since o4 (#) = 0. The total rate of

energy 1nput i simply the sum of these individual contri-
bution% :
7t ) f/x,#) 79/,, ) /;, /—/ﬁz 734-5*4) . o CL1

This treatment of the more general roaeLLcn ¢chemo

in‘eg'n (4,5) indicates that it is neces Sary  to con51der a]l

the intermediate steps in a chain reaction process.  In genw

eral the energy flux contributing to the front is larger

than if these steps were ignored, becsuse the intermediate




131

particles absorb photons in a different part of the energy

spectrum than the initial pure gas,
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A P P ENDIZX D

METHOD OF CHARACTERISTICS AT FIXED TIME INTERVALS

; '“An excellent treaument of the equat1ons of un=.
'ksteady flow w1ch no energy input. by the method of chax~=
actev1SLlcs is gzven by Hoskins (LQG%) in a form |
dlrectly appllcable for caTculaﬁlons ocn a computero
Here, we szl exiend Hoskin's treaﬁmenc to 1n03hde energy
dnput.

T:goyD 1 shows the Lypicai mesh in LagranOLﬂn

space and tlmeo Ln Order t0 determine condltlons at the:

D R
‘/'\ , - BOEE tt:fl
7 " |
4 NS
At /// N
7 N
A ak N
Z L . “JB e \h» k 4
S TSR, Sy T
iy -/ EE Ziet

Fig, D,1 Calculation of an ordinary point D,

point D on the tj +'i baseline wé require valuesrof the

flowﬁvariableg at A and B.oon the ti basé}ine which may'

be obtained by 13noer or qu%aratlc lanTDO]&LIOH becweﬂn
the known Vﬁ]des at | Z5 - 1, 'Zﬁ and 23,+ Le The equa-

tions to he solved as given in section 1 of Chapter 7

may be written in dimensionless units by making the
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‘substitutions
Zz o= ‘<¥¢7‘;7 =

. 4
£ e, Bar

for the leﬁgth and time dimensionsékwheré~c( is some
*Canénient rexerence cross sectlon as deilned £oi10w1ng
eq'n'(B;ZO)o The,ve1001ulesfare made dlmens1onless\by .
'dividing by the speed of sound in~oxygen‘at‘300‘°K;k@o'E 330
m/secp' The Lhermodynamlc quantities are madé dimensionless
by leidLng by their Jnltlal va]ues at t = Oo’;Thus, ,r
P = p/png = ‘/7¢7 = h/hg, u, x'u/ccg c éC/coo
The rate of energy 1uput g. is made dwmonatenleus with
respect to the equatzon in which it oecuESQ 4Since‘the
fcffective adiabatic éxponent g is élyeady'dimensionless
we use o = laéo | |
These dimensi@ﬁléés’equations may he wfittenvin;
fiﬁite‘diffefenée form, Eqfns (7.X11 ) and (7.3) evaluated

5 along the Mach lines are wrltten
, P kl . At /'
/;f:‘;. —Z-,;)'s N ’ - . D2

i) =g Py (-t = 5 QL // //?” 7
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Along the pathline BD, eq'ns (7.5) and (7.4) are

Go-1)-CR) ] ) +5) fi],

“ DD

D,6

The rate of enerﬁy 1nput correspondlng to-eq'n (4, 19‘) is

% #/f)f —/\/f}/ff‘/)cL
// = o7

5’
— 5 Lot
}% /Z) },c¢~0g(QN5/p?ﬁ v fj N,
~ £ e’—/ (ij ‘
| D,7
fwherg; s
coNS = —2Ts BN D,7"

“and whefe we'haﬁe used ,f%fh:?ykt. 04(35) EQWK,V)/axﬁD
'EO is 1 he enﬂrgy rlux eatex1ng uhe gas as définéd in eq“n
‘ 8)p G(t) is the d1m0n81on7egs tgme dependence of Lhe
energy f]ux normallzed (in our caae) such that E, = Emax
when G(t) = 1.0, |

The coﬂser@ati@n equation erkOZ particles (or
dissociatioﬁ equéﬁion)-as'given byveqvn (4.14) may be eval¥

uated along a pathline'to he

g ~c,a-(é)/ U12)d#
oz = ) 7 J; i o |
S s

2 o)~ /M //f/ﬁ‘if//” //
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vhere we have substituted for kd; and kﬂlilom eq'n (4.17}).

In tth equablon M is the mass of the oxygun molecule and

F is~the photon flux enuerlng the gaso Substituting £rom
_eq’n’(4al7) for kdz and k/12 eq“n(DOB}becomes'

o z; _,W)/ (1-3)d =
o7 - 4/&}:”/&/1/5*«//, =) ( "j”’ 7 <5
b {g Lé%f — qff, s

* onsx / ot ~~/98 /[ “7)//%{7 = Jofi s f7 14'-,//?/@4';;,)]

Where_the}temperatuxe 7 ~—%>7”E°T/Td = T/300 °K and where

D.9

 AONS, BONS and DONS are

: MA el ~
AONS = — = <hf/>*‘€0//5 : D,10
. ' F.o6 /“3" ' s
iy BONS = w?ff}%/— o ~ D,1
: =, & 2 R . :’ i,%,,
pons = [t AR T 1 M
' M i Ca T T |

The equation 0f~state~relate§ the various thermody~ -

namic quantities

‘ l/—— /.0 : ja'—/ /j s ‘7‘ , | ';Db13
5 / z | | o
/‘:/7;?) > ) SR | | D,14
where :
//;z

/ /’L // #(12) (72 (;)/574/ // F /73/%/7/ D,15
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Finally the speed of sound and the position in

Eulerian co-=ordinates are

¢ = ['—/ /}/:/]

Xp = Xo +Jed)., At

and

The procedure for obtaining a solution aﬁ the point
D is to calculate apprOXLmate values of y, and %D from
eq'ns (D, 8) and (D 7) Next one calculates u and P,
from eq'ms (D l) and (D.3) (usmng valmes~of,the thermody~
namic qLantltles at points A and C which are located
approximately from eq’ns (D 2) and (D 4)) Next one cal-
culates h, |, Bp s A s Tb irom eq'ng (D 5)27 (D lo)g-

(D 13) and (D, 14) respsoutve LYo

Flnally : is obtained from eqg'n (D,16) Us.n“T
these calculated values the whole iterative procedLre is
repeated until all the quantities have comverged to the
desirea accvracy; Finally the position X, is obtained
from eq n- (D, 17)

The pawnt of foxmacwom of a shock iz located by
calculai1n?,uhe‘po7nt where the rlght flowing Mach 11nes
first intersect The shocks may be treated according to
the procedure outlined by Hoskin (3.964) ’

rOf the case of no energy input, the chovce of the
dlffereHCc 1nbervals 43L and /‘Z’dep as upon how well
straight line approximates the accual curved Mach lines (i.e

upon the relative change in the variables across these
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  intérvals) If energy input is included then we haﬁe'an
additional constralnu in: than the interval AAZ-mLS€ be
small enough such that the enevgy absorbed in the 1ntevval
; 1s small oompa red to the energy 1n01dent upou it (1 e. such
‘that Straight llnes segments may be used to approximate
tbe expoqencxalmllke decay curves, see Fig. 3. 3) From
pract1oa1 expervence we found thau it 1skbesﬁ to use

ot o= Laz (1n dlmensxanless unlts} and alqo that the
product ;4*3* CONS should not exceed 10

The prooedure ouullnmd above was used in écctlon

T3, 1 to calculate the deve1opment of ‘the ghock fronts
‘obsewved ezpﬂr]mensally in oyygen in section 6 2. The cal=
‘ouT&tiens were caryi ed ocut for 1n1£¢al pressure of 1 0] atm
and O 1 atmo The peak photon £lux was assumed to bhe 1, 16

22 ph/b?O A cm?sec and the time varLatlon was cahen to

X 10
simulate the shape of the Bogen light pulseo

The values of the comotants and difference inter-
vals which were used for each case were:

1.0 atnm : O.1 atn

£o/M = 1,69 X 1019%n™3 //M = 1,69 x 10"8n™3

AONS = 0,0131 g AONS = 0,131
BONS =0,1185 X 107 BONS =0.1195 X 107

CONS =3,0 - CONS = 30,0

DONS = 0,80 DONS = 0,08

At o= 1,32 —(0,L psec) LT = 0,264 —=(0.2 psec)

AZ = 2,64 —(,00657 cn)  ALZF= 1,086 —(0,0263 cm)




"'The COmputerfprogramﬁe used in thercalculainHS
is giVen bnrthe folloWing‘pages;' The,symbols used corress~
pqﬁd to the ferminology usedkabéve except for the following:
temperafure, T‘~4»H§ h z /K é_ff~»53 density§ 4”——>IW 
effective‘adiabatic exponén’ca g§~»GAM; enthalpyp hF—4>HHg
t%@e; t —T; At—=D g‘zﬁzzééylyzg Eulerién‘spati&l
\doﬁordinate5‘xeﬁ>xp kThe symbols XX, UU and CC refer to_
the position9 parficie velocity andképeed‘of sdund‘of;7j

(right flowing) Mach lines,

ADDENDUM: ‘In section 7.1.1 we'stéted that for calculations
in;this thesis we would neglect the £efm t‘ag/'at)z in
eq'n (7.11). It was,foundvthat this resulted‘in‘the calcul-
ated deﬁsity being,consisfantly too high (violating ﬁhé
“prinéiplé of,cbnservation’of mass). To o?erdbme'thié |
difficulty wé were fbrCed to‘include this ferm. ‘Asrshowﬁ
in eq'ns (D.1) éﬁd (D,S) we assumed that ( ag), at the
midpoint of the Mach lines AD and CD was equal to ( A g)z. -

(gp - 'gé) along the pathline BD (see Fig. 7.1).




MOUNT TAPE T -t

$PAUSE”“‘ , ; ; , ’ — ,

$JOB 79087 HeAeBALDIS ; : A o o SR RS

$PAGE 100 : ~ ‘ : ' ; S o ; Lo

$TIME : 10 : A R Vr T ‘ i R

$IBFTC MAIN : : , . . . o1

C METHOD- OF CHARACTERISTICS AT FIXED TIME "INTERVALS B g o : : T
T ¢ T PRESSUREEQGITATM ) _ = — e — : 71

C

F FROM BOGEN LIGHT SOURCE T Bl L : o s
DIMENSION SAM( 85655 8)sDX(20)sXMIN(20) ' o

DO 11T =121

12

10
11
60

u

v

12

11

10

9 B BRI

8

G

6

5

a

3

— T FLT=FLTY=FL21)

DIMENSTONTS (2T 15 FO (R T SFL 2T s Y (2T T oFY L T2 I T ATZ ]

DATA A/70,0025150,0087120,027450.0498904107020.,189050,301> ' L ’
104641690e54850467290478430,89490, 9633140504985504894s : : P :

270 6UT 0221507 O74630‘O498TO”O373/ ‘ y

TW=640 | | - o | ORI

5(1)=8.,0/Tw
~D&=0%16/TW
DO 10 1=1520

S(1+1)=5(1)+0S

FLOD)=0S01) *S(I))/(EXP(S(I))-l o) N e T A o :
FOLIN=StI)*FL(]) ; ‘ T el : : — A i [

FOT=FO(1)=FO(21)
DO 12 K=1510
FLT=FUTH4 e 0¥ FL(2¥K Y F2 o OFFL{Z%KFT]

FOT=FOT+4s0%FQ2%K)+2% O*FO(Z*K+1)

FWL=FLT#D5/3.0
FW=EFOT*DS/3.0
FORMAT - {1XsTEL2e4)
WRITE(63560) FiWsFWL

DIMENSION: X(9993)’U(99’3)9Y(9993)9V(9993)9Rr9993)9P(9993)9C(99,3)’
1 H(999s3)5Q19933)sHH(9953)3sGAM(9933) s XX19993)5UUI9993) 9»CU(9943)
DATA X{191)oUCLo1doYELal)sVIToa1)sRUIST )P LT b (T 9L aHH(L 2L ) s

9 XX (L) s UUT s 1) s CUCT ST Y s C UL s TV s GAMUT 1)/ « T

8 06020,090,021909160s1, 0,1 Osle 090 0304091 4 O,l Osle 4/

DATA MaL/65’80/
Q11N =040 T
M1=M=1
M2=M-2 ~
AONS=0+.131 ;
BONS=06 1195E+07
CONS=30.0 '
DONS=0,.080
DI=0.264
Dz=10056

"R, L CRAIN LMITED.




DZAZ0 526
DO 1 I=1lsM
UlI+1,1)=UlI51)

T TR LY L EY (LT
QUI+151)=Q(1,1)
VII+1s1)=VIIs1)

TITRUTHL 1)}=R (T51Y
PUI+1s1)=P(I51)
H{T+1s1)=H(Is1)

COIFIsITECIT Ty
HH(I+1>1)=HH(I51)
CUULT+191)=UU(Is1)

TTCUCTFIS L) ECUCTY D
GAM({TI+191)=GAM{Is1)
XXCI+191)=XX(1s1)+D2Z

T X TR 1)y EX(T5 1) DT ; ' \
DIMENSION GT(29 1sTT(29 }9G(100)sT(100)T5(100) ; o
DATA GT/0e05,04845s0968252199638726580508133,9819160969902

1 T 068569355 ,903 508653 a8 26 373996585 583551655462
2 6842690387 543553433294313942009410969.045290607. =" '
~DATA TT/0409246495628357692910456913% 20915 84918 48’21 125235 76’

L 2640329, 04531 ,68534.32936.96542,. 2L 4T, 5_2’52“8'0—‘58#)8’63 36
2 68ebLrT349257% 20&84 484 89 76a116 169142 569168969195 4367
G(1)=0.0 o

-

CT1y=0. 0 T T
T5(11=040 |
ATM=0.1

00 554 J=2529
554 TH5CI)Y=ATM®TT (J)
DO 557 I=2sL

i TODETCI=1)+DT
L 555 DO 556 J=2329

N IF (T(I)eGE.T5(J)) GO TO 556

%)

. Gl =T (I =I5 (I =TI ¥ (G T TIT=GT (I=11 T 7 {T6 T =T51J=17]
5 556  G(1)=0,0

s 557 CONTINUE
LLL=L/10
DO 3 NN=1sLLL

DOT3TNM=1710
N=NM+(NN=1)%10
DO~4 J=1sM

[T N 1 B
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GAM (U 2V=CGAM (U3 L)
Ulde2)=Ul{dsl)
ClJds2)=CldsLy
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LTETHMI D= (T M) D) %D70=(T6r)D=DD
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| , ‘ ‘ - . S ADDD+0 T/ (DDD# (24 )1D=(T4r)D)=DD
. , ;qohuo*h%ulpwan|nﬂmavuv*ﬁAmhnvm+um #G2°0=DDD
o] ; (YID+0°T)/ (MDD (Z¢r 1y~ (Teryy) =2y
o T , T : 7Q/L0% LLTE T+ = (TP M) %( (290 ) D+DD ) %62 * 0= 9L
_, i o 8L.0L 09 (WeD3*r). 4l
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s , S 0 LLZEC ) WYOHYHYD ) %G 0=YWYD
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- : : , : | ((Z4C)ID+YD) %G*0=UD
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((TeT=P)N=(T¢r)N) %V7d=(Ter)n=vn
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GAW(J’Z)ul U+(l U+!\J92))/GA :
VJs21=3e5%(GAMII»2)=T U)*HH\J92)/(GAM(J92)*PlJ92))

REJ»2)=1e0/V(Js2)

NUMC=NUMC+ 1

IF (NUMCeLEe2)

i ' HCU s 2 V=P Uy 2y (s 2y 71 U+Y(JaZ))

60 TO 101

CCCC=CTIn2)

ClIs2)= SORT((GAM(JSZ)—l.O)*HH(JSZ)/O &)

NUMB=NUMB+1

IF kABSKUKJaz)—Uuuu;.bt..uul*uxJag))
CIF (ABS(Y (U2 =YYYY ) GlaeOQOL%Y(Ys2))
IF (ABS(C(J92)=CCCC)eGleaUIHCiJs2))
TX TP 2 ) =X YY) F UL SHFCUCY T2+ UTI T LR DT T

.;._._4.__._.._.;~

82

DO 82TUIELEM

Z0OM=Z0ON
ZIM=ZTIN

GU

GO

GO

TO 100
10 10U

YO‘luu,;

CONTINUE
DO 86 K=1lsM1

XX(KaZ)—XX(K91)+(UU(K9l)+CU(K91))*DI

IFAX(JT92)eGTo XX(KaZ)) GO 10 83

DO 84 I=1sM2

84

83

EM=T

uu(LL,2)=UUCLL

=1

22)

CUlLLs2)=CUlLL-152)

XXTLL 927 =XX(LL=1%2)

Uul192)=0.0
CU(192)=C1s2)

XX(1927=0.0
GO TO 86

CXF=X{JJs2)

XEZX1JU=T52)
XFE=XF~XE

UF=U(JJ52)

T CE=ClJJ~-1s2)

86

JE=UTIT=1y)
UFE=UF=-UE
CF=Cdds2):

CFE=CF-CE

BES= O S*DT*(UFE+CFE)/XFE

TCESE G*DT%(UU(Ksl)+CU(K,1)+ut+Ct)f
XX(Kaz —(XX(K91)+CEb BEbyxE)/\l U-BES)
TXX= (XX K3 2)Y=XE)/ (XF=XE )

VUK 2) =UE+TXX*UFE
QUK 2)=CE+TXX®CFE

CONTINUE
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o WRITE (6 610 (U(I’Z)’C(I92)’A‘I’Z)9Y‘I’Z)’Q‘I’Z)’P‘I’Z)’R(I’Z)’
1 192)5HH(172)3bAM\192),AA\I,2),I“19M1)

LT TV =V T 2D

i

- N

o

R I »w g (o]

[ IS R

T T T FORMAT CCIXSTTIELTS 4
67 FORMAT (1x,16)
WRITE (6562)

RNM NM

71 DO 72 I=1sM
SAM(NNsI»1)=X(152)

1F(RNM= 1o.>7o,71,7r'

SAVM NN I3 2)V=00T 927
CSAMINNs I3 )=p{142)
SAMONNs I &)=Y (I+2)

TSAMENNS 195 =Q (T2 )"
SAMINNsIs6)=RV[+2):
SAMUNNs I s Try=H{Is2)

TS AMONN T B TEGAM T 2
70 CONTINUE
DO 32 I=1sM

Y(I»3)Y=Y(Is1)
.32 Q{1+93)=Q(Ls1)
DO 33 I=1sM

ATy 1)y =X(T527
UtIo2y=U(Is2)
Y(Is1)=Y(152)

R{I»11=R({I52)
PlIs1l)=P(Ls2)

QUI>17=QG01+2)
H{Is1l)=H(I»2)
HHOI 91 ) =HH (1. 2)

337 GAMUT s L) =GAM T Z)
DO 34 1=1sM1 :
AXX(Ts1)=XX(Is2)

OQUT» IY=0U(Iv2)

34 CUlT,1)=CU(152)
3 CONTINUE
TTTTTTTTTTUWRITE(T Y SAM
CALL PLOTS
MB=M%8

CALE bCALE1SAMk1,191)9M591U.9AM1N(1;9UAx1)91)

DO 200 1=2+8

CALL SCALE(SAMU12191)9sM896, U9AMIN&I)sDA\I),1Y
CALLTAXIS (05030, 09 THXS =199 030U SXMINVI T DXTLTYY
Ur6e59Ue s AMINII)9DACTY)

CCALL AXIS(o.,o,slH R

DO 201 J=18

R L CRAIN: LIMITED




20T CCONTTNUE

CALL PLOT(sAM(J,l,l),5AM<J,1,1>,+3):"“"

-~ DO 202 K=1sM :
202 CALL PLO!kbAM\J,&91)aoAM\J,&,I),+2)

O CALL PLOIt12, u,u.u,—a)
200 CONTINUE
TCACLTPLOTND

STOP
END

SENTRY

R L CRAIN LIMITED
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APPENDIX E

Wess vt 4ITO . eors e eie | meew | eaem

METHOD OF FINITE DIFFERENCES

The method of finite differences to calculate fluid
flow in one space variable is illustrated in Fig, E,L1. The

general procedure‘is to calculatekthe'staﬁe of the fluid at

Bir t ! o1

z B I
e e

. N T S ) |
| R T
B i e e
r i L g I

zZ

-
“a
+
-~

ey

Fig, E;lk Laﬁranglan mesh for finite d?fxerence
~calculations

constant time i, in each cell in the Z direction with
special echnlques being employed at the beginning and
end of - the 1ntervax¢ One then repeats the procedure
at intex vals of time oty ;Each cvcle de?ends upen
quantities calculated during the preceding cycle, Thus
the sfaﬁe,and dynamics of the gas can be‘calculated as
~a function of F (or x)} at any time?‘te,

The proéedure which we describe bﬂ]ow is'SimiJar
“to Lhat descrlbed by Rlchcmver and Morton (1967)y Chapter 12,

(cogethe? with comments on ”cenuerlng“ sﬁabllity‘criteria9
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, etc,) and a potential user should refer to this reference

LAH

o/
&J 4«?’/

(5

‘before attempting td‘use'itg‘ Sincekour.equations‘contain

. the rafe of energy input q'and ouxr centeringyis slight1§
different from thatlof‘Richtmeyer and Morton and Wé present
theéé~equations in difference form in dimensionless units°
(These equations are very 51m11ar to those presented in

Appen01x D, ) They are:

ot el ik e :
p — . N / — < 2
) %——L_—,Zs——_é{{ :("%) éf—;“ /‘;'—'/?— 7‘4§ %J’ QZ'%) .1 (a)
* ‘ ’ A;-,:»'»
P
€4 =2 E.1 (b)
)ﬁ”+' o8 % ‘
Py J B.2
oy, &/
7+ X‘J—-rl XS%
,,‘.,L/ A : ', £
Vor =7 . 4
ik T lirh o gope g THI-F
Pt
/f).’P( /950/7’
+ ﬁﬂ/VS)( / 71+/ Z —7
sk y
__—(___,_,___..,’- )//77‘//
7//{/57 ffmu— /ch‘,}L = 4/109%/ /() 7‘50
(,J-(’%)[/J*é ,
‘ Z

M=

-+

' /5 VI-// 7 | Pl ' ,
RPVA Mt,,)'!f,ﬁ) = () /J/ 1“*" 7L QS’.HL)( - VJ"‘;‘/’/ 7 QJ-#!’ At E.6
z : .




, T ‘ ‘
/ / - 5
%/._ ~,/~ f:ﬁ? ' //0 # }/J::/) ,
»m»/ A ”"’
J” Z(zg+a;x/ /7‘//0 )/ oﬁ,/%/f,{/’/,ﬁ,/,:;“/ ) 4//:57/}/
”’7/
Dol _ 7::/ //J:il/ e : O . S ; E,7
/01//4/A—f/
U k’ /7%/5/” k é{"ﬁ); | . w o my ‘Ef8
@s), = Ferane (4, # (a4, d)<o T
z v S E , \ Ll :
: 3 . o » TR | ,
= e : | <F (5(1'+/7"Mj)’20 B9

The various constants found in these equations are
defined in Appendix D, ‘The superscript 7+ 4 indicates
L o ek , i) it
an average value (e.g. P;ﬁg' = OQS(PJF, + P, )). On the

'othef‘hand the subscript jo+ 4 does not 1ndvcate 9n
Z

~average value9 it implies that the value of P 1% calculated

Tin theﬁmlddle ¢ the interval - between_j and Jo+ L
(see Iig, E,1j.

" The calculation procedure used is as follows:

, f 1 A4
1. Calculate Uw‘%+ “and 3, 7% 1

J d
(E,2) for all values of j (using a special procedure

from eq'ns (E,1) and

at both,ends);

w4 L

2, Calculate Vj (app@%rlng as V(J ~ 1, ?) in pro-

,‘l,.

Nt~

‘gramme) from eqg'n (LOB)

- 1
3. ‘Calculaie YJ 41, from eq'n (E.4) u51ng approﬁlmate
2.
s n o+l
or average values for Y? ;% 5 Tj +?7p/ LA special
; L J +Lgvs

N

procedure is needed for ',5? )df,
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4 ‘Calculate Qj ;é' from eq'n (EOS)O (Noté Q is cal=-
culated in hé middie of thc time interval)

5, Calculate E? i ;_ from eq'n (E.6). |

6;k,Use an lceratlve procedure to calculate P? t}; and
H? jé}‘frem“eq°ns (E.7) and (E.8)

7. Repeat steps % to 6 for all values of Jo

8, If necessary‘(becaase of instabilities or to shorten
the number of iterétidns required) calculate weighted

? 1 i‘and H? i } (i, eo4average or‘weigh

'the results of step 6 with those obta1ned in a previous

pvalues of P

1teratlon)
9, Check the selxw00351siancy of the resulis obiained and
| if there is 1nsufx1c1ent~accuracy9 store the values and
rétﬁrn'fc Step I | |

10, If sufx101ent aacuracy is obtained calculate QS ior

J Fl
all values of j. \
11, Increase,time index,and return to step 1.

‘We have not examinédyéhe Stabi1ity criteria for
~oﬁr>¢ase in/detailo In general, however, we find fhat the
increase in the Variables per .2t interval should not‘éxm
'oeedkabout“SO%((even in this case we are not sure about the
accuraéy of fhe results since we use é lérgeyvalue for the

arclflhlwl viscoesity).

The procedure Outlined above was used in section
7.3,2 in an at@empu to SLmul@to the deve opment of a aceady,
weak D~type front preceded by a Mach 3 shocko The condi-

tions for this case were ihe same as used in Fig, 3,6 =
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initial pressure of 0.0L atm and a photon flux, Fo = 4,72

21

X 10 fphotons/cmzsec for which the various constants were

 AONS = 0,532

m .

BONS = 0,1195 X 107

CONS = 121.8 :

DONS = 0,008

DT = 0,04

DZ = 0,08
The valuefofkaz = 8 waé’chQSen for the numerical constant
appearing in the arfificialyvisc@sitys See'eq’n @912}0 f

The computer programme used for these oalculations 1s

given on the foliowing pages; Most df\thQVSymbols used
in ‘the prégramme are virtually thé same,as‘QSGd in Appenw

2

diz D. The artificial viscosity is QS-4>QS and a®—= AA,




$PAUSE ™ “MOUNT TAPE

$JOB 79296 . ROB MORRIS L ; i LN i
SPAGE 100 , ; : T LU | . B
“$TIME R 10" R e et : e e
SIBFTC  MAIN '
C METHOD OF FINITE DIFFERENCEb
"~ —PRESSURE=0:01 ATM™ '
< WEAK D-TYPE + MACH 3 SHOCK

DIMENSION SAM ( 55805 8)9DX(20)9XMIN(2U)

DIMENSTON"S (2 ) FO 21 sFL 2T 3 FY (2T Frot2 Iy vATZ2 I —
DATA A70,0025150,0087190,027450,U4985U41UTUU4189UsuUe3UL s

 10.41690454850067250478470489470496351405U0+98550,8945 e .
T2 00647104221504507467 050498505 SU3737 - O
TW=640
L 5(1)=840/Tw

—‘*~~*f—m~os 0s167/TW
k DO 10 I=1s20
10 S(I+1)=S(1)+DS

DO I =l 21
FL(I)-(S(I)%S(I))/(EXP(S(I))—l o)
11 FOLI)=S(I)*FL(L)

FET=FC=Fe2 )
FOT=FO(1)=FO(21)
DO 12-K=1s10

FLT=FLT %45, O%FL(Z*K)+2 O¥FLU2¥KFLT
12 FOT=FOT+4e0%FO(2%K ) 424 O*FO(Z*K+1)
FWL=FLT*DS/3,.0

FW=FOT%¥DS/3.0
60 FORMAT 1 (1XsTE12a4)
WRITE(éaéO) FweFWL

TTTDIMENSION X(9053),U(9093)9Y\9093)9V\9u,3),E\9U,3)9Px9ua3)5
1 H{9053),Q(90:3)sQ5(90353) ,
DATA X(lyl)9U(1’l)9Y(191)9V(191)’E(l91)9P\1’1)3H(131)/

R ]

1o

g T 030,050, 05 15Uy L 03T U 1L U7
DATA MsL/803550/
AONS=0e532"

s

O}~

BONS=04 11956407
CONS=121.8
DONS=0.,. 008

(- AT

TTTTTTTTGETLO T
DT=0e0%4
D2=0.08

win oo o

TAA=840"
QS(151)1=0.0
DO 1 I=1sM

E;_>§:{9_¢col*w"n
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(LAXO®G+0°T) %L A% LA%0H=NMLA
; (LA%0°S+0° Ty *TA=ALA

A3LIWIT NIVHD 3 "8

CLA=OCTsTA
({TeT- wv>+AN¢H PYAYRGe0=1A 20T &

%0T 0L 09 (%°39°DWAN) dI y
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(LAXLA%IH)/0°T=MIH 68 ?

0°0=ALH 88 £

.68 0LLOY9 .. "8

(G T LH¥ LAY/ ( (XTH—)dX3)=ALH , 8

88 0L 09 (0°*88°19°XAH) JI o

_LH/0°286T=X3H Iwm

(Tel= ﬁ,nO+Aﬁaaﬁ ryd+(Zel=rydy%s*0=1d
(LTS T=CYAH(ZETI=CIN ) %G *0=LA

((TST=PyH+(ZeT=CYH) %S *0=1H

20/ LLZeT=P)X=(Z4MIXI=LTET-)A ‘
WezZ=r 9 04

_o&kpph&:o@gNwzupp*m‘o+hpwzvx‘pmmzvxs

) (2¢2=-WINxG°0=(Z¢T=WinxG°T=(2<W)N
Genx 1l (TemnN+(2er )M+ TeryX=(2¢r)x S
G0 ((ESOINH(ZAr)NI=(26r)N_(T2INSAWNN) A1,

{7qx%" H,\_o*ﬁnﬁaﬂ vvna|ﬁﬁav,wo+4a =¥d)=(Ter)yN=(Z¢rin

({T¢r)d+(2Z¢r)d)*S°0=¥d
nﬁﬁaﬂ L+ 2 1= d)*5°20=1d.

TWee=r- g 0d 001
T=W=THW
AT T~ ﬂvalﬁmﬁﬂ )d h

(T¢T~CYH=(Z¢T~")H
ATeT=MIA=(CT~-MIA.
: WeZ=r % 00 __

al

T=8WNN
OoOIAN«HVD

0T (T=NN) +UN= z
“0T¢T=WN € 04 ;
qa0¢T=NN_€. 00

BN - : Lo 0%0=(25T1)

P

‘ 0T/=1111
ZA+ Ty X={T¢T+I )X 1
(TCIISD=(T¢T+T)SD .

a4

>

(TCTYH=CTeT+INH
{141y d=(TeT+IYd

(TCI)AS(TST+DIA
CATOI)AS(TET+T)A
(TET)N=(T¢T+1)N

R ,;, e s ,ﬁugvaAH T+I1)3.

Gy N 0O

>

|
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(ZETWIH= (2N H
(Z¢TW)d=(Z W) d

AZeTHYI=L26WY3

{ZCTHWIA=(ZEWI A &

(ZSTWIA=(ZSW) A v

(28 T= ﬁ,>\n33*moox<<*waaiamaﬂ -£y)8D__ 60T S

S 0°0=50n 9

GOT 01 09 (0°0°L71°50n) dI £

(Zel=r)n~tzsryn=son. ... %

WezZ=r 60T 00 9071 6

T€ Ol 09 ((2¢1- Hvz*ﬁoo..ho.Aﬁmﬁﬁ IYH=(2¢T=-1)H)SaY) 41 8 ol

1€ 01 09 A*Nﬁq,p*wbuo:pw LLesIyn=(2elynySqY) 41 " e

. Wé¢zZ=1 8§ 00 ¢!
90T OL 09 (0T°39°@WNN) 41

((EST=PIHFAZST=CIH)%G°0=(2¢T—IH €T . =

ap

LCEET=P)d+(ZeT=r1d)*6°0=(2¢T-M)d
WézZ=r €1 0Q
ﬁmabPlbm;anmq BWANY 41 %16

| T 3ANTINOD 9
€0T OL 09 (Z*3T1°QWNN) 41
e THQWAN=AWAN_

Aﬂmﬁﬁ ﬁv>+o HV\AN«H ﬁv>*ﬂm.ﬁ WVQIANAH ryH
AAAN,H ﬁv>*m o+0o* HV*AN.H CYANYZNVYO%{{ 2Ty A+0° Ty =(ZeI~-)d :
(L Ty ARG 8 LI AB= (28T 3NV

AO.HIAANaH ﬁvI\m¢ LydX3)y /s E2e T=yA~0"° Hv*om Z=IA3 €01
=qWAN

‘;_Q*RV.H 1,3+A~qﬁH n,>u~wnﬂ ﬁ,>,*_a*¢ O={(TIs¢T- ﬁvuuﬁmﬁﬁ )3 kol .
O%MA%SNOD*9G620=(24 T~} 0
{Md%0°€) /S0 LAD*I A=A
TH+IWAN=DWAN

(M1A%XMIH®SNOQ=ALA%AIH%xSNOG+1 % O%SNOV ) % 1A+ (T¢T=Cy A= (Z6T=r) A
, iy (IMA%0°€) /SA%LIAI%TA=T 3 ,
(TN %2 ALHOSZH (H*Z) AR O 41 A= 1Ad— 2z

AH+¥*NVJ>m*o N+AM*NVJ>m*O 7H1TAd=1TAS
OT¢T=x4 2200 -
ﬂqmv>mlamv>m =L Ad—

. , o TZ)TAS=(TYIAd=1TAd
, XAV ( I)0d=(T)yAd .1z
X3V INAd= (I

AAZHN*n~v<lvaxuv*AHv< X3y
CTzeT=1 12 0Q

i D , e 7O INIZENTZ
AT~ HV>+ANQH IyA)Y*G°0=0°T+4NI7Z=INI7Z - L

o rez=1-1L 04

IA%G°0==INI7Z

g
|




TQIMI2)=Q(M1»2)
QSIM»2)=QS(MLs2)
61 FORMAT (1Xs9E1244)
62 FORMAT (IX3216 )
e WRITE (6562) N»NUMB '
C WRITE (6+61) <X<I92)’U‘I’2)9Y(I 192)9V(I 1»2)’5(1 192)9P(I -152)5

TICUTTE L= 1,?_),@(1 12 9QST= 132)9 = 29M) : ;

RNM=NM -

; 1F (RNM=~ 10.)70,71,71
—T o7 TE 1M ,

SAMINNs>I»1)=X(I52) ; : , - : o o : : S

SAMINNsTs2)=U{1s2) B ' ' k o R ‘ i L b

TSAMINNS T3 V=P (152) : , ~ '

SAMINNsIs4)=Y(152)

SAMENNS 195)1=Q(1+2)

SAMUNNY T6)Y=V(Ts2)
SAMINNs I57)=H(122)
72 bAM(NN9198)—E(192)

TT7OTTTGO TO 32T ; : , , ST T ,

31 DO 9 1=2sM" ‘ , - : T S E L o , ST PEC

Ulls3)=U(I»2) . : S , ‘ Lo ‘ N ; , i
TP IE 3 EP OIS 20T g R ' , DR ~ ' ,

9 COHI=1.3)=HI=1s2) o ' ‘ '
NUMB=NUMB+1
GO TO 100

32 DO 20 1=2"M
XCLsl)y=Xt192)
TTUTT L) U2y T
Y{I=151)=Y(1-152)
V(I=1s1)=V(I=152)

i T E(I-1sLy=ECI-T2])

J . PlI=1s1)=P(I=-152)

o QS{I=191)=Q5(1=122)

HT=15 1 =H (T=152)

o 3 CONTINUE - ;

q "WRITE (7) SAM

8*“‘*—””~*CALL”pLOT5"“

5 ~ M8=M*5 ~

N CALL bCALE(bAM(191,1)’M8910.9XMIN(1)sDX(l)yl)

< DO 200" I=2%8 E

“ CALL 5CALE(5AM(1919I)9M8 6 O,XMIN(I),DX(I),I)

3 CALE AXIS (0,090, 031HXs—1»10.a0 OsXMING1Y DX (1Y)

P

S o @~ o

92

ol
o

+

>

p2

R.ALCRAIN. LAMITED

TUCALL AXIS(O.90.91H 060590 XMINCT)Y3DXTY)

3

DO 201 J=1s5 : = e TEE N

CALL PLOT bAN(Jalsl)9SAM(J919I)9+3)'

e



. [ A
D0 202 KELGM To
~. . .202 < CALL PLOTCSAM(JaKal)sSAM(J9K’I)9+2) Ly
- 201  CONTINUE : e
R CALL PLOT('IZ OTOaU =37 "6
200 © CONTINUE . =~ ' o
CALL PLOTND M
STOP ‘ X "Z1
‘ END. - - L . | G o
SENTRY | STl SRR L e L | et \
U
1 ;
0 l
9 f .
o i
7 3
b6 2
| 5 p )
: ;
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