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We discuss the laser-schlieren or narrow laser beam deflec-
-          '         tion technique in some detail, with particular. reference to

its application to very fast processes.  The technique is
first briefly reviewed together with selected previous ap-
plications.  The optics of the beam-shock wave interaction
is then examined using "the, scalar formulation of Huygens'
prin2iple (Kirchoff integral), with the shock density pro-
file introduced as a transmission coefficient. The accuracy
with which the signal generated by a differential detector
will reproduce the variation of the refractive index gradi-
ent in a reactive shock is discussed in terms of this formu-

lation. The response of tuch a detector to passage ·of a
curved shocR in a rare gas is also determined employing the

shock-curvature theory of de Boer.  These calculations are
in good agreement with experiment and locate the "time ori-
gin" - coincidence of shock leading edge and beam center -

· on the "positive" portion of the signal near zero-crossing;
an assignment which is in disagreement with the earlier
calculations of Dove and Teitelbaum.   This time origin shift
and the averaging of initiation over a curved front can

combine to generate a large correction of total density

change measurements in relaxation experiments.

INTRODUCTION

Since its introduction in 1965(1), the laser-schlieren, or narrow laser

beam deflection technique, has been·used in the study of a broad range of

kinetic phenomena in shock waves (2).  Its virtues of simplicity, direct re-

cording of rate, and excellent temporal/spatial resolution make it particular-
ly suited to the observation of fast processes.  It has accordingly been ex-

tensively employed in the study of relaxation in diatomics and polyatomics,

the dissociation of diatomics, and the decomposition of a growing number of

polyatomic species.

When the method is "pushed", as in the resolution of exttemely rapid pro-
cesses such as relaxation in H2 (3) (4) (5), relaxation of many polyatomics

(2), and the measurement of dissociatioh induction times (6), a very detailedanalysis of the schlieren signal becomes imperative.  The "time origin" must

now be very accurately located; and since the characteristic length (ur) for

such processes can become comparable to the axial extent of the curved shock Y,b
I,
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zc' Ehe axial "seread" of initiation over the curved front must also be taken

into account.

Here we consider the above problems in some detail.
  In particular we

present a rather rigorous treatment of the optics o
f the beam-shock interac-

tion using the scalar formulation of Huygens' prin
ciple (Kirchoff integral)

,(7) (8).  With this we are able to reproduce the s
ignals generated by a rare-

gas shock quite accurately.  The analysis permits a
 decisive location of the

coincidence of·shock leading-edge and beam center, 
which is a starting point

for the consideration of process initiation.  We be
gin with a brief review of

the technique.

I.)  THE LASER-SCHLIEREN TECHNIQUE

A schematic of a typical modern set-up is shown in 
Fig. 1.  The parallel            <

beam from a He-Ne laser (6328R) traverses the shock
 tube normal to the flow,

and after some distance is intercepted by a differe
ntial detector (photodiode).

Angular deflection of the beam produces a differenti
al voltage which is record-

ed. The angular sensitivity may be calibrated by rotating the indicated mirror
at a known speed.  For small deflections the voltage-angular d

eflection rela-

tion is linear (23).
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The incident beam has the familiar Gaussian power d
istribution (7)

P (x,y)    =    Po     --22       exp   -

< j  . Ill
 2(x2 + y21\

\1Ta /                 a

Where Po is the total beam power, and ao is the e-2
 radius.  Typical values

are 0.2 < ao < 0.65 mm and Po = 1-8 mw.  As the bea
m traverses the system it

retains its Gaussian form, but diffraction increase
s the radius.  At distance

D, the radius has grown to

/ AD \ 2 \1/2                                             [2]
a=a' ( ' + u-r   )

The detector distance is usually large (3-lom) so t
he radius at the detector

is 2-20 ao.

When higher derivatives of the refractive index may be neglected (see
t.-1 0simldeflected_throughan angle
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dn [3]
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where W is the shock tube diameter and dn/dx the refractive index gradient

along  the  tube  axis.    With a constant gradient across the tube  as  in  a   rea-C-
tive but ideal plane shock, 0 = W(dn/dx);.and if the gas refractivity is 

con-

s'tant, the angular deflection is proportional to the density gradient 0 =
KW (dp/dx).  This gradient is directly proportional to the net rate of endo-

thermic reaction in an ideal shock (2) (10), and the resulting proportiona
lity

of recorded signal and rate of reaction is a unique feature of the techni
que.

The narrow beam affords a high spatial resolution (0.1 mm is typical),                  f
and the large signal-to-noise ratio possible with modern detectors allows a  

                i

commensurate speed of response while retaining a very high sensitivity to
 de-

flection.  The useful resolution and sensitivity are usually limited only
 by

shock nonideality, i.e., front curvature and early boundary layer.

II.)  EXPERIMENTS

The advantages of the technique as well as its limitations are mos
t easily

delineated by consideration of a few selected experiments.  Dir
ect recording

of rate and high spatial/temporal resolution allow the determination of

"initial" rates for many reactions. There are some difficulties with the

specification of an unambiguous initial rate for decompositi
on reactions (10)

(11), but this does not appear too serious a problem in most cases.  The u
sual

advantages of initial rate determination - known composition and state, simpler

mechanism - together with the improvement in precision which 
can result from

direct rate measurement are nicely illustrated by the work of 
Breshears, Bird,

and Kiefer (10) on 02 dissociation. Their data for the dissociation rate

coefficient in krypton diluent are shown in Fig. 2.
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The technique is also useful in the e
xtraction of primary dissociation

-ates  in heteronuclear' decomposition where fast secondary reactions often  in-

terfere.  To illustrate we consider t
he decomposition of HCl as studied by

Breshears and Bird (12). The mechanism is presumably

HCl + M + H+Cl+M {1}

H   + HCl +H+C l {2}
2

Cl  + HCl · + (12 + H {3}

H2  +
M +'  2H + M

{4}

C12+M + 2Cl + M {5}
1

If the rate is caught very early, onl
y reactions {1} and {2} should be sig

ni-

ficant. But reaction {2} is nearly thermoneutral ('ulkcal exothermic) whereas

the dissociation is 102.2 kcal endoth
ermic.  Since the schlieren signal is

proportional  to the net rate of endothermic reaction, reaction{2} has negligi-

ble effect regardless of its rate. This feature.of fast but. nearly thermoneu-

tral secondary reaction is not uncomm
on in polyatomics and has been exploi

ted

in CH4 (13) (14), (02 (15), 502 (16), and C2H6 (17).

The relaxation of H2 (3) (4) (5) (18)
 (19) is perhaps the prime example

of an extremely rapid process which r
equires maximum sensitivity and resol

u-

tion.  The very small relaxing heat c
apacity,.low refractivity, and low mo

le-

cular weight - which necessitates dil
ution with a heavy rare gas - prohibi

t

slowing the relaxation with reduced p
ressure, as only when the process is

very rapid is the gradient large enough to be discernable. An example os-·-

cillogram showing H2 relaxation is gi
ven in Fig. 3, and a semilog plot of

this signal is shoWn ih Fig. 4.  The 
slope of the latter provides the rela

xa-

tion time.  If the line is extrapolated to t = 0, giving an "initial" gradi-

ent pi, the net density change for th
e process is Apo = urpi.  Here T is t

he

(laboratory) relaxation time.  The ex
pected Apv for pure vibrational relax

a-

tion is easily calculated and the rat
io Ap /Ap  determined.  In nearly eve

ry

case this ratio is found to exceed un
ity ( ) ( 8).  In fact, Dove and

Teitelbaum (4) obtained some ratios a
s large as 4.  There is obviously a

serious difficulty here which led the
se authors to suggest a strong rotati

on-

al involvement in the relaxation (19)
 (4).

Of all the kinetic studies using the 
laser-schlieren technique, the work

of Dove, Nip, and Teitelbaum (6) on N
20 pyrolysis most impressively illus-

trates its possibilities.  From an ex
tensive series of experiments coverin

g

the range 450 - 3590 K, these authors
 derived relaxation times, rates of p

ri-

mary dissociation, summed rates of tw
o secondary reactions, and induction

times for the primary dissociation.  
The measurements of induction time ar

e

unique; no such measurement has ever 
been reported for any other polyatomi

c

species.

The major features of the N20 Pyrolys
is mechanism were considered well-

known by Dove et. al., although they 
ultimately did find indirect evidence

suggesting one or more additional rea
ctions may be occuring.  The mechanis

m

they employed is

N20  +  M    +    N2  +  0  +  M    (AH  #  +  38 kcal/mole) {1}

0 + N20 -+  N2 + 02 (AH a - 79)
{2}



-        0   +   N2Q    +      2
NO (AH 0 - 36) {3}

.
1

Ca)

Fig. 3.  Schlieren oscillogram
-· -n

./.---I-I.-*.-.-1 - tracings showing vibrational

I                              relaxation in a 30% H2 - 70% Ar
-                                  mixture (5).  Horizontal axis

-*-1 1-.*-1
is laboratory time and vertical

i P S axis is detector output voltage
in   each case. u  =  1.989  mm/Usec,

1                            Po = 9.1 Torr, ao = 0.58 mm,
: D = 2m, and W = 7.62 cm. (a)

Measure of axial density gradi-

(b) ent showing exponentially de-
caying relaxation signal.
AV/V PG = 0.0231 per major di-

- vision.  (b) Less-amplified
version of signal in (a) show-4

ing modulation due to shock
front as well as the relaxation

signal. AV/VIPI = 0.1153 per
major division.  (c) Measure of

VA
-

(C)
. total laser power incident on

-A --== photodiode as a function of
time. The spike indicates that a

--*-11-*---
-                                           significant portion of thelight

fps is deflected off the detector
t> during passage oftheshock front.

AY/Vop
= 0.1774 permajor divi-

sion.  Courtesy J.E. Dove).

Example oscillograms showing pyrolysis are given in Fig. 5, where the tempera-
ture increases in the order of presentation.  The first record (a), at 1950 K,
shows relaxation followed by a very weak and slowly decaying dissociation
gradient.  Oscillogram (b) shows a (poorly resolved) relaxation followed by
endothermic reaction (positive gradient). which finally tails into a weak exo-
thermicity (negative gradient).  In (c), relaxation is lost in the shock-front
signal and the endothermic dissociation is quickly overwhelmed by a strong

exothermicity.  Finally, in (d) even the endothermic reaction {1} is nearly
lost. and, effectively, only the exothermic region appears.  The complexity of
such· records should permit extraction of more than just the rate of {1}, and,  
recognizing this, Dove et. al. analyzed the entire gradient profile using both

an approximate analytic solution of the kinetic equations for the above me-
chanism and a direct computer simulation.  Consequently, they determined not
only the rate of {1} but also the sum of the rates of {2} and {3}.  The vi-
brational relaxatioh zone being of finite length, even though often unresolved,
the onset of reaction is presumably delayed by an induction time . Such a

delay was included in their analysis and .its magnitude estimated.

The induction times determined by Dove, Nip, and Teitelbaum are very
short, and thus very sensitive to time-origin location.  In the H2 relaxation
experiments, the process is very rapid and the calculated ApQ is also very
sensitive to time-origin location.  For the interpretation oT such experiments
accurate assignment of this point is thus essential.  Such an assignment
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Fig. 4.  Plot of logarithm ofI 2.0

output voltage (mV) versus
laboratory time (psec) for
the oscilloscope trace of.

Fig. 3.  The plot is linear      >

beyond the disturbance due       e01.0to the shock front.  (Cour-     -J
tesy J.E. Dove)
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requires, among other things, a realistic treatment of t
he optics of the beam-

shock wave interaction, which we now attempt.

Fig. 5.  Examples of schlieren
1954 °K (a) 2410°K (b> signals from shock waves jn

i             7.97% N20 in Ar (6).  Horikon-
tal scale, 1 major division =

.....: 202 mV (corresponds t022.04% .
-*.-

*..1- ......... modulation of laser signal).
u.4 1.435 ma/psec, Po =-10.6
Torr, T = 1954 K; (b)  u =
1.620 mm/Usec, Pa =   10.1    Torr,

2899°K (c) 3587°K (d) T = 241 OK; (c) u = 1.796mm/psec,
-

:0==29..1622Tommr ..:ec.2::1.  18'.5(,1)
Torr, T = 3587 K (The origin

.------    for all measurements was taken

-1 \-1---7 <-1/ to be the schlieren spike mini„
1

mum measured from a less ampli-

fied trace of the same signal.)

(Courtesy J.E. Dove)

III.)  PHYSICA,L OPTICS OF THE LASER-SHOCK WAVE INTERACTION

Although a real shock wave is three-dimensional, the narrow beam sam
ples

a plane section and a two-dimensional treatment is sufficient. Our coordinate
system is shown in Fig. 6.  Here t=O i s again the coincidence

 of shock lead-

ing edge and beam center.  The distance behind the front is z
=x+ ut, where

x is fixed in the tube as shownandu is.the (steady) shock velocity.  y is
fixed in the.detector with origin at detector center and oriented so posi

tive

y corresponds to the usual "plus" voltage side of the detect
or.  Then the

"
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differential signal for a rectangular detector of width 2r is
.

r
I f

AV = V    /'  sgn(y) P(y) dy     '                           [41

0 J
-r

where Vo is the signal for-unit power, and P(y) is the power distribution in
the detector plane.

'VW18
W

1

-TUBE
CENTER SPLIT DETECTOR

''                                     BEAM
CENTER-

\ 0-- -«--1
Fig. 6. Coordinate system           ut              w=0--/  -
fot the laser beam-shock wave 4, X . .y

interaction. SHOCK ,

FRONT ,
.1:.0

Z.0, X=-Ut.

SHOCK
TUBE

VW\AA
-

The large detector distance effectively collapses the shock tube to a
line from which D and R may be measured.  That is, any ambiguity introduced
by the finite width of the interaction region should be insignificant.  We
also assume the beam spread and any other distortion arising in passage through
the shocked gas are negligible, i.e., the intensity distribution is constant

for Iwl < W/2. The integrated effect of the gas density on the beam may then
be introBuced at the source as a "transmission coefficient" T(z).(8).

We may now write the power at the detector in y+y+d y a s (8)

CO                                             ' 2

P(y) = A   :   T(z)
E(x) dx

exp - (2wiR/A)                     [5]
R

Here E(x) is the field at the shock tube, and A is a constant to be set bel p.w.
The refractive index field of the shock wave appears in T(z) as

-  r W/2
2Ki                                       [6]T(z) =  T(z)  exp - -3-·-  ndw

-„W/2      -

Where the real factor IT(z)1 is unity for a non-absorbing medium.

For large D we may expand R as
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- R =<(y-x)2 + 02 1/2  - D  1 + (Y;:)  + 0(0-4) 

In the denomin,+or R #D i s o.,equate. Cancelling phase factors, inserting
E(x) a exp - (*2/82) and normalizind fo the total' beam power, we have

2

'(,)     'o (, A:,o)2 ).1/2 1. (r.,1,) exp.- -f +   (,T- ,„)-d,    I'l
-0

For T(z) = 1, we obtain the expected result

'1/2         (241P(y)  =  Po  ..22  1        exp  -                                                                  [8]
\ ira / .\ a /

with a given by [2].

We begin the application of these equations to a consideration of the
response to bulk density variations occuring after front passage,.which might
model that generated by reactive processes in an ideal shock wave.   Here z >>
0, n(z, w) = n(z) and IT(z)|  = 1.  The power distribution at the detector is
given by [6] and. [7] as

.

00                              /

P(y)  = P-/ 2  1/2   -- dot    dB exp -(a2 + 82)/a 
...

v liCADao)2/ -oo -00

--

X:exp - 211   WD  n(B + ut) - n(a + ut)  + 82/2 - By - a2/2 + ayAD
- -

Define new variables through 8=6+ 7/2, a=6- 7/2, and expand as

n(B + ut) - n(a + ut) = n(6 + ut + 9/2) - n(6 + ut - y/2 )

= n'(6 + ut)y+ n"'(6 + ut)Y3/24 + 0(n y )v 5.

Now  e = Wn', so
00 00                                                                ./

2   il/2  r
P(y) =P C .

            d6                   dY    exp   -(262    +   Y2  /2'It at

0 <1(ADao)2 '1 -00 -00

[9]

X exp - 2-]Li FeDy + euD'r3/24 + . . . + (6-y)y 
AD L

If we now assume linear detection, i.e., the magnitude of 0 and its
derivatives is small, we may expand as

.'



I . L,·

 

exp - 2,r  - 4 +Pe"Dy 3/24 +  . . . .    ru   1  -     eDY + 8" Dy 3/24 + i. 0      Dol

For small 8 the (--:ector is effe,.·.:vely i,nfinite. Then combining [10] with
[9] and  [4],  and al,so expanding 0(6 + mt),the integration may be done'with
the result

2 /R V Pea 8-  82
AV = 1+ [11]

0 0  0            0,
A$                 2   +""

680
-

2   1 /2
Where e = 6(ut) and 0 = (1 + (wa2/AD) ) This may be compared with the
expression of Macdonald, Burns, 9nd Boyd (6)

-

2  ,/SF v  p  e a            e" a 0 0  0AV =
A              1.+88      +  " ' [12]

which may be obtained by setting $ =1 and neglecting the e" term in [10].
The latter constitutes neglect of diffraction by the refractive index field
of the shock wave.

Actually the two expressions, Ill] and [12], are almost numerically equi-
valent for. the ·usual parameters, and either may be used to estimate the range
over which a direct proportionality of signal and gradient will obtain. Clear-
ly the requirements for this are linear detection, i.e., small deflections,
and

0„ 22 << 1 [13]
80

To check this inequality, consider an extremely rapid exponential variation
0 = 00 exp-(x + ut)/uT, with T = 0.2usec (barely·resolvable), u = 2mm/vsec,

and ao
= 0.3rrim.  Then the 1 hs of [13] is 0.07. The small size of this term

for such an extremely rapid process suggests that the proportionality of
0 and AV will be quite generally maintained.  Equation [11] gives the same
correction for D = 77cm.

If we neglect diffraction by the refractive index field, i.e., we drop
all derivative terms in [9], then the power distribution is

2P fco
2 2\ 1  /27'aA 2

P(y) = -·A       .exp -   2x /ao    exp - 2  . -AD    (y-x-eD)2  dx       [14]
-CO

--

and this is simply a wei$lht.gd superposition of Gaussians over the detector. .The weighting, exp - (<x,/a ), is just the incident beam distribution; the
detector Gaussians  have: a  r2dius  AD/dao and are centered, at y= x + CD.
Thus each "ray" of the beam spreads to a radius AD/nao at the detector.  This
expanded ray is displaced from detector center by·its initial position x
and any deflection eD.  In the absence of deflection, the beam is a parallel
bundle of rays, but one inwhich each ray expands with distance.  When D
is very large, the usual case, we have (x = 0(ao))

6
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and the "memory of initial ray locationdis lost.
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, Fig. 7.  Shock-front curvature.  The
6                             + line is the theory of. de Boer (22) for

  parallel plane walls. His curve for
cylindrical walls is very similar.j-
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To model the signal generated by passage of a curved shock we assume the
(rare gas) profile given by de Boer (22) for parallel plane walls, as shown in
Fig. 7.  We treat the shock as a discontinuity in density and refractive index.

9,„           . A   -                         "
\

Al 0.0.-*:i----4(-------- ..so

Fig. 8.  Calculated schlieren signals ..15 -                                       -                                      --25

V
D=350.cm 0 -350.cmfor the passage of a curved shock

front. The vertical axis is fraction- Ill i '·2
al modulation (AV/V P ) and the hori- A   . \
zontal ax'is T = ut/9 9  On the left is

15- / \ - \«/ .7,the differential resBonse and on the 81 00-----------        50
right the summed output of the detec-
tor.  The shock thickness (axial ex- ..15 -

D-1000.cm
-

D •1000.cm
-25

tent) zc is 0.39 mm and the detector
width 3a, where a is the e-2 radius

III -4,1 Ir
at the detector.  Other, parameters             .is-       /\  - 1 /    -75

/
/    \are as in Fig. 9.                     al 0.0---c:„ C---7-*--          .sa

..15 - -.2504-- D-+00

-1.0 0.0 1.0 -1.0 00 1.0

7                                  7
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-The necessary integrals were'evaluated numerically, and the results for a
rectanguloe detector at three distances are displayed in Fig. 8.  For compari-
son the experimer,tal signal gekbrated by an argon shock with parameters simi-
lar to those of Che D = 350cm simulation is shown in 'Fig. 9. The shape and
magnitude of the simulation and the experiment are quite close, the only evi-
dent difference being a slightly larger: negative maximum in the simulation.

200 -
Fig. 9.  Laser-schlieren sig-

150- nal generated by a shock in
pure argon.  The experiment

, 100 -
involved detection using a

E                                              differential photodiode with50 - u = 1.81 mm/lisec, P .10 Torr,
0 -,- ao = 0.65 mm, D = 380 and W =

7.62 cm.  The positive maxi-
mum corresponds to a modulation-50 7     1     1     1    1     1  ;lillI

0 1 2 3 4 5 (AV/V PI) of 0.33.  (courtesy
T. Tanzawa and W.C. Gardiner,

TIME/&is Jr.)

Here the ratio of negative to positive maximum is 0.4 whereas it is near 0.25
in the experiment. There could be any number of reasons for this discrepancy -
the de Boer curve may be somewhat at fault, the assumed axial extent may be
too small, or the negative maximum may be blunted slightly by inadequate re-

sponse speed in the experiment - and it is impossible to establish a specific
cause.  Nonetheless the disagreement is minor and should not affect any quali-
tative conclusions.  The time origin - here the coincidence of shock leading
edge and beam center - is located on the positive rise near zero-crossing.
As the detector distance increases, the negative signal fades and the time
origin moves further onto the positive portion.  The time from the "first
break" in. signal to the minimum is AT 4 1, or At = ao/u, which is in agree-
ment with the observations of Tanzawa and Gardiner (20) on argon shocks.
Evidently the "first break" is not at radial distance from beam center.

Fig. 10. , The power distribution in
the detector plane at three character-

istic times, the negative maximum,
t = 0, and the positive maximum. .The
abscissa is y/a where a is given by
equation [2]. The dashed lines indi-    / 9-  740
cate the limits of a detector with 2 D-1000cm    i

r = 1.5a (c.f. eq. [4]).
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. Consideration of the power distribution at various times (c.f. Fig.·10)
shows the Fesulting signal is 'grgely determined by. a balance between small  '
deflectigns from the "tail" of thr curve and large deflections resulting in
complete removal which are generated by .the steep gradients hear the leading

edge.  All deflection is to the positiva tide of th* detector, and neglecting
diffraction, a negative signal can only result from preferential removal of
radiation initially located on the pokitive half. However, when the dete:: .r
distance becomes large, each ray is spread almast equally over both halves and
removal produces but small differential result - hence the very small negative
signal at large distance (the residual negative signal for D + - arises from
diffraction).  The small deflectioos can then dominate even when the leading

edge is at beam maximum thereby locating this point on the positive portion
of the signal.

If the detector were to be placed very close to the shock tube, the situ-

ation would be quite different.  There is then a one-to-one correspondence of
radiation elements in the incident beam and on the detector.  The large de-
flections which occur as the shock enters the beam now remove energy from the

positive side exclusively, producing a large negative signal, and the negative
maximum will then very nearly coincide with arrival of the leading edge at

beam center. This situation corresponds to the "ray-tracing" model of Dove
and Teitelbaum (21) presented at the last symposium.  It ignores the diffrac-
tive nature of the beam spread and is not valid for the usual large detector
distances.

One possible fault of the above analysis is neglect of reflection by the
curved front.  The reflectivity of the front is difficult to estimate and we
have made no attempt to include such reflection.  However, since the region
likely to reflect strongly, that near the leading edge,,produces complete re-
moval through refraction in any case, this neglect is perhaps not serious.
Our use of a rectangular detector i·s motivated by its simplicity.  We have al-
so calculated signals for a circular differential detector with results vir-
tually identical to those of Fig. 8.

We now return to the H2 relaxation (4) (5) and N20 induction time (6)
experiments cited earlier.  We have mentioned two effects which can delay the
time origin from the negative maximum, which is the origin assumed in both
these studies. First there is the small shift from beam diffraction which will

5111
4-

Fig. 11. The·effect of shock-
3- curvature averaging on the

apparent Ap for an exponen-
tial process.  The ordinate

400/apu is the multiplicative factor

[15], the abscissa the ratio
2-                                                                                         -

of shock axial extent z  to
the characteristic lengih uT

of the relaxation.
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be 0.2 - 0. dusec for the experimental conditions used.  Second, there is a'further delay" arising from the axial spread of initiation over the curved
shock.  We- can estimate the latter effect by averaging the amplitude at alater time (t > Ec/u), which lives an increase in Ap by the factor

2 r"ll
iii jf                exp   (z/ur) dw [15 1

0

If we assume a parabolic profile, .z = zc(2w/W)2, the integral may be easily
performed (numerically)  with the. result shown  in  Fi,g.  11. The reason  this   
ratio can be quite large is evidently the heavy weighting given delayed

  initiation with a rapid exponential decay.  To illustrate the effect of the
combined. corrections we assume a rapid but resolvabJe relaxation with T =
0.3usec, and ur.4 zc.  Then the combination of delays predicts a Apo/Apv of
about 3.  Although this is but a very crude estimate, it still suggests that
a major portion of the experimental Ap could be spurious.  The induction time

i measurements in N20 will also be seriously affected by time origin error.
They  are very short,   less   than   1   usec.  in   the laboratory frame,   yet  may  wel 1
be too long.

IV.)  CONCLUSIONS

The resolution and measurement of extremely rapid processes - processes
having characteristic times in the. submicrosecond range - is certainly feasi-
ble with the schlieren technique.  But the interpretation of such experiments
is complicated by shock curvature, boundary layer, and the non-geometrical
nature of the laser optics.  We have presented a rather rigorous formulation
of the optical problem, but a more satisfactory treatment of initiation over

the curved shock is clearly needed.  Work on this problem is continuing and
we hope to be able to present a more complete picture in the near future.
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