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ABSTRACT 

Through the use o f  simulated x-ray spectra we address the 

question o f  instrument requirements f o r  a spectrograph t h a t  

could s i g n i f i c a n t l y  adVdnCe x-ray astronomy. We conclude 

that  resolut ion (A/M) i n  the range o f  200-500, and e f f e c t i v e  

co l l ec t i ng  crea i n  excess o f  200 cm are required. We present 

one design, based on the object ive r e f l e c t i o n  grat ing concept, 

which would meet these s t r ingent  requirements i n  an Explorer 

class mission. 
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I. INTRODUCTION 

I n  the l a s t  meeting o f  t h i s  nature, the Workshop on Concpact Ga lac t ic  Sources, 

Rappaport (1979) gave a b r i e f  overview o f  x-ray astronomy i n  terms of the  threc 

major d isc ip l ines :  

E ins te in  Observatory s t a r t i n g  operations, x-ray imaging had reached a l e v e l  of 

maturit! f a r  beyond t h a t  o f  t im ing  o r  spectroscopy. The workshop concluded 

t h a t  iin X-ray Timing Explorer was the next l o g i c a l  step t o  balancing the advance 

of x-ray astronomy. But, thG decis ion t o  pursue t im ing  a t  the expense o f  spec- 

troscopy wh3 made on technological  and budgetary grounds; we know how t o  b u i l d  

a t im ing  experiment f a s t e r  and cheaper than a spectroscopy experiment. 

w i t h  XTE i n  the Explorer quege, our a t ten t i on  must t u r n  t o  spectroscopy i f  new 

imaging, spectroscopy and timing. A t  t h a t  time, w i t h  the  

Now, 

s c i e n t i f i c  domains are t o  be opened. 

The h i s t o r y  o f  astrophysics a lso supports the argument t h a t  spectroscopy 

must be next. Opt ica l  astronomy d i d  no t  evolve i n t o  astrophysics u n t i l  we l l  

i n t o  t h i s  century, when h igh  q u a l i t y  photographic spectroscopy was developed 

and the r e s u l t s  i n te rp re ted  throbgh modern physics. A t  the t u r n  of the century,  

o p t i c a l  astronomy was i n  a s i t u a t i o n  very s i m i l a r  t o  the cur ren t  s ta tus o f  

x-ray astronomy. The f i r s t  concave g ra t i ng  spectrograph o f  the sun, obtained 

by Rowland (1882), showed an amazing wealth o f  informat ion.  The Solar Maximum 

Mission i s  cu r ren t l y  showing us a fabulous array o f  x-ray spectrat  features ; : a  

the sun. Yet, fo l low ing  Rowlands so la r  spectrum, there was a delay of more 

than twenty years before observator ies became s u f f i c i e n t l y  sens i t i ve  t o  study 

s ta rs  wi th h igh resolut ion.  I n  t h a t  same per iod  imaging became q u i t e  advanced: 

The f i r s t  photographic surveys d f  the sky were completed, and ex t ragh lac t ic  

astronomy was born through the discovery o f  vast  numbers of nebulae. Simultane- 

ously, t im ing  studies were advancing w i t h  the quan t i t a t i ve  studios o f  e c l i p s i n g  
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variables and novae. The problem wi th  spectroscopy was tha t  the b r igh t  sources 

i n  the sky were, t o  f i r s t  order, simple blackbodies, while the objects wi th  

exotic spectra were too f a i n t  t o  observe. 

Today, we know from low resolut ion x-ray spectroscopy tha t  the br ightest  

sources i n  the sky hake, t o  f i r s t  order, featureless continua , while many of 

the fa in ter  sources have qui te  exot ic spectra. The pursu i t  o f  very high reso- 

l u t i on  spectroscopy o f  brigllc sources, and adequate resolut ion spectroscopy of 

fa in t  sources, i s  s t i l l  the primary concern o f  cp t ica l  astronomers. Over ninety 

percent o f  a l l  observing t h e  on the world's major telescopes i s  dedicated t o  

spectroscopy. I th ink i n  the future i t  w i l l  be the same f o r  x-ray astronomy. 

In t h i s  t a l k  I w i l l  address pr imar i ly  the question o f  what performance 

1 w i l l  f i n i s h  w i th  my level i s  needed before x-ray spectroscopv w i l l  mature. 

suggestion o f  how the necessary performance level  can be achieved. 

11. A SIHULATED X-RAY SPECTRWI 

Ihe qrral i ty of a spectrum, and hence the qua l i t y  o f  science derived from 

it, depends on a var iety o f  factors i n  the spectrograph and i n  the source. 

The performance of a spectrograph i s  mainly determined by spectral resolut ion 

ai4d co l lect ing area, while bandpass and noise character ist ics play lesser roles. 

Since the spectrograph must be ab;e t o  c lear ly  detect the targeted spectral 

features, so the brightness o f  the source, as well  as the size and shape of 

i t s  spectral features play a central ro le  i n  determining the spectrograph design. 

To investigate the int-erp:ay between spectrograph design and source char- 

ac te r is t i cs  I have performed a simple computer simulation. With the help of 

flike $hul l ,  I have created a synthetic spectrum containing many o f  the x-ray 
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spectral features we know should be present. Then, by smoothing the spectrum 

I could determine the resolut ion necessary t o  locate, separate, and i d e n t i f y  

typ ica l  features. By introducing varying amounts o f  Poisson noise, I could 

gni- 

eve 

determine how many photons are needed t o  make the features s t a t i s t i c a l l y  s 

f icant. Through t h i s  exercise I have reached some conclusions tha t  I bel 

are convincing. 

I 1  I .  RESOLUTIONS 

The i n i t i a l  spectrum entered i n  the computer was an array one thousand 

elements long, with each b i n  o f  2eV width. Thus, the spectrum extended up t o  

2 keW. By doing a simple boxcar smooth, I was able t o  simulate lower reso?ut ion 

spectra. 

The series o f  smoothings i s  shown i n  Figure 1. Part (a) shows the spectrum 

smoothed t o  280eV, typ ica l  o f  a proport ional counter. The spectrum i s  devoid 

of features. Pulse height spectra such as these were obtained w i th  HEAO-1, 

and through a clever inversion technique found the 0 absorption edge i n  the 

Crab and Sco X - 1  (Kahn and B l i sse t t ,  Charles -- e t  al . ,  Kahn -- e t  al) .  

Moving t o  Figure l ( b )  we see a smooth spectrum w i th  a ledge a t  the pos i t i on  

o f  the oxygen edge. It has a resolut ion o f  180eV, s im i la r  t o  tha t  o f  the SSS 

on Einstein, although the SSS was not able t o  observe below about 600eV. 

T r i p l i n g  the resolut ion ( t o  64eV) i n  l ( c )  produces a dramatic dif ference. 

The absorption d ip  a t  the 0 edge i s  c lea r l y  delineated, and an emission l i n e  

has appeared a t  the pos i t i on  o f  the Fe L l ines.  Figure l ( d )  doubles the resolu- 

t i o n  again, w i th  the e f f e c t  o f  sharpening ine emission l i n e  and h in t i ng  a t  

structure i n  the 0 edge. 

I n  Figure ] (e) ,  where the resolut ion i s  16eV (comparable t o  the OCS on 

Einstein), the structure i n  the 0 edge has c lea r l y  become an absorption l i n e  
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a t  the pos i t ion o f  the 0 VI11 Lyman a line. 

structure. 

The i ron l i n e  i s  s t a r t i n g  t o  show 

The next doubling o f  resolut ion, t o  8eV, brings with i t  the resolut ion of 

the i ron  l i n e  i n t o  a complex o f  c losely spaced l ines.  Also v i s i b l e  f o r  the 

f i r s t  time i s  the fact  that  the i n tens i t y  drop across the 0 edge ;s not a s ingle 

step. Seweral ionized species o f  oxygen are contr ibut ing t o  the edge. 

A t  a resolut ion o f  4eV i n  Figure l ( g )  the l a s t  hidden feature emerges. A 

weak absorption l i n e  a t  the pos i t i on  o f  the 0 VI11 Lyman a l i n e  i s  v i s ib le .  

The l a s t  part ,  Figure l (h) ,  shows the o r ig ina l  spectrum w i th  f u l l  2eV 

resolut ion. 

l i n e  complex i s  f u l l y  resolved. 

I t  now shows the 0 VI11 absorption l i n e  t o  be saturated; the Fe 

With each improvement i n  resolut ion we discovered new features i n  the 

spectrum un t i  1, i n  the l a s t  two graphs, a1 1 o f  the o r ig ina l  features were appar- 

ent. Ry pushing the resolut ion beyond 2eV one could study emission and absorp- 

t i o n  l i n e  p ro f i l es ,  but t h i s  would require resolut ion o f  nearly 0.2eV. 

we current ly don't even know the gross spectral features o f  x-ray sources, 

t a l k  of observing l i n e  p r o f i l e s  seems a l i t t l e  absurd - that should be l e f t  

f o r  the fo'lowing generation o f  spectroscopy. I n  short, 2ew resolut ion w i l l  

be enough t o  disccver and c l a s s i f y  features, but l i t t l e  extra w i l l  be gained 

u n t i l  resolut ion i s  almost an order o f  magnitude higher. 

Since 

Converting t o  the more conventional spectroscopy notation, 

A - E 500eV - R = - = - 250. 

I V .  POISSON NOISE 

11; ;pectroscopy as i n  imaging, Poisson noise i s  the great enemy of  the 

x-ray astronomer. Our experiment must co l l ec t  enough photons i n  each spectral 
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reso lu t i on  b i n  t o  m a k  the b in - to -b in  va r ia t i ons  (which ca r ry  the  i n f o m a t i o n )  

s u f f i c i e n t l y  small. To inves t iga te  t h i s  e f f e c t ,  I have taken the saw synthe t ic  

spectrum a t  f u l l  r eso lu t i on  and run a Poisson randomizer over i t  w i th  var ious 

scale factors .  Taking the f i g u r e  p a r t  

by pa r t :  

The r e s u l t s  are displayed i n  Figure 2. 

a. 

b. 

C .  

d. 

e. 

f .  

This i s  a minimal spectrum, t y p i c a l l y  two photons per  b in ,  w i th  a 

t o t a l  o f  1281 counts i n  the spectrum. 

ove ra l l  shape o f  the curve, an exponential w i th  an i n t e r s t e l l a r  c u t o f f .  

With 10 c /b in  we s t a r t  t o  see the 0 edge. 

A t  30 c /b in  the 0 edge i s  c lear .  

t i c a l  ly s i g n i f i c a n t .  

With 100 c /b in  the spectrum i s  look ing f a i r l y  good. Most o f  the 

major features are v i s i b l e .  The biggest problem i s  t ha t ,  wh i l e  i t  i s  

c lea r  tha t  the features are present, quan t i t a t i ve  statements about 

t h e i r  s i r e  w i  11 be inaccurate. 

This i s  an exce l len t  spectrum. With 1000 c / b i n  a l l  the features are 

c lear ,  and quan t i t a t i ve  assessment i s  c l e a r l y  possible.  

A t  10 c h i n  there i s  v i r t u a l l y  no d i f fe rence between the o r i g i n a l  

and the randomi zed spectra. 

Nothing i s  v i s i b l e  except the  

The 0 V I 1 1  Ly Q i s  becoming s t a t i s -  

4 

From Figure 2 we have learned t h a t  a spectrum w i t h  less than 100 c /b in  i s  

4 inadequate w h i l e  i n  most cases 10 c /b in  is more than i s  requ red. A good 

number t o  shoot f o r  i s  1000 c!bin, and a bare ly  adequate spectrum i s  100 c/b in .  

I recommend tha t  the Explorer be able t o  ob ta in  100-1000 c /b in  

per iod  o f  t ime or! a l l  prime sources. 

n a reasonable 

The s i t u a t i o n  i s  d i f f e r e n t  when emission l i n e  sources are considered. 

Take the case o f  the synthet ic  emission l i n e  spectrum shown i n  Figure 3(a). 

When these l i n e s  aI.e Poisson randomized we f i n d  t h a t  f a r  fewer photons are 
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required. Figure 3(b) i z  the same spectrum w i th  a t o t a l  of only 46 photons, 

rebinned i n t o  80 bins t o  best show the data. I t  i s  a f a i r  representation of 

the o r ig ina l  spectrum. Fiyure 3(c) i s  a s im i la r  spectrum w i th  188 photons. 

I n  3(d) we have 830 photons and i n  3(e), 55,000 photons. It i s  c lear tha t  i n  

order t o  re t r i eve  the basic physics o f  a l i n e  source, only 100 photons per l i n e  

are needed. A t o t a l  o f  10 photons should show a l l  the major features i n  a 

l i n e  source. This compares t o  the 10 t o  10 photons required f o r  a good spec- 

trum o f  a cont inwa source. 

s t e l l a r  coronae and supernova remnants. 

3 

5 6 

I t  i s  p a r t i c u l a r l y  good news f o r  the studies o f  

V. COLLECTINC AREA 

Start ing w i th  the level  o f  s t a t i s t i c s  recumended i n  the previous section, 

With an Explorer, a 

I n  

I n  t h i s  amount o f  time we require 

we can derive the needed spectrograph co l l ec t i ng  area. 

typ ica l  observation should be completed i n  2 x lo4 ;econds o f  exposure. 

real  terms t h i s  requires an e n t i r e  day. 

enough col  l ec t i ng  area t o  observe a large number o f  sources from many classes. 

This d i ve rs i t y  o f  appl icat ion i s  necessary i f  the Explorer i s  t o  make a major 

contr ibut ion t o  astronomy. 

I n  Table I we l i s t  the four most prominent classes o f  x-ray point  sources: 

the x-ray binar ies,  s t e l l a r  coronae, Seyfert galaxies, and quasars. We would 

l i k e  t o  be able t o  observe ten o r  (Ifore objects i n  each o f  these classes, so we 

have l i s t e d  the approximate f l u x  ( i n  HEAO-2 IPC counts) o f  the tenth br ightest  

member of each class i n  column 2. I n  column 3 t h i s  f l u x  has been converted t o  

ph ctn-2s-1bin-1, oxcept i n  the case of s t e l l a r  coronae where i t  i s  i n  un i ts  o f  

ph cm s line-’. 

obtain colurrn 4 which shows the ph cm-2bin-1 collected. 

matter t o  calculate column 5, the co l l ec t i ng  area needed t o  achieve the desired 

1000 c/bin, or f o r  coronae, the 100 c / l ine.  

- 2  -1 4 Mult ip ly ing by the maximum observing time (2 x 10 s) we 

Then, i t  i s  an easy 
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It i s  apparent that ,  a t  an absolute minimum, the spectrograph should have 
2 50 ca of c o l l e c t i n g  area. This would pertnit the c c l l e c t i o n  o f  good data on 

s t e l l a r  coronae and x-ray b inar ies ,  bu t  bare ly  reach the Seyferts. I t  would 

f a i l  completely on the quasars. However, wi th 200 cm the Seyferts could be 

we l l  studied, and the b r igh tes t  quasars would be wi th in reach. This higher 

c o l l e c t i n g  area valuable on the x-ray b ina r ies  and coronae as we l l ,  s ince i t  

i s  less l i k e l y  tha t  v a r i a b i l i t y  could change the spcrtrum before the observation 

i s  completed, and more ta rge ts  could be observed. 

2 

I recommend t h a t  the spectrograph have no less than 200 cm2 e f fec t i ve  

c o l l e c t i n g  area. 

V I .  SPECTROGRAPH DESIGN 

We are now faced w i t h  a very large order: Design an Explorer c lass i ns t ru -  

2 ment w i t h  reso lu t i on  o f  250 and c o l l e c t i n g  area Jf 200 ca . 

be done, and i n  t h i s  sect ion 1 o u t l i n e  one poss ib le  design. 

1 be l ieve  i t  can 

The f i r s t  p o i n t  t o  recognize i s  t h a t  we must use d ispers ive spectroscopy 

coupled w i t h  grazing incidence opt ics .  A l l  a l t e rna t i ves  simply w i l l  not  produce 

t h e  requi red performance. Crysta l  spectrographs w i  11 not  achieve the necessary 

c o l l e c t i n g  area i n  a reasonable s i z e  payload because c r y s t a l s  operate by absorb- 

i ng  the great bu lk  o f  the inc ident  photons. So l i d  s ta te  spectroscopy has low 

reso lu t i on  (180eV versus the 2eV required),  and there i s  no foreseeable chance 

tha t  i t  w i l l  achieve h igh reso lu t i on  dur ing t h i s  generation. The only  ether 

a1 te rna t i ve  i s  d ispers ive spectroscopy. 

I n  the s o f t  x-rays we have the choice o f  e i t h e r  transmission grat ings or  

There are arguments i n  favor 

I w i l l  merely say t h a t  1 

r e f l e c t i o n  grat ings f o r  the d ispers ive element. 

o f  each o f  these which I do not w i s h  t o  pursue here. 
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persanal l y  bel  ieve t h a t  i n  the fu ture x-ray astronomers * 1 i ke op t i ca l  astrono- 

mers, w i l l  perform v i r t u a l l y  a l l  t h e i r  spectroscopy w i th  r e f l e c t i o n  gratings. 

Reflect ion gratings o f f e r  higher e f f ic iency,  greater s t a b i l i t y  and higher 

dispersion - a1 1 propert ies o f  central  importance t o  achieving high spectral 

reso 1 u t i  on. 

I have been invest igat ing i n  the laboratory the leve l  o f  e f f i c i ency  one 

Figure 4 shows the r e s u l t  obtained on a can expect from r e f l e c t i o n  gratings. 

gold coated grat ing a t  13 

from a 6000 Plmn, 21' blaze master, was ru led by Hyperfine, Inc. t o  make an 

(Cash and Kohnert, 1981). This grat ing, rep l icated 

opt ica l  element f o r  the 

shows a peak e f f i c i ency  

would have been closer 
2 achieving the 200 cm . 

High Resolution Spectrograph on Space Telescope. It 

o f  40% i n  f i r s t  order. With a n icke l  coating t h i s  

t o  50%. Such very high e f f i c i ency  i s  c r i t i c a l  t o  

I n  addit ion, i t  i s  necessary t o  keep the number of elements i n  the op t i ca l  

t r a i n  t o  ail absolute minimum. 

concept of the Objective Ref lect ion Grating Spectrograph (ORGS), which, co inc i -  

dental ly,  maximizes spectral resolut ion. I t  i s  qu i te  simple, requi r ing only 

that  an array o f  r e f l e c t i o n  gratings be mounted i n  f ron t  o f  an x-ray telescope 

such that  the telescope views the surface o f  the gratings. 

With t h i s  i s  mind I have been working on the 

I have jo ined i n  a col laborat ive e f f o r t  w i t h  D r .  Richard Catura o f  the 

Lockheed Palo A l to  Research Laboratory and Dr. J . 1 .  Culhane o f  the Mullard 

Space Sciences Laboratory t o  b u i l d  an ORGS. We are modifying t h e i r  e x i s t i n g  

telescope t o  hold an array o f  r e f l e c t i o n  gratings as shown i n  Figure 5. I t  i s  

an Aries class telescope, and we hope t o  obtain our f i r s t  spectrum from a rocket 

f 1 i g h t  i n  one t o  two years. 

I t can be shown that  the resolut ion (A/M) of  an ORGS i s  given by 
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a$z1 
where n i s  the order number, A the wavelength, d the grat ing r u l i n g  spacing, 

and B the telescope resolut ion i n  radians. We take the best telescope resolu- 

t i o n  consistent w i th  an Explorer mission and a proportional counter detector 

t o  be 20'' (e = The highest r u l i n g  density current ly  avai lable i s  about 

10 U m l a  o r  d = lC00 f t .  Thus, i f  R = 250 we must have 4 

nh = 25 f l .  

A t  energies below O.SkeV we can achieve f u l l  resolut ion and co l lec t ing  area, 

while above t h i s  energy we have the choice o f  e i ther  f u l l  co l lec t ing  area and 

reduced resolut ion (1st  order), or f u l l  resolut ion and reduced co l lec t ing  area 

(higher orders). This i s  not an ideal  s i tuat ion,  but i t  i s  adequate. 

The telescope needed t o  support t h i s  concept i s  of reasonable size. To 
2 achieve a 200 cm spectrograph, we need a telescope with an e f fec t i ve  area of 

400 cm . A telescope the same size as ROSA1 w i l l  su f f ice,  but  the mirrors 

need only perform a t  the 20" leve l .  A proportional counter w i th  .125 nun resolu- 

t i o n  i s  adequate, although one might hope tha t  some other e f f i c i en t ,  imaging 

detector might become available. 

2 

We conclude by point ing out t ha t  object ive gratings cannot perform w e l l  

on extended sources. There i s  a possible solution. A 1 x 30 arcminute collima- 

t o r  mator could be mounted i n  f ron t  of the gratings, allowing study o f  extended 

objects w i th  R = 80. 

V11. SUMMARY 

I have demonstrated tha t  i n  order f o r  x-ray spectroscopy t o  become a serious 

too l  of astronomy, we need t o  b u i l d  3 spectrograph with resolut ion i n  excess 

2 250 and co l lec t ing  area i n  excess 20C cm . I have presented the ORGS concept, 

which I believe i s  the easiest way t o  achieve these str ingent speci f icat ions.  

I wish t o  thank R. Catura and F1. Shull f o r  help i n  preparing th is  ta l k .  

I acknowledge support from NASA grant NAG5-96. 



TABLE 1: TARGET FLUXES 

FLUX i n  2 x 104s cm2 needed for 
10th BRIGHTEST ph cm-zs-'bin-' ph cm-2bin-' 1000 ph/bin or 
(IPC COUNTS) (R  = 200) 100 ph/ l  i n e  

X-RAY 
B I N A R I E S  30 1.5 30 30 

SEYFERTS 3 1 . 5  3 300 

QUASARS 0 . 2  1 I C - ~  0.2 5000 

STELLAR 
CORONAE 1 1 x 2 50 

ph c n ~ - ~ s - ' l  ine - '  ph cm-'i ine  
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FIGURE CAPTIONS 

FIGURE 1: A syn the t ic  x-ray spectrum i s  shown smoothed t o  var ious resolu- 

t ions:  a) 280eV; b) 180; c) 64; d) 32; e) 16; f)  8; g) 4; 

h) 2eV. See t e x t  f o r  discussion. 

FIGURE 2: The syn the t ic  spectrum w i t h  2eV i s  shown randomized by Poisson 

s t a t i s t i s  w i i b  increasf i iy  number o f  photons. 

FIGU!?E 3: The e f f e c t  o f  Poisson s t a t i s t i c s  dn a l i n e  spectrum i s  i n v e s t i -  

gated. 

FIGURE 4: 13A e f f i c i e n c y  o f  a 6000 U m m  r e f l e c t i o n  g r a t i n g  i s  shown 

a, a func t i on  o f  graze angle. 

FIGURE 5: Schematic of an Object ive Ref 1 e c t  i on Gra t i  ng Spectrograph 



41 6 

2.00 

1.00 - 0.50 
v) 
I- 

0.00 3 
> 
< 
t- 

K 

” 1.00 
> 
t- 

0.50 
z 
W 
k 0.00 z 

a 2.00 
a 
m 
a 

1.50 - 

- 
2.00 

1 .so 

1.00 

0.50 

0.00 
- /  

0 
FIGURE 1 

2000 

eV 



2.00 

1.60 

1.00 

0.50 

0.00 

2.00 

1.50 

1.00 

0.50 

0,oo 

2.00 

1 .so 

1 .oo 

0.60 

0.00 
0 

/ I  I I I 

' I  
2000 

eV 

41 7 



418 

2 .OO 

1.58 

1 .oo 

0.60 

0.00 

3.00 

2.00 

ORIGINAL PAGE 1s 
OF POOR QUALlW 

. 

I D I I 

h 

1 .oo 

0.00 

0 2000 

eV 







42 1 

1.20 

0.80 

0.40 

0.00 

2 
E 6.0 
33 
t- z 4.0 

~~ 

3 
0 
0 2.0 

0.0 

20.0 

16.0 

10.0 

6.0 

0.0 

b 

1 

FIGURE 3 



422 

40.0 

30.0 

20.0 

= - 10.0 m 
\ 

cn 0.0 I- z 
3 

600 0 

400 

200 

0 

d 

e 



423 

I 
I 

I 
I 

I 
I 

I1
 

I 
I 

I 
I 

I 
I 

0
 

0
 

0
 

0
 

0
 

0
 

b
 

Q
p 

la 
t
 

cr) 
a4 

(lN
3

3
U

3
d

) A
3N

3131Jd
3 

I 0
 

P
 



Q
't' 

O
F PO

O
R 

:
 P 

- 
PA

G
E IS

 
Q

U
A

LITY 




