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ABSTRACT 

The t ranspor t  of resoncarice radiation in argon has been studied over a 

s t a t e s  wide pressure range (0.002 t o  600 to r r ) ,  A line source of argon lP  

was produced by a collimated, pulsed beam of protons traveling down the 

axis of a cylinder fi l led with a pure grade of argon. 

escaping resonance radiation was examined. 

and initial conditions a r e  simple, and a detaded comparison can be made 

between theory and experiment. 

1 

The t ime dependence of 

The geometrical arrangement 

The basic assumptions of resonance t ranspor t  t h e o r y  have been 

examined f o r  the IPl s take in argon, and i t  is found khat revisions a r e  

required a t  lower pressures  where collisions between excited a toms and 

ground s t a t e  a toms a r e  infrequent. 

and theory shows a discrepancy of a s  much a s  a f a c t o r  of three.  

theory, which allows f o r  coherent re-emission (in the r e s t  f rame of the 

atom) when no collision occurs during the l i fe t ime of an excited s t a t e ,  is 

examined and found t o  be in reasonable agreement with the data .  

pressures,  the two transport- theor ies give the same resu l t s  and are in 

agreement- with th i s  experiment t o  within 10%. 

Comparison between Chis experiment 

A newer 

A t  higher 

The role of the t ranspor t  of resonance radiation in the pathways 

taken by the energy deposited by the proton beam is examined. Various 

. .. 
111 



i V  

e f f e c t  5 are ob sewed and tentat ive explanations a r e  presented f o r  the 

behavior of the radiation escaping f r o m  the 'PI state.  An es t ima te  is 

made on the energy escaping near 1048L and in the cont-inuum around 125Oi  

and is found to be consiskent wi th  the model of Hur-st  and Thomard. 
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SECTION 1 

INTRODUCTION 

1.1 Resonance Radiation 

The t ranspor t  of electromagnetic radiation in gaseous media has been 

under study f o r  many years. I t  is fundamental t o  astrophysics, atmospheric 

physics, atomic physics, and o ther  fields. An interesting and important 

p a r t  of this broad topic is the study of resonance radiation. Resonance 

radiation occurs in a gas of identical a toms if these a t o m s  have an excited 

s t a t e  w i t h  two important properties:  the energy of the s t a t e  is sharply 

defined, and the transit ion t o  the ground s t a t e  is both allowed and is the 

preferred mode of de-excitation. 

the emit ted photon will have t h a t  energy which enables another ground s t a t e  

a tom to  absorb it. Thus the photon will usually t ravel  only a shor t  distance 

before being absorbed and reemit ted.  Indeed, th i s  trapping mechanism is 

of ten  so e f f ic ien t  t h a t  a photon may be emit ted and reabsorbed thousands of 

t imes  before escaping t o  the walls of a container. The containment time 

and angular distribution of the escaping photons will  depend in a detailed way 

on the emission and absorption probabilities of these photons (as a function 

of photon frequency). 

1 

When an a t o m  decays f r o m  such a s t a t e ,  

Measurements of the r a t e  and intensity of escaping 

1 



resonance radiation will  p covide information on these pi-obabilitie s and, in 

addition, provide a c.mcial test f o r  asminptjons on the correlation between 

absorption and reemission by the individual atom. 

1.2 Theoret-ical Trea tment 

The f i r s t  successful t r ea tmen t  of the t ranspor t  of resonance 

4 5 radiation w a s  achieved by Holstein" a d  Bieberman. Earlier a t t e m p t s ,  

based on the existence of- a photon mean f r e e  path,  neglect the rapid 

vaxiaiion of the absorp Lion coefficient w-?th frequency in the neighborhood 

of a resonance line, 

duced an integrodifferential  equation describing the t ime evolution of the 

spatial  distribution oC excited atorns  in the gas. 1x1 th i s  work, he res t r ic ted  

his analysis t o  the situation where there  is no correlation between t-lie 

frequency of the emit ted photon and the  previously absorbed photon (i.e.,  a 

complete redistribution of the emit ted photon frequency occurs so t h a t  the 

emission probability and the ab sorpI;ioii profile a r e  proportional). 

examined the way in which th i s  could occur hi the case of Doppler and 

pressure broadening, and was led t o  khe conclusion tha t  the redistribution 

assumption was valid in both cases. He showed, if there  is ~ C I  correlation 

between absorption and reemission, t h a t  the mean f r e e  pa th  must 

necessarily be infinii::e. 

f ree  pakh, an average over photm e x r g y  mus t  be taken, and those photons 

Ka tlies- &an usj.Ttg diffusion techniques, Hols-tein intro-- 

Holstein 

This occurs because in the comptita-tion of the mean 



emi t ted  f a r  f rom the  cen te r  of the resonance line give an unbounded contr i -  

bution t o  this  average, 

6 Recently, Payne and o thers798 have examined the conditions 

required t o  a t t a i n  the redistribution in frequency. 

si tuation where 1)  the  probability of a decorrelaking collision between an 

excited argon a tom and a ground state a tom is substantially less than unity 

and 2) there  is suff ic ient  trapping so t h a t  the  frequency dependence of the 

wings is dominant in determining the photon t ransport ,  the  complete 

redistribution in frequency assumption should fail. 

then be given t o  the  difference in the emission and absorption profiles,  and 

these differences could lead to  a d i f f e ren t  trapping t ime than predicted by 

IIolstein. A wide pressure region exists f o r  the decay of the 

argon in which th i s  si tuation is realized. 

dence of the escaping photons which resu l t  f r o m  the decay of this  state 

(near 1048L) provides a tes t  f o r  the complete redistribution assumption. 

Payne found t h a t  in the  

Careful a t ten t ion  must  

stake in 

Observation of the t ime depen- 

1 . 3  Experimental Implications 

The t ranspor t  (of resonance radia Lion, asicle f r o m  i t s  intrinsic 

interest and i t s  value in understanding fmdamental  procc,sses, plays dn 

important  role in many aspec ts  of the interaction of radiation with mat te r .  

Resonance trapping is likely to  en te r  into any experiment where 1) photons 

a r e  emit ted into a naxrow Zrcquency interval by a toms on dc-excitation t o  

t o  the ground s t a t e  and 2) the gas is sufficiently dense t h a t  the emit ted 



4 

photon has little chance of escaping t o  a wall of the container without 

reab soq t ion .  

Several problenls in astrophysics fa l l  into this  ca.t-egory. 

escaping from a s t a r  mus t  undergo many emissions and reabsorptions. 

I,i.ght traveling through nebulae will  be scat tered many t imes  before 

emerging. 

Radiation 

In the  labora-Lory the study of gas discharges, microwave excitation, 

and charged particle excitation mus t  take into account the e f f e c t  of- 

radiation imprisonment. This is most  dramatically exhibited in the self - 

reversal  of- a resonance line in which very little l ight is observed escaping 

f r o m  the center  of the line, while the wings of the emit ted frequency 

distribution a r e  great ly  enhanced. 

in a tl-aining the desired inverted population. 

In gas lasers  radiati.on trapping may aid 

In the s.l;tady of the pathways taken by the energy deposited when a 

charged particle passes through m a t t e r ,  it is f o n d  t h a t  rescmance trapping 

plays an important  role, hi experiments t o  examine these pakhways, a t  the 

University of Kentucky and Oak Ridge National Laborat-oq-, the noble gases 

have been selected a s  targets .  

deposits a small amount of i t s  energy in the gas. 

models have been developed which describe the pathways taken by this energy. 

A siiriilar model is being developed f o r  neon by Leichncr. 

a r e  being constructed f rom an extensive ser ies  Qf experiments,  which 

An energetic beam of pro tons  O K  electrons 

9 1 0 , l l  
In helium and argon 

12 These models 
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provide information such as 1)  W values of the pure gases and Jesse e f f e c t s  

due t o  the addition OF: impuri t ies ,  t )  int-ensity of the ligh t emi t t ed  in 13-15 

the vacuum ul t raviolet  (vuv) region as a function of wavelength and 

pressure,  9-1 1 the distribution in t ime of this radiation and quenching 16-18 

due to the addition of impurit ies,  l9 and 3 )  the  f rac t ion  of energy lost: by 

the  charged particle which appears a s  vuv radiation. 2o These experiments 

thus reveal many aspects  of the atomic excitation and ionization processes 

which occur and provide valuable tests f o r  the various energy pathway 

mod el s , 

1.4 Objectives of this  Work 

The objectives of this  work a r e  t o  provide experimental information 
0 

on t h e  t ranspor t  of &e 1048A resonance radiation in argon, and t o  

cri t ically test  radiation t ranspor t  theories. 

In the experiment, argon is allowed t o  f l o w  through ‘3 cylindrical cell 

1 while b u r s t s  of protons t raverse  the cell  along i ts  axis. 

resonance level is populated along the path of each proton. 

The argon 

(According to  

the optical approximation, fas t  charged par t ic les  will excite an atomic 

level in proportion t o  its oscil lator s t rength  which is  large f o r  khe ‘Pl 

level. ) This provides a source of rzsonance photons distributed along the 

axis of  the cylinder, which in t ime will escape t o  the walls o r  be converted 

t o  Some o the r  f o r m  of energy. 

escaping radiation a re  measured over a wide range of argon pressures. 

The intensity and time dependence of the 



,4t lower pressures,  the case w h e r e  collisions between excited a toms and 

ground state a toms  a r e  negligible is studied, Here the escape of resonance 

photons will be governed by the Voigt profile (the convolution of natural  

and Doppler broadened profiles) so t h a t  the e f f e c t s  of radiation 

imprisoizinent can be examined without- o the r  conzplica-t.hg fac tors .  

the argon pressure is increased, the line profile changes a s  pressure 

broadening becomes important.  

evident, opening up o ther  pathways f o r  t h e  destruction of the 'P 

level 

should be obtained into these o ther  e f f e c t s ,  

A s  

Two- and three -body eEfec t s  become 

resonance 1 ' -  

With an unders.l;;mding of the t ranspor t  phenomenon, more insight 

Careful a t tent ion has been given t o  obtaining a simple geometrical 

arrangement. 

been hampered by e i ther  1) the lack of information on the init ial  spatial  

distribution of excited a toms  (gas discharge work) o r  2) the difficulty 

involved in trying t o  realize exyerimen tal boundary conditions which are 

theoretically tractable.  'I'he i-ransport problem in cyliudrical geometry 

has been solved, 

ment- should overcome both of these difficul.ties. 

The application of resona-nce transpork theory in the pas t  has 

21 
so by using proton beam exc i t a t im  the present experi- 

In summary, this  experiment undertakes t o  sa t i s fy  two goals. 

One is t o  reveal the ex ten t  t o  which the t ranspor t  theories of Holstein and 
0 

Payne a re  applicable t o  the 1048A resonance radiation in argon and t-o 

examine the basic implications of any differences. The o ther  goal is t o  
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understand the role o€ the t ransport  of resonance radiation in the energy 

pathways studies. 



SECTION 2 

EXP E NMENTAL ME TMOD 

2.1  Introduction 

The apparatus used in th i s  eqe r i rnen t  is shown in Figure 1. Argon 

gas flows continuously through the cylindrical reaction cell. B u r s t s  of 

protons f rom t h e  ORNL 3-MeV Van de Graaff accelerator  pass through an 

entrance foil,  t raverse  the cell along i-t-s axis, then stop on striking the 

back plate of the cell. The interaction between -the protons and the gas 

ionizes many argon atoms and exci tes  the atomic levels in many others .  

Occasionally a photon escapes f r o m  the gas, passes through a lithium 

fluoride window, is dispersed by a monochromator a d  detected by a single 

photon detector.  

before entering the cell. 

photons, the signal f rom this unit  and the signal f r o m  the photon de tec tor  

a r e  fed to  a t-inie-topulse-t eight converter (TPHC)  which provides a signal 

whose amplitude is proportional t o  the time between input signals. 

put signal from the TPHC is analyzed and s-t-ored in a multichannel analyzer. 

This mini-ex-perinzent is repeated until many thousands of counts have been 

The proton pulse passes through a tiining pick-off uni t  

To measure the . t i m e  behavior of the emit ted 

The ou-L- 

8 
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stored in tht? analyzer. 

channel number gives the t ime distribution of the emi-i:t:ed photons. 

The number of counts p e r  wit t ime p lo t ted  against 

Vacuum ultraviolet  ernissions froin the noble gases have been 

examined using various mekhods f o r  the initial excitation of the gas a toms:  

22 -24 1, 7 25 electr ic  discharges, 1.ight absorption, and microwave excitation. 

Recently, G. S. I-Xurst and co-workers 15’ ’ l8 ’ 26’ 27 examined the use of 

f a s t  charged partieles f o r  this purpose a id  found several advantages over 

the  o ther  rilethods. 1) The emission spectra  of the noble gases are quite 

reproducible, whereas with discharge li:ec:hn.iques the spectra  depend on the 

conditions in the discharge, 

amount of- ionization and the relative population of the various excit-ed 

s t a t e s  a r e  probably determined by the oscil lator s t rengths  of the s t a t e s  

(optical 

energy electrons which excite the atomic levels in a complex way. 

simplification in interpretat ion af the emission spectra  should then be 

possible when f a s t  charged particles a r e  irsed, 

excita tion can produce a clearly defined initial spatial  distribution of 

excited s t a t e s ,  

atomic levels s u f f e r s  ?in th i s  respec t  due to  scat ter ing of the iizcident beam. 

When f a s t  charged particles axe used, the 

Excita kion by gas discharge produces many low - 

Some 

2) F a s t  charged particle 

The use of intense light sources t o  populate the desired 

In view of these favorable aqxc t s ,  ik is feasible to d o  experiments 

(using f a s t  charged particle excitation) on the t ranspor t  of resonance 

radiation which can be compared with t ranspor t  theories, Colliinated East 
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protons, passing along the  axis of a cylindrical container of argon, can be 

used t o  excite 

excited a toms  

photons whose 

the  'P level of th i s  atom. The subsequent decay of the 

then produces a nearly line source of 1048i  resonance 

21 t r anspor t  propert ies  can be analyzed theoretically. 

1 

2.2 The Experimental Apparatus 

In khe experiment, 2.02 MeV protons were used f rom the ORNL 

This energy was sufficiently high t o  3 MeV Van de Graaff sccelerator .  

s a t i s fy  the  requirements of the experiment, y e t  low enough t o  insure 

stable operation of tshe accelerator.  

The proton beam was pulsed before  leaving the terminal by sweeping 

the beam across  an aperture.  

less than 20 nsec F W H M  and less than 50 nsec a t  the base. 

r a t e  of the pulses could be varied in d iscre te  s t eps  f r o m  3.91 kHz 

(1/256 ysec) t o  250 kHz (1/4 psec). In mos t  of the experiments, a repe- 

t i t ion  period of 64 ox 128 psec was used. A t  64 p e c ,  the  t ime averaged 

cu r ren t  through thc  reaction cell was about- 0.06 pamp. 

This produced a pulse whosc duration was 

The repeti t ion 

This implie5 about 

7 2 x 10 protons per  pulse. The proton pulses could be f u r t h e r  bunched t o  a 

FWHM of 2 nsec. 

Before entering the reaction cell,  the pulses were  focussed by 

magnetic quadrupole coils, and 75% t o  90% of the beam passed through a 

3 mm diameter  collimator. The protons entered the cell khrough a 



12 

0.0001 inch havar foil  which covered an aperture  of 6 mm diaimeter (see 

Figure 1). 

Inspectkm of foi l  and back p la t e  discoloration produced by the proton beam 

indicated the Seam was well collimated along the cylindrical axis. 

The protons were stopped by the back plate of the cylinder. 

The reaction cell was a stainless steel. cylinder, 7. 0 cizi .  in  length and 

1.11 c m  in radius. 

tainer,  entered the dispersing monochromator via a 0.714 cm diameter  

cylindrical aper ture  halfway dowfl t?e length of the cell. 

aper ture  w a s  perpendicular t o  die axis o f  the  cell. 

flowing into the monochromator chamber, a lithium fluoride disc was 

placed across  the aperture  flush with the wall of the reaction cell. 

lithium fluoride window had t o  be replaced every few weeks due t o  the 

deterioration of its transmission efficiency a t  1048 A. 

is probably due t o  formation of color centers  when lithium fluoride is 

e q o s e d  Lo radiation in the vuv, 29 The thickness of the discs  used varied 

f r o m  1/2 t o  I mm; the diameters  were 1/2 inch. 

present  in the cell t o  fac i l i t a te  gas flow and pressure measurements (see 

Figure 1). 

Resonance radiation, escaping to  the walls of the con- 

The axis of th i s  

To prevent argon f r o m  

The 

This deterioration 

Additional aper tures  were 

30 From stopping power da ta ,  

average in a nickel foil  0.0001 inch thick. 

have a range in argon a t  684 t o r r  of 7.0 crn (the cell length). Below argon 

2.02 MeV protons lose 0.20 MeV on the 

The resulting 1.82 MeV protons 
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pressures  of 100 t o r r ,  the to t a l  energy deposited by a proton in traversing 

the  cell is given by BE = 1.66 x low3 P ( t o r r )  in MeV. 

The cell was  isolated electrically f r o m  the surrounding hardware; the 

proton cu r ren t  w a s  monikored by a contac t  f r o m  the back plate  of t h e  cell 

leading t o  a cu r ren t  digi t izer  o r  micro-microamnzeter. To insure accura t-e 

cu r ren t  ineasurements, e lectrons ejected f r o m  the havar foi l  af t-er bom- 

bardment mus t  be prevented f r o m  permanently escaping the cell. An 

electron repeller maintained at- - 100 V accomplished this. 

Photons, on passing through the lithium fluoride window, were  d i s -  

persed by a McPherson model 235 (1/2 mete r )  scanning monochromator 

31 which employs a Seya-Namioka geomctrical  arrangement. 

Lomb diffract ion grating had 600 grooves p e r  millimeter and was blazed at 

1500 A. 

2.54 cm across  by 2.8 cm high. In th i s  geometry, the entrance and exit 

slits w e r e  located 50 cm f r o m  the grating. 

1.0 cm; the width could be varied. 

throughout the experiments. 

used in various par t s  of the experiment. 

reaction cell,  thc width of the 1048 A resonance line ranged f r o m  4.5 to 

I b A  as  this exit slit was open&, f r o m  50 t o  350 microns. 

chromator  chamber was maintained a t  a pressure of less than 10 

during all experiments in which the lithium fluoride window was used. 

The Rausch- 

The ref lect ing area of the exposed region oC the  grating w a s  

Each slit had a fixed height of 

The entrance slit was s e t  a t  50 microns 

Exi t  s l i t  wid ths  f rom 40 t o  350 microns were 

With 10 t o r r  argon pressure in the 
0 

0 

The mono- 

-6 t o r r  
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32, A Bendix Spiraltron Electron Multiplier (SKM Model 4219X), 

mounted direct ly  behind the exit slit, was used tro d e t e c t  the photons. 'fl-te 

cone of the SEM had a base diameter  of 1. Ocm. To prevent "bore sighting," 

the  SEM was mounted a t  an angle of 17" t o  the axis of the monochromator 

exit arm.  

Pressure  measurements in the  reaction cell were made with an NIKS 

Baratron capacitance manometer. Pressure  heads of Type 'UH-10 and 

Type '771-1-1000 were used in the i r  respective pressure ranges. 

Grade 5 argon (purity 99.99970) w a s  used; a typical impurity analysis 

gave (in p a r t s  p e r  million) 1-H 2s 4-N2, 1-02, 1-CO t C O z ,  1-THC, 1-I-120. 

G a s  f r o m  the argon tank was reduced in pressure by a.n ultra-high purity 

r e g d a t o r ,  and flowed through a shor t  stainless steel line to  the reaction 

cell. 'The gas l e f t  the cell via a short-  teflon tube (needed f o r  e lectr ical  

insulation) and was renioved by ei.ther a diffusion pump o r  roughing pump 

a s  required by tlie gas  pressure.  Va.lves before and a f t e r  the reaction cell 

allowed one t o  control the pressure and flow ra t e .  

To insure gas purity during an c?xperiment, the gas lines and beam 

pipe plumbing were evacuated and maintained a I; low pressure f o r  several 

days before experimental da ta  were acquired. A pressure of 3 x 10 

o r  l e s s  was obtained a t  the ion gauge on the beam pipe. 

somewhat higher in the d i s t an t  recesses of tlie system. 

pur i ty ,  Lhe argon was allowed t o  flow a t  'nigher pressures  f o r  a t  l e a s t  an 

-6 t o r r  

Pressures  would be 

To f u r t h e r  insure 
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hour before a t tempt ing  a low pressure experiment. A few experiments a t  

the  end o f  the series were performed without t h i s  la t ter  precaution and 

gave slightly higher r e s u l t s  f o r  photon escape r a t e s .  

2.3 The Electronic s 

A schematic diagram of the electronic apparatus is shown in 

Figure 2. 

The timing pick-off f o r  the  protan pulse, located above the  analyzer 

magnet, was a hollow cylinder 12 inches long and 1 inch inside diameter.  

pulse, on entering the cylinder induced a signal which was  amplified and used 

as  an input t o  the time-to-pulse-height converter  (TPIIC). A signal of khhc 

opposite polarity was induced as the pulse l e f t  the cylinder. A f a s t  drs -  

cr iminator  (Disc No, 1) in th i s  c i rcui t  eliminated extraneous signals, in 

parf icular  the signals generated by the s lower singly ionized H2 and I i 3 .  

(These ions were later eliminated a t  the analyzer magnet.) An a l te rna te  

pick-off cylinder was available f o r  use  on the more sharply bunched pulses. 

It was 3 cm long and 1.2 ern in diameter.  The proton cu r ren t  which passed 

through the reaction cell was monitored by e i the r  of two methods: direct ly  

by a Keithley 410 micro-microammeter o r  by an O r t e c  cur ren t  digit izer 

plus Or tec  t imer-scaler  (Scaler No. 1). 

A 

Photons, which escaped from the reaction ccll into the proper  solid 

angle and with the selected wavelength, could t r igger  the Spiraltron Electron 

Multiplier (SEW). A s  supplied by Bendix, the Model 4L19X required some 
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c i rcu i t ry  t o  apply the necessary voltages and obtain an output s i p a l .  Figure 

33 
3 i l l u s t r a t e s  the SEM and circuitry.  

in the pulse saturation mode, applied potentials of 800 V (V,) and 3700 V (V,) 

w e r e  required. 

sections were then calculated t o  be 805V and 2350V, respectivcly. 

da ta  f rom Bendix on th i s  particular SCM show a gain of 1.4 x 10 

potentials a t  8OOV and 2200V, respectively.) To collect  the amplified 

electron pulses as  they emerged f r o m  the  high voltage end of the SEM, a 

b ra s s  button (collector plate) was placed 1 mm behind the l a s t  section. To 

insure collection of the electrons,  the collector plate was maintained a t  

about 210 V above the  SEM terminal by a bleeder circuit .  The signal f r o m  

the SERI went  t o  a Ke i  thly 11 1 pulse amplifier f o r  impedance mat-ching (see 

Figure 2) ,  then t o  another amplifier followed by a discriminator (Di sc  No. 2). 

To operate the SEM sat isfactor i ly  

The potential drops along the preamplifier and spiraltron 

(Tes t  

with these 8 

For d i r ec t  intensity measurements, the positive output of Disc No. 

2 was sent  t o  e i ther  an Ortec t imer-scaler (Scaler No. 2) o r  t o  a r a t e -  

m e t e r  which then drove a Br i s to l  recorder. The l a t t e r  mode was used 

together  with the monochromator grating drive t o  obtain the intensity 

versus wavelength data.  

To measure the t ime distribution of photons, the negative outsput of 

Disc No. 2 was fed through a delay generator t o  the TPHC. 

experiments, the delay generator was not  used as it was the liniitiylg f a c t o r  

f o r  the t ime resolution.) The ou'cput signal f rom .the TPHC was then 

(In the l a te r  



18 

-
-
I
_

_
*
.
 

0
 

r-'" 
-
 

0
 

>
 

co f
 



19 

analyzed and s tored by a Nuclear Data 4410 single parameter  da ta  acquisition 

system. This system included an analog-to-digital (ADC) module, an ND-812 

computer, a control module, and a Tektronix oscilloscope. 

l a t e r  recalled via a teletype and an X-Y plot ter .  

The da ta  were  

The digitized proton cu r ren t  (Scaler No. 1) served as  m a s t e r  in 

controlling the accumulation of counts, both f o r  the d i rec t  photon count- 

( intensity) and the tirne-dependent intensity measurements. 

all da ta  w e r e  normalized t o  the  number of incident protons, 

In this  way, 

2.4 Experimental Techniques 

To study the t ranspor t  of resonance radiat-ion, two en t i t i es  were 

measured a s  a function of pressure:  1) the distribution in t ime of l048A 

photons escaping t o  the walls of the container (time-dependent intensity),  

and 2) the ne t ,  tirne-integrated number of the escaping 1048A photons which 

a r e  de tee  ted (rela tivc in tensi ty)  

0 

In the relative intensity measurements, the quantity obtained was 

0 

the  number of 1048A photons (per incident- proton) which escaped f rom the 

reaction cell into the appropriate solid angle, were t ransmit ted by the 

lithium fluoride window, dispersed by the grating, detected by the SEM, and 

finally counted by the electronics. 

t h a t  each one of these agents does not  d i s t o r t  the data  taken a t  d i f fe ren t  

pressures  and a t  d i f f e ren t  times. Some typical problems a r e  discussed below, 

Considerable ca re  must  be taken to  insure 
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0 

1. The transmission coefficien-L of lithium fluoride a t  1048 A 

decreases over a period of weeks when exposed t o  niv radiation 

This problem is easily eliinina ted by and electron f luxe 5. 

only comparing da ta  taken over sho r t  t ime spans, tihen 

normalizing the d i f f e ren t  da ta  sets a t  overlapping pressures.  

This trazismission coef ficienk is temperature  sensitive 

decreasing as the window is warmed. 

mental  evidence tha t  t h i s  e f f e c t  is occurring a t  higher pressures  

f o r  high beam currents .  

proton beam cur ren t  of 0.6 IJdmp, the reaction ceU temperature  

may rise 4 ° C  if mos t  of the pro-ton energy is l o s t  a t  the back 

plate  of the cell. ) 

This transmission coefficient increases toward longer wave - 

lengths. 

region 10 t o  300 t o r r  as  the argon 1 0 4 8 i  line s h i f t s  t o  105ZA. 

Correction is made f o r  this. 

The slit se t t ings  on the monochromator and the grating angle 

mus t  be adjusted to  insure t h a t  the shifting and broadening of 

the 1048A lines with pressure do not introduce e r ro r .  'fie exit 

sl.it- was opened wide enough t o  collect  all l ight f rom the l 0 4 8 i  

region a t  the higher pressu:res (it was possible t o  do &.is with- 

ou t  admitt ing l ight f rom the 1 0 6 7 i  region). 

29,34 

2. 

35 There is some experi- 

(A rough calculation shows t h a t  a t  a 

3 .  

This becomes an important  effect in the pressure 

O 15 

4. 

0 

The s h i f t  in the 
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peak was  monitored and the grating then rotated t o  the mid- 

point of the peak. 

5, The SEM exhibits a drop W gain a t  higher counting r a t e s ;  

this causes an increased frackion of the counts t o  be blocked 

by the discriminator (Disc No. 2) even in the pulse saturated 

mode. This e f f e c t  was more severe in the S E M  used in th i s  

experiment than described in Reference 36; however, below 

1000 counts pe r  second, it was negligible. 

36 

In the t ime -dependent intensity measurements the above problems 

were not  important.  A change in photon counting efficiency over times 

which a re  long compared t o  microseconds (characterist-ic decay t ime of the 

resonance radiation) will mot be reflected in khe r a t e  measurements. 

Two modes of operation Eor the time -to-pulse-height converter 

(TPIIC) w e r e  employed in determining the  photon escape ra tes .  

"forward time" mode, the proton timing pick-off signal s t a r t e d  the TPHC 

ramp; the f i r s t  photon detected by the SEM terminated the ramp. 

"reverse time" mode used the photon signal t o  s t a r t  the TPHC. 

f r o m  the proton pulse which occurred immediately before this  photon was 

suitably delayed in t ime and used t o  stop the ramp. 

the ' k f f e c t  eventsf1 occur only infrequently in comparison t o  the llcausc 

event,  'I the reverse t ime mode eliminates dead time a t  the TPEIC. 

present  case,  the ra t io  of photons detected t o  incident proton pu l ses  ranged 

In the 

The 

The signal 

In an experiment when 

In the 



f r o m  1/20 t o  l/2000 and the reverse  t ime mode was generally used. To 

insure simple iriterpretaL.i.on of the da ta ,  the number of photons det6X ted 

must be much less than the number of protxm pulses. Tke delay time 

selected f o r  the proton pulse (on the Ortec 416A ga te  and delay generator) 

was roughly equal t o  the full scale eime set-king on the TPHC. Ideally this  

delay should be equal t o  I3ii.s Iull scale set t ing,  b u t  fixed delays in the 

electrons plus khe desire t o  avoid use of the highest several chaimels of the 

multichaiuiel analyzer modified tlzi s. 

h an expximent  of th i s  type, the precise moment (t = 0)  when the 

proton beam e n t e r s  the cell is n o t  direct ly  useful. 

determined is the conversion f a c t o r  between a true t ime ini-erval a d  the 

charnel width in t he  multichannel analyzer (MCK). To determine this 

number f o r  fixed TPHC and MCA set t ings,  an ORNL mercury "Q" pulser 

supplied a siimul taneous signal (suitably shaped) t o  both discrimina t o r  

inputs (Disc No. 1 and Disc No. 2). 

increments by e i ther  the Ort-ee o r  the Rutherford delay generators  and the 

size of the resulting TPHC pulse recorded in the MCA. 

delay versus resulting channel number checked t-he l inearity of the elec t-ronic 

response and provided the desired conversion fac tor .  There w a s  i?o deviation 

f r o m  lineari-ty over the range of channels actually used in -the MCA. The 

conversion f a c t o r ,  checked several t imes a day, generally remained con- 

s-tant over days o r  even weeks. The Rutherford and O r t e c  delay generators  

m e  quantity t o  be 

Then fixed delays were introduced in 

A p lo t  of Gxluced 
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gave re su l t s  which differed by less than 1 % .  

originally placed in the experiment t o  provide accurate  digital settings f o r  

t h i s  calibration. 

ever,  the Rutherford delay generator  was found to  be the limiting f a c t o r  in 

the t ime resolution, and a5 the settings on the Ortec delay generator  could 

be made in a repeatable way, the  Rutherford generator  w a s  removed., 

The Rutherlord generator  was 

The Ortec se t t ings  were made by a variable res i s tor .  How- 

A rough a t t e m p t  was made to  determine the inherent t ime resolution 

of the experiment. Nitrogen gas was flowed through the reaction cell. On 

bombardment by protons, an atomic state was populated which then decays 

by photon emission a t  1200A with a decay r a t e  of about 2 nsec. 37 The 

observed t imedependent  intensity is shown in Figure 4 with and without the 

Rutherford generator. 

used. In a particular experiment, the actual resolution depends on khhe 

TPHC and MCA settings. 

The electronic arrangement shown in Figure 2 was 

F o r  the single photon counting technique used in this  experiment, 

the probability t h a t  two o r  more photons arrive a t  the de t ec to r  during one 

beam repeti t ion period must  be negligibly small; otherwise, a bias would 

ex is t  favoring early photons. From Poisson s t a t i s f i c s ,  an average r a t e  o f  

1 photon f o r  every 6.7 pyoton pulses yields a probability of 0.01 t h a t  more 

than 1 photon is detected between proton pulses. A s  mentioned ear l ier ,  the  

photon rate never exceeded 1 photon in 20 proton pulses, 
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The time-dependent intensity da ta  were analyzed by hand f i t t i ng  

and by using the  ND-812 computer. 38 There were no detectable differences 

between the two methods. 



SECTION 3 

TRANSPORT O F  RESONANCE RADIATION A T  LOW PRESSURES 

A s  mentioned in tlnc Introduction, one primary objective of this  

thesis  is the study of: the resonance trapping phenomenon over a s  wide an 

argon pressure range a s  experimeiitally feasible. I t  is desirable t o  obtain 

information a t  low pressures  where complicating e.f.fects do not  obsci-ire the 

l;ranspor-t: process. 

elec t-rons wikh argon ions produce a source of 1048 A photons which extend 

over a long period of time. Also ,  above 10 tort.., collisions (mainly 3-body) 

between lPl excited argon s t a t e s  a i d  ground s t a t e  argon akoms channel the 

energy along additional pathways. 

observed in the wavelength of escaping photons as one increases the pressure 

above 10 to r r .  

t hus  convenienk t o  separate  this s.t:udy into kwo pressure regions: 

1) 0.0015 t o r r  - -  < P < 10 t o r r  which will  be examined in this  secti-on and 

allowing some overlap, 2) 1 t o r r  - < P < 600 t o r r  t o  be examined in ,%ctior! 4. 

For  example, above 10 t o r r  the recombination of 

10 Fur ther ,  a substantial  sh i f t  it-; 

16 These e f f e c t s  a r e  less important: below 10 torr, It is 

0 

The 1048A emission h e  of argon is an excellent resonance line f o r  

this  study for the  following reasons: I )  the  associated P atroinic level is 

easily excited by f a s t  charged particles due t o  i ts  large oscil lator s t rength 

1 .  
1 

26 
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(optical approximation); 2) the level has  no complicating fine s t ruc ture ;  

3 )  the  level is isolated from other  excited s t a t e s ;  and 4) the emit ted 1048R 

photons a r e  t ransmi t ted  by a lithium fluoride window so t h a t  different ia l  

pumping is n o t  required and one ha5 a well-defined geometry. 

0 

3.1 The Low Pressure  D a t a  

Typical. da ta  curves f o r  the pressure region 0.0015 t o r r  .r' P 10 t o m  
I -  

are shown in Figure 5, 

plotted on a log scale versus  t ime (measured f rom the proton pulse) as 

resolved by a multichamel analyzer (MCA). 

been subtracted.  

linear a t  the lower pressures.  A t  higher pressures  (see 5.25 t o r r  da ta  in 

Figure 5), a single exponential would no t  ~iccurate1.y describe the da ta  a 5  a t  

l a t e  t imes  the photon escape was somewhat slower. 

discussed in more detai l  shortly. 

observing a computer f i t  obtained by adding one later channel a t  a t ime until  

the  slope began t o  change. 

t ime escape rate obtained in this  way. The l a t e  t ime escape r a t e  is only 

measurably d is t inc t  f r o m  the early t ime r a t e  above 0.5 t o r r .  

th is  slope f r o m  the da ta ,  it is found t o  be nearly constant  

6 -1 (PL = 0.32 x 10 sec 

The relative photon count detected by the SEM is 

The SEM background count has  

The slope on the serni-log plot was observed t o  be nearly 

This e f f e c t  will be 

The early t ime slope w a s  extracted by 

Figure 6 and Table 1 give the values of the early 

Extracting 

) over -the pressure range 0.58 to 5.25 t o r r .  

The proton cu r ren t  was monitored, enabling one t o  obtain t h e  

re la t ive tiine-integrated count ( referred t o  as intensity in  the following) a s  
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TABLE 1 

EXPERIMENTAL EARLY TIME ESCAPE RATES FOR THE ARGON 1 0 4 8 i  

('P1) RESONANCE EMISSION AT 'IAOW PRESSURES 

Run No. 

Escape Rate  Pressure -1 
(torr) (t*sec ) 

103 

217 

208 

207 

176 

173 

125 

175 

129 

244 

182 

180 

220 

194. 

2 24 

197 

2 38 

151 

242 

249 

9.35 

5.25 

5.13 

5.17 

1.94 

1.07 

0.86 

0.57 

0.56 

0.50 

0.41 

0.184 

0.135 

0.093 

0.069 

0.042 

0.0206 

0.0147 

0.0100 

0.0015 

0.377 

0. 358" 

0.358 

0.368 

0.361 

0.354 

0.339 

0.345 

0.337 

0.344" 

0.330 

0.293 

0.319 a 

0.283 

0. 316a 

0.310 

0.382 

0.468 

0.620 a 

a 

5.4" 
--1-, 

a 
See tcxi- f o r  coininent on this later experiment-. 
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a function of argon pressure. This intensity was obtained simultaneously in 

two ways: 1) a scaler  monitored the photon count directly,  and 2) the MCR 

channels were summed. 

t h a t  no correction was needed f o r  NCR dead time. The SENl background was  

A t  these pressures,  the count r a t e  was low enough 

significant (exceeding the  true count rate a t  the lowest pressures) ,  b u t  one 

could easily sub t r ac t  i t  f r o m  the time-resolved data.  

count rate (photons/sec) was monitored carefully during the relatively long 

The scaler photon 

t ime periods required t o  accumulate the da ta  as  a check on the  stabil i ty of 

operating conditions; i t  remained remarkably constant- in the experiments 

reported here. 

Figure 7 shows, on log-log scale, the intensity versus  argon 

pressure f o r  the 1048h; line. A s  pointed out  in Section 2,  intensity measure- 

ments  made a t  d i f f e ren t  t imes  cannot be compared direct ly  due to  changes 

in the lithium fluoride window transmission efficiency. However, the 

various experiments below 10 t o r r  were quite consis tent  with the l e a s t  

square f i t  t o  obtain 

1.31  
I =cons tan t  x P 9 (3. 1 . )  

where t h e  constant  depends on the geometry of observation and on the 

efficiencies of t-he window, grating, and SEM, 

have been normalized by choosing the constant  so t h a t  the intensi t ies  a re  

equal a t  5.0 torr. 

is examined immediately following Equation ( 3 0  13). 

The da ta  shown in Figure 7 

This non-linear variation of  the intensity with pressure 
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3 . 2  Theory of the  Transport  of Resonance Radiation 

Holstein2? has  examined the t ranspor t  of resonance radiation based 

on the assumption of csmple te redistribution in frequency f o r  each photon 

absorption and re -emission. 

pressures  (so t h a t  a collision between an excited a tom and a ground s t a t e  

a tom was very probable during the natural  l i fe t ime of the excited s t a t e )  a 

c o r r e c t  description of the  t ranspor t  process r e su l t s  if one assumes tha t  

I-Ie demonstrated t h a t  a t  sufficiently high 

where P(v) is the emission profile and k ( . i )  is the absorption coefficient. 

Holstein also demonstrated t h a t  a t  sufficiently low pressures  so t h a t  

escape of resonance photons was determined by the Doppler profile alone, 

the same assumption was quite reasonable. W a l ~ h ~ ~  then a t tempted  t o  

interpolate between these pressure regions by choosing an expression f o r  the  

escape r a t e  which approached the Holstein values in the high a d  low 

pressure l imits .  

Recently, Payne 6 has  attacked the t ranspor t  problem by allowing f o r  

a correlation between absorbed and then emit ted photon frequencies in the  

si tuation where there  is no perturbation by another a tom of the excited 

s t a t e  during its natural  l i fe t ime.  

with the da ta  than the Holstein formulation and since it  is f e l t  tha t  the 

interpretat ion of the da ta  in berms of this  picture leads t o  a fundamental 

A s  th i s  approach i s  in b e t t e r  agreement 



understanding of the trransporl- processp a brief discusshn of P a p e t s  work 

is now given. The discussion will be limited to the situation where  pure 

argon is in a small container a t  a pressure less than 10 torr. 

of excited 1~~ a toms  a t  any t ime is only a small f ract ion of 

number of argon atoms, 

Define a distrilmtion function N($,x, t) such t h a t  

The numlxr  

the t o t a l  

4 

N('g,x, t )dVdx : the  number of excited a toms  in volume dV a t  r a t  

t ime t which will  e m i t  (in the fu ture)  into the 

frequency range x t o  x + dx, 

In this  definition, x = ( , J  - vo) c , W o s ~ o  where C : speed of l ight,  'i = c / X o  
0 

frequency at; the cen te r  of the resonance line, and Vo = JJZRT/M . 
Define the angle averaged redistribution fwnction R(x', x) such t h a t  

I 

R(x', x)dx d ' r  k d s  - the probal~ility t h a t  a phot.on of frequency x' 
0 

will be absorbed while Craversing the distance 

d s  and re-crmitLed between x and x -t dx, 

3 

where k = - - ------ - 
8 ~r 3 /2g l  T v o  ' g1 

relative statistical weights of the 0 '2 N g2 
0 

excited and ground s t a t e ,  respectively; N 1 density of argon a toms;  and 

: l / y  - natura l  l i fe t ime of khe excited s t a t e ,  

The ab sorption coefficient- can be w r i  t-teii 
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collision r a t e  between an excited argon atom and a ground s t a t e  atom. 

the 1048i  line in argon at 293"K, assuming a natural  l i fe t ime 

T = 2.15 x 10 sec , one obtains the following values: g /g = 3 ,  2 1  

V = 3.49 x 104cm/sec, a = Xy/4nV0 = 0.0111 ' yc / y  2 1.737P, 

For 

-9 -1 41 

0 0 

5 k = 34.0 x 10' P ,  a I a ( 1  -t y / y )  where P = pressure in to r r .  
0 0 C 

One can then develop an equation in t e r m s  of R(x' ,x)  which describes 

4 

the  t ime behavior of N(  r , x ,  t). 

F( r ,x )6( t ) ,  one obtains 

Assuming a source function of the form 

I, 

where V is the volume of the gas  container. 

In studying th i s  equation, Payne has confined himself t o  the experi- 

mental situation where resonance photons a r e  escaping f r o m  the region 

between two infinite parallel planes separated by the distance y 

geometry) when a distribution of excited s t a t e s  initially (t = 0) is located 

in the plane at- the center  of- the slab. The present  geometry is appreciably 

d i f f e ren t  f r o m  this,  bu t  i t  will be shown presently t h a t  at sufficiently 

early times a f t e r  the proton pulse, the slab geometry is appropriate. 

(slab 
0 
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Also ,  the theoiy requires t h a t  the pressure be sufficiently high tha t  there  

is strong trapping a t  the center  of the rcsonance line. 

The redistribution function can be wr i t ten  in the following way: 

R(x',x) = P c (&)(XI) cp(x) .I- ( 1  - PC) q,(x',x) , (3.5) 

- 
when y(x) = k(x)/ [k(x)dx is the a b ~ ~ p ' c i o n  profile [i.e., k(x) = k *Jn ~ ( x ) ]  

and P, - yc/( y -t y ) is t h e  measure of the probability of a collision between 

an excited sbate  a tom and a ground s ta te  atom during one natural  l ifetime. 

A collision is defined a s  C1id.t interaction between the two atoms which 

0 

C 

causes the excited 

hence emi t  via khe 

where,  in the r e s t  

same fsrequency a t  

s t a t e  t o  lose memoty of the absorbed frequency and 

ent i re  Voigt profile. RTI(x',x) describes the sit-laation 

frame of the atom, the  photon is re-emittcd with k h e  

which it was absorbed. Accounting f o r  the Doppler 

cfEect: h y  averaging over the motion of the a toms,  one obtains an expression 

f o r  X (x',x) which is valid in a laboratory coordinate system. 

In the discussion of the escape of resonance radiation a s  determined 

I1 

by R(x',x), i t  is u s e h l  to  introduce ~ W Q  frequency parameters ,  x and x 
C E r. 

a5  in the foil-owing paragraphs. 

E'or a sufficiently small value of a iii the Voigt profile, there  is a 

frequency x such t h a t  f o r  1x1 c x .~ b l ,  t he  gaussian associated with the 

Doppler core completely dominates the absorption and f o r  I X I  > x 

(3 C 

-\- 6 c 2  the 

lnrentziaii t a i l  is tlie only irnpbrtant confxibbution. h l  and 6 a r e  
2. 
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surprisingly small so there  is a sharp change over f r o m  "core11 t o  %ingfl 

contribution t o  the  absorption profile. L e t  x be the frequency a t  which 

the Doppler t e r m  in the asymptotic f o r m  of the profile is equal t o  the 

wing t e rm,  L e . ,  e 

following important  property. If the  absorbed frequency 1 x'I  is k?ss than 

x then, t o  good approximation, the subsequent emission profile lacks the 

character is t ic  wings of the enzission profile. Photons a r e  emit ted with 

almost  equal probability f o r  any \ XI 4 1 x'1,  b u t  the probability of emission 

a t  1x1 > Ix'I drops off  very sharply. A good approximation when \x'\ is 

sufficiently less than x is 

C 

2 
-X - 2  

= a/Jr xc . The function R (x',x) then has the 
I1 

c' 

C 

On the other  hand, if Ix'1 i x 

the  motion of the atom. 

maxwellian velocity distribution, and emission (which is coherent- in the rest 

f r ame  of the atom) will be distributed about the absorbed frequency with a 

near  gaussian profile. 

Now, define x 

absorption occurs a~most-  independently of 
C 

The excited s t a t e s  will have approximately a 

by the  conditian E 

k(x ) y /2 = 1 E o  

This can be evaluated via the asymptotic f o r m  of the Voigt profile using 

L 
E X 



38 

x 

unity. Photons with I X I  < xE will tend t o  be absorbed, photons with 

E E C 

is the frequency a t  which the  optical depth Lo the  cen te r  of the slab is 
l-: 

1 X I  > x will tend t o  escape. 'The relative values of x and x then are a 

useful guide t o  the frequency region of the profile (and the  f o r m  of the 

redistributjon function) which governs escape of the resonance photons. 

and x 

1048A line with y 

x 
C 

are plot-(red versus  pressure in Figure 8; values apply t o  the a q p i  
E 
0 -9 

= 0.714 cm and 4 - 2.15 x 10 scc. 
0 

If x c: x - 0.5, then l ight emit ted f roi-n Mze Doppler core can 
E - -  c 

escape f r o m  the slab region \yI  < y /2. t 'urtlier, the  pressure is l e s s  than 

0.00'7 t o r r  (see Figure 8) so t h a t  the probaldi ty  of a decorrelating collision, 

0 

is negligible. T n  this  situation, one can then w r i t e  
L)C 

and T a p e  shows t h a t  the lower pressure assumption of complete r e d i s k ;  - 

bu.tion made by Holstein, while no t  co r rec t  in principle, leads t o  the cor rec t  

prediction f o r  Llze escape r a t e  of resonance photons. 

Fo r  x > x - 0.5, escape f r o m  the slab is no longer dominated by the E c  

Doppler core o f  the profile. 

collision probability becomes appreciably different f r o m  zero*  

buti.on function is then wri t ten by Payne in the f o r m  

Fur ther ,  a s  the pressure increases, the 

The redistri-  
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""1 -,'2 
~ o ~ e  thak P -',1- 2, /v(x') rises &aiyIy from near  zero t o  uUli,ty nea r  

x'I = x and hence the  second term,  which is :clegBigible f o r  \x'\ < x 
C '  C' 

domi.nates the expression in bracke ts  f o r  1x'I > x . 
accuracy f rom th i s  equation, t w o  conditions should be met:: x > x + 3 

and I? > 0.3. 

can be introduced. 

f a r  wings of the profile, even though it may undergo three o r  €our  

absorp Lions and re -emissions beE0b-c escaping o r  before  a decorrelating 

collision sends i t  back t o  the  core ,  does n o t  "cliffuse" much in frequency 

space. Both conditions a r e  satisfied above 0.28 t o r r  Cor the argon 1048 A 

emission in  the slab geomet ry .  

A t  higher pressures ,  P 

To obtain good 
C 

E c  

These are required so t h a t  the  &function of the  las t  t e r m  

This 6-func tion assumes t h a t  a photon emitted on the 

C 

0 

= 1 and one ob-tains 
C 

R(x',x) :P(X')LV(X) (3.9) 

which is in accord witrh the complete redisi-r-ibukion treatiment of Holstein 

u7here the pressure broadened profile governs Lhe escape rate.  

the low and high pressure limil;s, a. theory based on the complete redistr-i- 

bution in frequency assumption should yield correct  resul t-s E m  the 

oanspor 'c process. 

condi:iions are  not  m e t ,  one expects deviations f r o m  the complete redistri- .  

bu L iom theory t o  occur 

Hence, in 

L -  However, a t  intermediate pressures ,  if the following 
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1. Pc <: 0.7; 

natural  l i fe t ime of the q t a t e  should be small enough t h a t  an 

appreciable f rac t ion  of emissions can occur without such a 

collision. 

k y a > 1; the pressure should be sufEiciently high t h a t  escape 

of resonance radiation based on the comple L-e redistribution 

theory is governed by the presence of the wings on the emission 

profile. Recalling the definition of x E ,  one can w r i t e  this 

condition as 

the probability of a decorrelating collision during the 

2. 
0 0  - 

2 
- x  2 

IO - x 
-+ -)ax a >> 1 e - ~ x ;  2 I 

TTX x d’T 
s (+=- 
x A/. E E 

t h a t  is, 

escape f r o m  the slab region if the wings a r e  on the emission 

profile is larger  than the number of photons escaping when the 

wings a re  absent. Ncglecting the core t e r m  on the 1cCt of the 

inequality, condition 2 is obtained. 

is large enough so t h a t  the number of photons which 
E 

0 

Applying these conditions t o  the 1048A line in argon with 

y 

the complete redistribution assumption should f a i l .  

region is a r e su l t  of the  sho r t  natural  l i fe t ime (- 2 x 10 

1 

= 0,714 cm, one obtains a pressure region 0.005 torr < P c. 2 t o r r  where 
0 

This wide pressure 

-9 sec)  of the argon 

P level. The much studied level in mercury which decays by emission a t  1 
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-7 25 3 7 i  has an appreciably longer l i fe t ime (1 x 10 

lack of a similar pressure region. 

sec), accounting f o r  the 

Since Equation (3.8) is expected to  give co r rec t  results a t  very low 

pressures  (x x - 0.5, so t h a t  only Lhe f i r 5 t  t e r m  in the brackets  is 

important)  and a t  pressures  above 0.28 t o r r ,  it will be applied to  the 

en t i re  pressure range. 

underestimate the escape r a t e  (as will  be discussed in the analysis of the 

data) .  

E c  

In the intermediate pressure region, one expects t o  

A f t e r  inserting Equation (3.8) into Equation (3.4), Payne uses  

-+ 
several approximations in deriving an expression f o r  N(r,x,  t), which 

becomes N(y,x, t )  i n  slab geometry. 

by the f i r s t  two t e r m s  of Equation (3.8) (and hence c n i t t e d  usually with 

Photons whose emission is determined 

1x1 r: x ) a r e  placed back a t  the cen te r  of the slab. 

there  be strong imprisonment. 

allowed t o  Crave1 in space imtil they escape o r  a r e  sent  back t o  the core by 

a decorrelating collision. 

This requires t h a t  
C 

Thosc photons emit ted with 1 x1 > x a r e  
C 

Photons a t  the core serve a s  a (relatively) slowly 

varying source function f o r  wing photons; i . e . ,  once a photon is emit ted on 

t h e  wings, i t  will  no t  remain there  f o r  very many absorpkion and 

r e  --emissions, so t h a t  a ”steady s t a t e ”  situation develops f o r  ‘rwing‘l 

excited s ta tes ,  and their kime behavior follows closely the tiine beha.vior of 
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where 

In the above, N ( t )  is the .total number of excited s t a t e s  in the slab region 

(which will emit mainly with I X I  %< xc), and y1 is an a rb i t r a ry  value of 

y > y /2 which allows f o r  t he  gas  outside the d a b  region (Le .  1 y \  > y0/2) .  

Defining p by 

0 - 

dN(t) 
= - P N ( t )  , a t  

the  following expression is derived by Payne (in the I.imit y -t x)  : 
1 

(3.11) 

(3.12) 
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where 

tall-1 (P) R(P)  1 --. P 

and 

T ==k(x)yo . 
0 

1111 theoretical  values in this work (for  pressures  g r e a t e r  than 0.007 t o m )  

were computed f r o m  L'quation (3.12). Appendix 1 lists the  computer code 

which was used. The program is Iair ly  general and can be applied to other  

rgsonmce lines, in o t h e r  gases, and with d i f fe ren t  values of y . 
0 

I._. 3.3 Interpretat ion of the  Experiment 

A s  discussed in Section 2, a time-to-pulse-height converter  together 

with a imultichannel analyzer were used t o  determine the time distribution 

of photons escaping to the S.EM detector .  A f t e r  many proton pulses, the 

number of counts stored in klie j t h  channel of the analyzer (corresponding 

t o  photons which escaped during the  t ime t. - b t / 2  < .b < t. .i- /\t4/2 

measured f rom the proton pulse, emi t ted  in to  the  appropriate solid angle, 

t ransmi t ted  by the lithium fluoride window, reflected by Ihe grat ing,  and 

detected by the SEM) is given, q u i t e  generally, by 

I _I 1 

(3 .13)  
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where 

-+ 
yN(r ,x , t . )dxdV - ratc oE t ime t. a t  which photon5 with frequencies 

between x and x i dx are emit ted f rom the volume element dV a t  ;. 
T(r ,x)  = transmission f ac to r :  the probability that a photon of 

frequency x will t raverse  the distance f r o m  dV t o  the window 

(measured in the direction toward the deteckor) without; being 

ab sorbed. 

A ~ / / ~ T T  = probability of this photon being emit ted into the proper 

solid angle to reach the de tec tor .  Isotropic emission is assumed 

f r o m  each volume element. The SEM de tec to r  (1 c m  high, 1 m e t e r  

away) subtends a very small solid angle a t  any volume element dV in 

the cell. 

exit slit) is visible t o  each dV in VF, enabling one to use the same 

solid angle f o r  each. 

N 

p e r  c m  of track length during a given experiment. 

E = combination of bansmission efficiency of window, reflection 

efficiency of grating, and detection efficiency of the SEM detec tor ,  

evaluated at the  line cenker. 

VF = the  volume of the reaction cell "visible" to the SEM detector .  

The spatial  integral  in  Eq. (3.13) is  always carried out  over V . the 

frequency integration is performed over the en t i re  profile of the 

J 1 

4 

The en t i re  de t ec to r  (as seen through khe monochromator 

= a number proportional t o  the number of  excited a toms produced 
P 

r '  
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0 

1048 A line. 

d e  tecl-or is determined in the horizontal plane by the  monochromator 

entrance slit width zo and -in the ver t ical  plane by the diameter  yo of 

the cylindrical aper ture  t o  the reaction ce1.l (see Figure 9a). 

The fair ly  small value of y 

The volume of the  reae tion cell  V viewed by the SEM F 

(0.714 cm) compared t o  the reaction cell 
0 

diameter  (2M = 2.22 cm) is important  a t  ear ly  t imes  (measured from the 

proton pulse) f o r  several reasons: 

resonance photons f r o m  V 

which escape across  the boundary of a region between two infinite parallel 

planes separated by the distance y . 2) Escape f r o m  th is  rrslabr' region is 

consistent with the assumptions used in 'ihe analysis t o  obtain Equations 

(3.10) and (3.12). 

1) With y /ZR << 1, the escape of 
0 

is determined a lmost  entirely by those photons E 

0 

We now consider these points in more de.t;ail. 

F o r  a limited Lime a f t e r  the proton pulse has  traveled through the 

1 cylinder, a dominant f ract ion of the 

region near  the axis. 

the core of the resonance line and in the s t rong trapping. linzi-t- (k y /2 > 50) 

a r e  absorbed and re-emit-ted many -Limes before traversing a distance 

comparable with y / 2 .  

been emit ted f r o m  near tke axis with frequency such t h a t  1x1 > X .  

f r o m  V 

cylindrical symme-Cry of N ( r ,  x, t) about '.;'ne proton bearit. 

a much larger  probability f a r  photons to escape across the sides of V 

P s t a t e s  is confined t o  a small 1 

Most of the photons are  emi t ted  with a frequency near 

0 0  

Photons which escape f rom V generally, then, have 

Escape 

0 F 

E*  

in the z direction (see Figure 917) is not  important  due t o  the f 
4 

Fur-Lher, there is 

F 
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CELL APERTURE M 0 N 0 C H R 0 M ATOR 
ENTRANCE SLIT 

( 0 )  

DETECTOR 

Figure 9. The Reaction Cell a s  Viewed by the Photon Detector. 
area is in view a t  SEM detector. 
in early time analysis. 

(a) Shaded 
(b) Cross section of slab used 



48 

parallel t o  the  xz plane than through the end.5 (partially indicated by shaded 

area in Figure 5%). 

a-boms t h a t  can be seen, the volume of V cam thus be extended t o  infinity 

in t1-e positi-ve and negative x a.nd z directions with very l i t t l e  e r ro r  in t ro-  

duced in evalua-thg Equation (3.13). 

2qiO in the high and low pressure l imits .  

For purposes of calculating the iiuniber of excited 

F 

This e r r o r  is es.tima-t-ed t o  be about 

In deriving Equations (3.10) and (3. 12) ,  photons emi t ted  a t  

frequencies less than xc are t reated as if  they were emit-ked and reabsorbed 

a t  y = 0. 

excited s t a t e s  which wil l  emi-L photons wi-th 1x1 > x is small compared t o  

the f rac t ion  which will emi t  a t  1x1 < x . Escape f r o m  the slab can occur 

only f o r  those photons w i t h  1 X I  > 1x I. Photons which are  absorbed with 

1 x’ 1 > x a re  allowed t o  move f rom y = 0, and, a s  there  is (depending on 

the pressure) an appreciable probability of  being re-emit ted w?bh I x \  > x 

the analysis trea-ks escape by correlated jmnps in a realist ic way. 

if  a f t e r  absorption at- I x‘ 1 > x 

collision so that  emission will mos-t probably occur with I x /  .< x 

l a t t e r  emission will  be treated a5 if it occurred a t  y 

sequent emission a t  1 x1 > x_ will be assigned an improper spatial location. 

This e r m ~  is niiiiirnized if  one considers only shor t  enough -times af -t:er the 

proton pulse tha t  none-success-ive emissions a t  1 X I  > x 

(early t ime 5 ) .  

In the analysis, it is assumed khat the fract ion of the number of 

C 

c 

C 

C 

C’ 

However, 

the excited a t o m  undergoes a. decorrelat<ng 
C 

th i s  
C ’  

0. Hence, a sub- 

L 

a r e  improbable 
c 



49 

Thus, N(y,x, t) from Equation (3 .10)  with t ime dependence described 

by Equation (3 .12 )  can be used to  approximate N(;,x,t) in Equation ( 3 . 1 3 ) .  

Within the early time resfxiction, th i s  substi tution into Equation (3 .13)  

should give accurate  values f o r  the t ime dependence of I ( t ) b t .  

the  actual magnitude of I ( t ) b t ,  one needs to  redefine the transmission 

f a c t o r  T(P,x) in t e r m s  of a function T (R,x) which allows f o r  escape t o  the 

window f r o m  the axis by successive emissions with 1x1 > x - 
of the t ime dependence obtained under these conditions will be discussed 

f u r t h e r  in the analysis of the data.  

To evaluate 

1 

The accuracy 
C 

A t  ear ly  t imes,  then, mos t  of the l ight emit ted f rom the cell comes 

f r o m  near the cylinder axis, and one can consider the t ranspor t  problem in 

t e r m s  of resonance photons escaping f r o m  a slab geometry. A t  l a t e  t imes,  

however, the population of each volume element of the cylinder is such t h a t  

the spatial  profile remains constant  ( a t  l e a s t  in the  high and low pressure 

l imi t s  where a complete redistribution in frequency theory is appropriate); 

each volume element dV emi t s  with the same frequency profile; the total  

number of excited states in each dV is decreasing nearly exponentially. In 

general, the early t ime and l a t e  t ime escape r a t e s  will d i f f e r  measurably. 

However, the ra t io  of -d ( h i ) / d t  a t  early and l a t e  t imes,  wi th  T ( t )  defined 

by Equation (3.13),is dependent on the parameter  y /2R and one can, in. 

principle, choose th i s  parameter  so t h a t  a t  one pressure the ra t io  is unity. 

0 



50 

To obtain an e s t ima te  of the appropriate value of y /2R, consider 
0 

the  low pressure l imits.  We have shorn ‘chat the assumption of complete 

redistribution in frequency gives nearly co r rec t  results. Only Doppler 

broadening is important ,  and the early time value of -d(hI ) /d t  can be 

equated t o  p given by E 

co 2 2 
- X  “ X  - 

p - (2Y/\’Tr ) r e EL(IcOYO e /Z)dx . E 
0 

(3 .14)  

The l a t e  t ime decay rate p is determined by the fundamental mode of khe 
L 

eigenfunc tion expansion developed by Holstein. 2 9  

geometry resulks of Payne and Cook“ and find a t  0.004 t o r r ,  

We use the cylindrical 

l. - 
y/ir xE ko yo 

N ...... 7 0.34(2R/y ) . PE 
r___^ ., 

0 
’I4 1.575y/k RJJ.rrhn(k R )  

0 0 (low pressure)  

(3.15) 

In th i s  experiment y /2R - 0.322, 50 t h e  early t ime escape r a t e  should be 

only about 5% f a s t e r  than the l a t e  time ra te .  

t h a t  the escape r a t e  a t  intermedia3e t imes  will  join 1:hese two si-noofMy, 

and one shsuld be able over an extended period of t ime t o  examine the 

escaping phoions a s  an exponent-ial decay with a single effect ive decay 

constant.  

0 

One expects by interpolation 



51 

A t  

t r anspor t  

pressures  above 2 t o r r ,  Doppler broadening plays no p a r t  in the 

process, and one calculates the ratio of ear ly  to late t ime escape 

rates p,/@,, using only the wing t e r m  of the profile. A t  higher pressures ,  

w i t h  PE given by 

.- f 
(2 y/3),l'La/= k Y 

PE - 
@L 1.12s y/JirkpR 

0 0  = 0,624J2R/y = 1.1 , 

(high pressure) 

0 _II 
w (3.17) 

2 where x : x + 3 and l i  = ( y  

the ra t io  is again near  unity with the early t ime escape r a t e  approximately 

10% f a s t e r  than the  l a t e  time rate. This e f f e c t  is observable e q e u i -  

mentally (see Figure 5) a t  5.25 t o r r ,  where [3 - 0.358 x 10 sec and 

p, = 0.32 x 10 sec 

d is t inc t  f r o m  the  early time r a t e  above 0.5 to r r .  Extrdc ting the late 

t ime slope f r o m  the da ta ,  it: is found t o  be constant  over the pressure 

range 0.58 t o  5.25 to r r .  ) One expects t h a t  BE/@, may no t  be great ly  

N g  / g  )/(2nyc). Thus, a t  high pressures  
o c  P 2 1  

6 -1 
E 

(The late t ime escape r a t e  is only measurably 6 -1 . 

d i f f e ren t  f rom these limiting cases in the intermediate pressure region. 

Above 0.007 torr, a s  

discussed in Section 3.2, Equations (3.10) and (3.12) are used; Selow this  

pressure,  an equation f o r  p derived by Payne, 

We now examine khe computation of I ( t ) / j t .  

6 using the  redistribubion 
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function in Equation (3.71, is used. 

lifet-imes f r o m  the proton pulse, the early t ime escape can be described by 

In e i ther  si tuation, a f t e r  a f e w  natural  

writing 

4 

N ( r , x , t )  - f ( r i x ) .  (3,18) 

4 

A s  discussed previously, N ( r ,  x, t) can be w r i l t e n  in t h i s  way o d y  f o r  

1x1 < xc (a similar res t r ic t ion  holds f o r  the low pressures:  P I' 0.007 torr-); 

the assumption has been made t h a t  one can neglect the  spatial spread of 

excited s t a t e s  f o r  photons of these frequencies. Thus, Equation (3.13) 

b EC o m e  s 

y e  -"j J dx J' dVf(r:x) T I ( R , x )  

-?tj 

41T 
I ( t . )  /it 7 N E 4 t  

-33 VF I P 

-C(P,Yo,R) e A t .  (3.19) 

The evaluation of @(P,y  , R) and hence the compu-Lation of the time- 
0 

integrated count (intensity) has not  ye t  been carried out  due t o  the 

theoretical  di.fficulties of es t imat ing Ihe values a t  intermediate t imes.  

The theoiy has t o  accom-t- f o r  the nonlinear r i s e  in the observed intensity a s  

a function of pressure as given by Equation (3.1). 

protons in traversing the cell (as determined by stopping power  d a t a )  is very 

nearly linear up t o  40 -torr,ar.zd there  is no reason a t  present- t o  believe tha t  

excitation of -the 

increased. 

The energy lo s t  by the 

1 P .  s t a t e  becomes more preferable as  the pressure is 

The additional increase in intensity over a l inear increase is 

1 
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believed t o  be due t o  a geometrical f a c t o r ,  inherent in t h e  mcde of obser- 

vation. A t  the  surface of the  gas, photons a r e  not  emi t t ed  isotropically, 

b u t  the directional distribution depends on the  distribution of  excited 

skates in the  gas. A t  lower pressures,  where Doppler broadening is 

impor tan t ,  the spatial  spreading of oxcited states before an appreciable 

number of photons escape t o  the  walls i s  g r e a t e r  than a t  higher pressures,  

where pressure broadening dominates the t r anspor t  process. That is, at 

higher pressures  mos t  of the escaping l ight comes f r o m  near  the cylinder 

axis, whereas a t  lower pressures the  light "source" is more diffuse. Then, 

f r o m  solid angle considerations, a l a rge r  f rac t ion  of the radiation will 

reach the  d e t e c t o r  a t  higher pressures. 

pressure  broadening nxikes the only impor tan t  contribution t o  the  t r anspor t  

of resonance radiation, 

this may occur around 30 torr. 

This effect should saturate when 

The high pressure d a t a  oi- Scction 4 indicate t h a t  

Typical da t a  curves, plotting I ( t )  A t  ve rsus  t ime on a logarithmic 

scale, are shown in Figure 5. To compare the d a t a  with the theorekical 

calculations, the ear ly  time slope was detemnined by a least- squares f i t  

a s  discussed ear l ie r ,  giving additional weight t o  the counts in ear l ie r  time 

channels. Experimental and theoretical  values of p a r e  given in Table 1 and 

1 in Figure 6. 

what uncertain. Two reasonable values are 2,15 x 10 sec and 

1,8 x 10 sec. 

The natural  l i fe t ime 7 = 1 / y  of the P argon s t a t e  is some- 1 
-3 41 

-9 40 Curves representing both values are shocm in Figure 6. 
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A measurably d i f f e ren t  slope was observed a t  late t imes  a t  pressures above 

0.5 to r r .  

Using the  expression f o r  p 

escape r a t e  f rom cylindrical geomet:ryZ1), t h i s  value is in good agreement 

wikh the 1.8 x 10 sec natural  l ifetime. In addition, the r e su l t s  obtained 

by applying the Holstein-Biberrwan equation a t  ear ly  ti-mes with the complete 

redistribution assu.mp tion is shown. 

with P, s e t  equal t o  uni-ty.] The e r r o r s  on the slope m e a s u r e m n t s  a r e  

es t imated t o  be less than - i- 370 except f o r  the data  point a t  0.0015 to:m 

which is - .-I- 20%. 

h -1 This sl.ope is .found t o  have a constant  value of 0.32 x 10 see . 
implied f r o m  Equation (3.1'7) ( f o r  the late t ime z 

3 

[This is obtained f rom Equation (3 .12)  

The da ta  points marked with an o in Figure 6 and indicated by an 

small a in Table 1 were taken a t  a l a t e r  t ime and under d i f fe ren t  vacuum 

pumping conditions than the r e s t  of the data.  111 this  l a t e r  s e t  of experi- 

ments ,  an impurity was present  which would tend to  increase the observed 

escape rate of the resonance photons f r o m  the container. 

fall 01-1 a smooth curve which below 0 . 3  t o r r  l ie approximately 0.0 3 psec 

above the data  determined in khe ear l ier  experiments where the impurity 

was not  present.  

e q e r i m e n t a l  points a m  the  same within experin-tental e r r o r ,  suggestring 

t h a t  in the  process o f  flowing the argon gas, viscous flow is sweeping out- 

t h i s  impurity. 

e f f e c t  the partial  pressure of the impurity. 

These la ter  da ta  

-1 

A t  pressures  above 0.3 t o r r ,  the  ear l ier  and l a t e r  

Ai- lower pressures,  Knudsen f l o w  would nok appreciably 
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A s  discussed earlier, one should expect good agreement between the 

calculated values and the experimental values in two situations:  

1.  x i x  - 0 . 5  
E C  

2. x > x -t 3 and P > 0 , 3 .  E c  C 

Condition 1 is satisfied below 0.007 t o r r .  Wings on t h e  absorption profile 

a r e  not  important  a t  these pressures  as  mos t  of the l ight is escaping with 

frequency in the Doppler core;  the probability of a collision is very small 50 

t h a t  photons are also never emi t ted  on the wings. Ohly one da ta  point h a s  

been obtained in this region due t o  experimental l imitat ions on photon 

intensi ty  and SEM background count. 

5.4 x 10 sec 

Holstein calculations (see Figure 6), 

ment is only marginally sat isf ied a t  0,0015 t o r r  where k y /2 = 18. 

The ear ly  t imo escape rate of 

6 -1 , accurate  t o  - -! 20%, is in agreement with both the Payne and 

N o t e  t h a t  khe strong trapping require- 

0 0  

In the high pressure region above 2 t o r r ,  the probability of a 

collision, P 

is no correlation between absorbed and re-emitted frequencies; the ernissisn 

and absorption profiles a r e  the saizle and are determined f r o m  pressure 

broadening theory; photons a r c  escaping only f rom f a r  on the wings of the 

profile. ‘Theoretically, the escape r a t e  becomes constant ,  independent o t  

pressure (the absorption c o d f i c i c n t  is proportional t o  pressme, but  the 

additional trapping which occurs is just cancelled by the increase in collision 

during an excited state l i fe t ime is g r e a t e r  than 0.7. There 
C’ 
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between experiment and theory t o  be quite good in this pressure region; 

which is also proportional t o  pressure), One expects the  agreement 
C’ 

however, the daka is 10% higher than theory using 7 = 1.8 x 10 -9 sec and 

-9 20% higher using 7 = 2.1.5 x 10 

butions t o  th i s  difference are discussed in Section 3.4. Note t h a t  in the 

sec (see Figure 6). Some possible contr i -  

10 t o r r  region o the r  processes a re  beginning to be observed which compete 

with resonance radiation f o r  tilie energy deposited by the proton beam; these 

a r e  examined in Section 4. 

In the intermediate pressure region (0.007 t o r r  < FJ < 2 t o m )  neither 

sinnplifying assumption about t he  collision probability is appropriate. 

S.t-arting a t  0.007 t o r r ,  a s  the pressure is increased, k(x)y /2 increases 

and the photons m u s t  be emit ted out  f a r t h e r  f r o m  t h e  core t o  have the same 

probability of escape. When xE _> x 

0 

most- photons emit ted in the core,  c’ 

1 X \  < xc, a r e  retrappcd and ‘!redistributed. 1 1  Absorption on the Wings of the 

Voigt profile prevents escape; however, in the absence of a collision, there  

is 110 corresponding emission on the w i n e .  

it; obtained than t h a t  which is computed based on a complete redistribution 

in frequency assumption. In -this pressure region, photons with 1 x1 < x C 

wil.1 be emit ted and absorbed many t imes  and no t  t ravel  appreciably in space. 

Eventually a r a re  collisioii occurs which enables emission with the en t i re  

Voigt profi1.e t o  occur  (then escape of a photon emit ted with ( X I >  x C will be 

Thus, a longer containment t ime 



more rapid than t h a t  f rom the complete redistribution theory, a s  there  may 

not  be another collision t o  send the photon back t o  the core). 

Referring t o  Figure 6, the  theory based on complete redistribution 

in frequency predicts  more than a f a c t o r  of 3 f a s t e r  decay than the 

observed r a t e  around 0.04 to r r .  The theory discussed in Section 3.2 pre- 

d i c t s  a slower decay a t  the pressure of about 30% to 50% (depending on the  

choice of the natural  l i fe t ime) .  In Section 3.4 it  is argued Hiat a lmost  all 

differences between the theory and experiment should be in the  direction of 

a f a s t e r  observed escape ra te .  Hence, i t  is believed t h a t  this  l a t t e r  t-heory 

presents  a fa i r ly  accurate  picture o€ the  escape of resonance radiation 

f r o m  0.0015 t o  10 tor r , ,  

3.4 Theoretical and Experimental Differences 

Several experimental and theoretical  f a c t o r s  can cause difference 

between calculated and observed escape ra tes .  h general, all these f ac to r s  

tend t o  produce e f f e c t s  which cause the  measured escape r a t e  t o  be f a s t e r  

than t h a t  determined f r o m  the theory. Some of these e f f e c t s  (i. e., ones 

such as 5 and 6 which can be reduced by considering sufficiently early t imes  

a f t e r  the proton pulse), however, a r e  n o t  a s  cr i t ica l  a s  they could be ,  due 

t o  the selected value of y0/2R which tends t-o extend in t ime the early 

t ime slope. 

1.  The init ial  source function is no t  confined rigorously t o  the 

cylinder axis a s  the d iameter  of the proton beam is about 0.3cm. 



Tn addition, del ta  rays  produced in the prol-on-argon collisions 

may cause f u r t h e r  spreading. Delayed recombination of ionized 

argon a toms (during ambipolar diffusion) could possibly S ~ K W  a s  

a Source function of P 

space, b u t  experimental data  taken indicate t h a t  this  is an 

uminiportant e f f e c t  below 10 to r r .  

1 excited a toms  spread out in t ime and 1 

1 
2. The initial P cxcited states p rduced  by the proton beam, 1 

e i the r  direct ly  o r  by cascade, will have wings on the  f i r s t  

emission even a t  lower pressures. Tne emission spectrum will 

not be quite a Voigt profile due to  the iinpulsc given the argon 

aLorns by the protons, 

in this  f i r s t  e m i s s i ~ n  should escape without f u r t h e r  trapping. 

However, no large initial b u r s t  of photons is observed in the 

f i r s t  f e w  l i fe t imes  (channel 1 of the analyecr), suggesking 

that  if t h e w  photons a r e  indeed escaping, the direction of 

observation in this experiment precludes detecting them, i. e. , 

relatively few pho t-ons a r e  initially emitt-ed perpendicular t o  

the  pmton beam. 

small deviations initially present in the Doppler core of the pro-  

f i le  will  n o t  be retained f o r  more than a f c w  natural  lifeC’ imes. 

‘The emission profile quickly appmaches a gzlassian (f alliiig off a 

‘Thof;e photons emit ted on the f a r  wings 

The analysis a t  low pressures6 shows that 
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b i t  more quickly than a gaussian on the wings where the e f f e c t s  

of f in i te  boundaries become important). 

3, The value given f o r  y is  obtained by measinring the aperture  

diameter  of the reaction cell. Several f a c t o r s  may give a 

smaller effect ive y : a) the  intrinsic lack of focus in the  

ver t ical  plarie of the  Seya-Namioka geometry, b)  the possibility 

of a slight misalignment of the §EM de tec to r  with respect  t o  

the exit slit, c) heating of the  lithium fluoride wjmdow pre- 

ferentially near  its edge resulting in a decreasing transmission 

coefficient f r o m  the cen te r  ou t  t o  the edge. 

0 

0 

With a smaller 

the  measured escape r a t e  a t  early t imes  would appear yo 

f a s t e r .  

4. A t  the low pressures,  e r r o r s  will  be introduced due t o  the 

assumption of isotropic emission in deriving Equation ( 3 , 4 ) ,  

In the slab geometry t r ea tmen t ,  those photons emit ted with 

1 x \  .= x 

5. 

are not  allowed t o  contribute t o  the t ranspor t  process, 
C 

b u t  are inzmediately reabsorbed a t  y = 0. Only those photons 

with 1x1 > x can escape f r o m  the slab, Thus, one obtains an 

underestimate of escape r a t e  f rom the slab a t  late enough times 

where spreading due to  1x1 < x photons is on the order  o f  y /2, 

Putting the excited s t a t e s  back a t  the center  has another e f f ec t .  

There is a tendency f o r  quanta which have moved a b i t  t o w a d  the 

c 

C 0 

6 .  
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window t o  escape f a s t e r  due to the  smaller distance in the  t rans-  

inissioii fac tor .  

by those photons escaping t o  the window more slowly l r o m  the 

opposite side. A t  lower ~ K ~ S S U C ~ C ,  where Doppler broadening 

dominates t h e  t ranspor t  process, e s t ima tes  based on the  work 

by Payne and Cook 

This sl-mdd bc cornpensated f o r  t o  f i r s t  order 

21 indicate th i s  cancellation is good t o  loolo f o r  

t < 0.1 (k R/y)[nh(kOR)]  '. In the pressure broadening region, 

t h i s  cancellation is even be t t e r .  Wt-h Lhe relatively small value 

of y0/2R used in t h i s  experiment, th i s  e f f e c t  is small compared 

t o  t h a t  induced by escape across &%le slab boudary .  

An appreciable ex-Tor a t  interi-mdiate pressures  arises when the 

conditions associated with the use  of Equation (3.8) a r e  not  imel;. 

hi particular,  a t  pressures less than 0.3 t o r r ,  Ifdiffusion in 

frequency space" can occur f o r  pho.kans rrit-bed on the wing. mi5 
tendency of photons ewi t ted  and absorbed many successive t imes  

on the wings violates the  str:ict coherence required by the 

6-function in Equation (3.8). 

photons emit ted with frequency near the core 

0 

Due tm the g rea t e r  number of 

t h i s  "dif fusionff 

will c a r ry  the  average photon frequency farther f r o m  th- * core 

with each successive emission, lzence increasing the actual 

escape rate,  AL pressures below 0.01 tour ,  th is  effect  is not: 

important  because -[:he wings are not required for escape. 



61 

8. The extension of the gas volume to  infinity in evaluating 

Equation (3.12) will introduce a small error, again causing one t o  

underestimate the r a t e  of escape. 



SECTION 4 

THE NIGH PRESSURE EXPERIMENT 

4.1 Introduction 

In this  section the real-ts  of measurements made on argon in the 

pressure region 1 t o  600 t o r r  are presented. Figure 10 dmws some sample 

scans of photon intensity versus waveleng-kh. W i t h  tlie l i thium fluoride 

window in place, the several argon emission lines below 1040A a r e  not  

t ransmit ted t o  the SEM detector .  

lower pressures,  is the resonance emission peaks a t  1 0 4 8 i  and 1067A. A t  

higher pressures the spectrum is dominated by a continuum of  light centered 

a t  1 2 7 5 i  ( 1 2 5 0 i  ~~~~~~~~~0). 

seems to  come off the 1 0 6 7 i  line whose peak has nearly dissappeared. 

1048L peak s h i f t s  toward longer wavelength and a t  higher pressures its 

intensity decreases. 

fast charged particle excitation expeximents. 

0 

The main fea ture  of these scans, a t  the 
0 

In addition, a cont-inuum ( 1 l O O L  continuum) 

The 

These fea tures  axe the same a s  those observed in other  

10,16,17 

Figure 11 shows an energy level diagram f o r  the argon atom, indi- 

cating the excited states re fer red  t o  in this work. The argon a tom ground 

s t a t e  coscfiguration is ls22s2%p63523pb ('Si)). The four  lowest excited 

s t a t e s  resu l t  f rom a coupling between oiw excited electron and the five 
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5 1  1 
I' remaining electrons in a 3p 4s configuration and a r e  designated by P 

P (Russell-Saunders coupling is used which is only approximately 3 
0,192 

valid here. ) 

A s  a b u r s t  of relatively f a s t  protons (initially a t  1.8 MeV) passes 

through the argon gas, it interacts with the atonis in many ways. 

levels which a r e  coupled t o  the ground s t a t e  with large oscil lator s t rengths  

Excited 

will be excited direct ly  (optical approximation); many a toms a r e  ionized; 

t he  secondary electrons may then excite o the r  low-lying levels (we expect, 

however, t h a t  excitation by secondary electrons is much less important  here 

than with discharge techniques); cascading from higher levels provides a 

rapid relaxation t o  lower excited s t a t e s  such as  the P and P 

Recombination of electron-ion pairs followed by cascading will provide an 

1 3 
1 0,1,2'  

additional contribution t o  t h e  low-lying s ta tes .  Collisions between an 

excited a tom and 

states t o  radiate o r  cause the formation of excited argon molecules. 

ground s t a t e  a tom o r  a toms may enable metastable 

W i t h  

the  proton beam intensit ies used in this experiment, the interaction 

between the various excited s t a t e s  can be ignored (e.g., stiinulated 

emission). 

10,11,16 
A model has been developed by H u r s t  and Thonnard which 

accounts f o r  the  main f ea tu res  of the observed spectrum over this wave- 

length region of the vacuum ultraviolet- (vuv). In this model, the 1250 

continuum is produced by a dissociation t ransi t ion by a radiating argon 



Rad 
molecule (Ar ). A large portion of the eneqy f o r  th i s  molecule is 

supplied by the P cxcit-ed atom (it-s effect ive l i fe t ime extended several 

orders  of magnitude by resonance trapping) which undexgoes a khree-body 

2 
1 

1 

collisjon w i t h  two ground s t a t e  argon a toms  to  f o r m  a metastable molecule 

(Ar 
M e t  
2 ), which then in t e rac t s  w i t h  another ground state a tom t o  convert 

Me t Rad 3 (Arz  ) t o  ( A r  ). I t  is also suggested tha t  the 9 metastable atomic 
2 2 

state is converted by three-body collisions t o  2 radiating molecule which 

serves as an additional source f o r  the cantinlaurn. 

as its precursor the P (or possibly the P ) s t a t e  which radiates  while 

undergoing a two-body collision. 

The 1 l O O i  continuurn has 

3 3.. 
1 2 

This model w i l l  be examined in §ectj.on 4.5. 

Figure 12  shows typical timedependent: irikensity curves f o r  die 

0 

1048A emission in -[:he high pressure region. These decay curves exhibit two 

coixponents whose time behavior and dependence on pressure are qui te  

differcnt .  There i s  an eady  f a s t  component followed by a second component 

which is 15 t u  30 t-imes slower,  

da t a  where the decay is similar t o  the  f a s t  componelst alone. A t  150 t o r r  

This is in con t r a s t  t o  the low pressure 

and above, this slow component represents  an appreciable f ract ion of the 

t o t a l  light emit ted near  1048 A. I t  ilslKally appears to have a plateau before 

dzcredsing in an exponential way (at very la te  times, the data f a l l  off more 

slowly tlian exponential), Below 150 t o z - ~ ,  this plateau is n o t  usually 

resolved. 

methods of populating the P excited state. The f a s t  component represents 

0 

It is assumed t h a t  the two  components a re  produced by separate 

1 
1 
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1 the escape of resonance radiation a f t e r  d i r ec t  population o f  the P 

by the proton beam, secondary electrons,  and by cascade, 

component. indicates a delayed populating of the I.’ level, mos t  probably 

by reco-mbination of argon ions with electrons. 

s t a t e  1 

The slow 

1 .  
1 

Ln this  work, the  f wo components will  thus be t rea ted  as indepen- 

dent ;  the second component is subtracted f rom those channels it  shares 

with the f i r s t .  Without a specific model fo r  the slow component, there  is 

some uncertainty in extrapolating f o r  its time behavior a t  ear ly  t imes,  

The plateau a t  higher pressures  suggests a process v h i c h  ‘Ouilds up IOU a 

few microseconds before  decaying. However, f o r  the experiments a t  and 

above 150 t o n ,  the plateau (slightly reduced to  account f o r  residual of fas t  

component) will be extended bach Lo zero t ime Ear purposes of separating 

the t w o  components. A t  85 t o r r  and below, the second component decays 

more slowly and is, relatively insignificant SO t h a t  negligible emor  is intro- 

duced by uskg a two-exponential f i t  d i rect ly  t o  the data.  The f a s t  compo- 

nent  decay r a t e s  a r e  consis tent  with the trend of the low pressure daka of 

Section 3 and will now be considered in detail., 

4.2 The F a s t  Component Decay Taates 

Af tcz- removing the slow component by the m e t l i d s  discussed in the  

previous section, the f a s t  component “cime dependence can be examined. The 

decay i s  not ,  in general, exponential; the  very early t ime decay rate i s  

somewhat fas t -er  than the average r a t e .  Figure 13 and Table 2 give values 
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TABLE 2 

EXPERIMENTAL F A S T  COMPONENT ESCAPE RATES FOR T€!E ARGON 

1 
( P1) RESONANCE El'vUSSTON AT HI6H PRESSURES 

Run No. 

176 

122 

104 

103 

99 

98 

97 

96 

95 

94 

93  

105 

92 

91 

90 

89 

88 

1.94 

4. 70 

6.25 

9.35 

20.4 

29.7 

40.0 

57.2 

84.9 

I47 

147 

152 

29 7 

29 7 

39 6 

49 8 

600 

0.361 

0.357 

0.368 

0.382 

0.415 

0.442 

0.427 

0.403 

0.378 
----- 
---...- 
--I-- 

----- 

----- 
-I--- 

----- 

----- 
-...I-- 

0.335 

0.334 

0.384 

0.389 

0.390 

0.372 

0.350 

0.303 

0.306 

0.305 

0.418 

0.418 

0.607 

0.856 

1.15 
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f o r  exponential f i t s  t o  both. The very early decay rate joins smoothly with 

the values obtained f o r  the f a s t  component in Section 3 .  

slopes of Section 3 were not  extracted here due t o  the  uncertainty in the 

removal of the second component. It is f e l t  t h a t  the average decay r a t e  is 

more useful. The accuracy of each slope was determined individually and 

depends, a t  higher pressurx?s, on the success of accurately removing the  

slow component. E r ro r  ba r s  on the da ta  in Figure 14 give my es t ima te  on 

accuracy a f t e r  the second component has been removed (by subtracting a 

constant  amount). However, additional uncertainty is also present  due t o  

the possibility of a d i f f e ren t  t ime behavior a t  early times f o r  th i s  second 

component. 

extrapolation procedures were performed (see Figure 15). 

decay r a t e  of the fas t  component is shown in Table 3 .  

The "late t ime" 

For  example, f o r  an experiment a t  147 t o r r ,  d i f f e ren t  

The resulting 

An interesting e f f e c t  is observed in the measured escape r a t e s ,  both 

ear ly  and average, below 150 t o r r .  

around 30 o r  40 t o r r ,  then drops off to a miniinurn near 150 tom.  Fur ther -  

more, the average decay r a t e  a t  150 t o r r  is the same a s  the ''late t ime" 

r a t e  found in the low pressure experiments of Section 3 .  

1 0 , l l  was observed by Thonnard (down t o  25 tom), using a pulsed 250 keV 

electron beam to  excite the argon atoms,  A t  present,  the cause of -this 

e f f e c t  is not  known, 

This r a t e  increases to a maximum 

This same e f f e c t  
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2 

to3 

5 

2 

to' _I--.-___ I L 

60 5 0  40 30 20 10 0 
TIME ( p s e c )  

Figure 15. Various Extrapolations of Second Component t o  Early Times. 
Pressure = 147 to r r ;  time evolves toward the left. 



TABLE 3 

POSSIBLE FIRST COMPONENT ESCAPE RATES AT 147 TORR 

(Run No. 94) 

Escape Hate 
-1 

Method of Extrapolation a t  Early Tiines (e"" 1 

Two exponential f i t  0.324 

Flat  second coimponent 0.303 

Slowly rising second component 0.280 
-- 
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Above 150 tom, the escape r a t e  increases as the square of the  

pressures  (Figure 14). I t  is instruct ive t o  compare the  r e su l t s  of t h i s  

experiment (radius of reaction cylinder, R 1 

lo"l (R = 2.22 cm). Thonnard used the average decay r a t e  in the  Thonnard 

analysis of his  da ta ;  Table 4 shows Thonnard's values, my values (or a 

l inear interpolation of my da ta  t o  obtain values a t  the same pressures),  and 

the  numerical differences between the two. The P dependence on pressure 

of this escape r a t e  above 150 t o r r  is t o  be understood as  due t o  a volume 

process, independent of the gas container dimensions, so t h a t  the actual. 

escape r a t e  p is 

:= l o l l  cm) t o  those of 

2 

2 

where F is the  escape r a t e  of resonance photons when no volume processes 
0 

a r e  present. Pressure  broadening theory then predicts t h a t  the difference 

between da ta  taken with the two cells (using the  late t ime escape r a t e )  

is 21 

(4.. 2) 

-9 -5 
T =  2.15 x 10 sec,  1 = 1.048 x 10 . cm, R = l o l l  cm, and R = 2.22 cm, 

0 1 2 
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TABLE 4 

COMPANSON OF ESCAPE M T E S  FOR CYLINDERS OF DIFFERENT RADII 

-1 
(Rates in p,s;ec ) 

Pre s su re Linear Interpolation kxperi m ental  
( t o r r )  Thonnarda This Work of this Work Difference" 

20.4 

25 

30 

40 

50 

57 

85 

100 

147 

200 

300 

400 

500 

600 

800 

1000 

0.3452 

0.2994 

0.384 

0.386 0.041 

0.389 

0.390 

0.380 0.081 

0.372 

0.350 

0.2565 

0.315 

0.2598 

0.5572 

1.015 

1.624 

2.368 

0.418 

0.607 

0.856 

1.15 

0.342 

0.349 

0.086 

0.089 

0.050 

0.135 

a 

b 

C -1 
The average value of these differences is 0.080 Fsec 
rneni  with the valuc. 0.083 psec-1 obtained f rom t r a n s p o r t  i h e o v .  

RL - 2.22 C M .  

K1 - 1.11 cm. 

l'his is in agree- 
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one obtains 

6 -1 6 -I - po2 (0.282 - 0.199) x 10 sec = 0.083 x 10 sec , 
Pol 

6 -1 in good agreement with the average of the values (0.080 x 10 sec ) of 

Table 4. 

6 -1 Using Equation (4.1) with (3 = 0.282 x 10 sec and applying a least 
0 

squares f i t  t o  the  measured r a t e s  f rom 150 t o r r  t o  600 torr, one obtains 

-2 -1 
C = 2.31 t o r r  sec (4.3) 

as the rate coeff ic ient  f r o m  the three-body collisions which deplete the 

11 
'I? state, in agreement- with Thonnard. 

da t a  f r o m  300 t o  600 t o r r  that p plotted versus  P falls on a s t r a igh t  line 

which yields C = 2.69 t o r r  sec and p = 0.185 p e e  ; bu t  due t-o the 

uncertainty in the high pressure values, the previously mentioned value f o r  

C is probably more significant, particularly since the low value of p is 

d i f f icu l t  t o  interpret .  

It was noted in examining the 
1 

2 

-2 -1 -1 
0 

0 

Above 10 t o r r  t he re  is some doubt t h a t  the  pressure broadening 

theory based on two-body collisions is valid, and hence the long lorentzian 

tail on the  Voigt profile is suspect. 

photon escape rates in th i s  pressure region (P > 10 t o r r ) ,  and thus there  is 

some doubt in the computed values of these escape rates. However, within 

the l i m i t s  of experimental accuracy of Thonnard's and th i s  experiment, the 

This tail determines the resonance 
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I 
-2 Ip 

of the measured escape rates t o  obtain the lowest value ( 0 . 2 8 2 ~  10 sec 

here, 0.20 x 10 sec 

may be due in p a r t  t o  1) the geometrical e f f e c t s  discussed in Section 3.4, 

2) a shorter  na tura l  l i fe t ime of the 'P sta-lx than the value given in 

Reference 41, 3 )  some phenomenon associated with the hump in the p versus 

P curve around 30 to r r .  

of the low value of p a t  150 -t:cs.ixr. 

dependence in the 1 a . k  t i m e  behavior appears t o  be correct .  The failure 

6 -1. 

6 -1 
in Tlzonnard's geometry) given by the t ransport  theory 

1 

This l a s t  possibility seems quite reasonable in view 

I t  should be mentioned a t  this point, in connection with da ta  di.5- 

cussed in the following sections, t h a t  the measured. average escape rate f o x  

the  f a s t  component decay, when examined a t  70 t o r r ,  did n o t  show any 

mea.su.rahle change in any of tihe following situat-ions: 1) r a t e  measured a t  

d i f f e ren t  wavelengths across  the 1048A line (up t o  - t 5A at- the ex i t  slit of 
0 0 

the monochrom,3t-or), 2) repeti t ion period of the beam decreased so t h a t  

there was considerable buildup of the second component (which does no t  die 

out completely between pulses), 3) application of an electr ic  field trans- 

verse t o  the beam. However, the field (200 V/cm) was too weak t o  remove 

an appreciable fraction of  the ion pa i r s  produced by the proton beam. 

hcrcasii-rg the field sl-rength resulted in ligh L- amplification. 

4. ~ 3 - The Fast Component 1ntens;lty 

A s  the argon pressure Jr.l the  reaction cell is increased f r o m  10 t o  

1 
300 t o r r ,  the wavelength a t  which insst of t h e  P resonance radiation 1 



escapes t o  the de tec to r  shifts  gradually f rom 1048 to  1052.5 i, then 

remains at 1052.5 

e f f e c t  was also observed by Hurst, Bortner ,  and Strickler,  

shows this peak wavelength value as  a function of pressure taken with 

various monochromator slit sett ings.  The cause of th i s  s h i f t  is not known 

a t  present ,  bu t  is probably related to  the long wavelength half of the self- 

reversed resonance line (perhaps it indicates the formation of an unresolved 

red satellite). In t h i s  experiment, a lithium fluoride window prevented 

argon gas f r o m  entering the monochromator chamber; thus, absorption of 

the 1048 

as the pressure is increased above 300 t o r r .  This 

Figure 16 16 

photons over th i s  one me te r  pathlength can be r u l e d  out. 

This phenomenon is inboduced here  due t o  its e f f e c t  in the measured 

intensi ty  of the 1110048i11 resonance line a s  follows. 

window transmission efficiency is appreciably d i f f e ren t  a t  1048 ff and 1052 A 

so t h a t ,  a5 a r e su l t  of the  peak s h i f t ,  more photons appear to  escape a t  

higher pressures.  Folding together  the  peak s h i f t  curve of Figure 15 and 

with the  transmission f a c t o r  f o r  the older lithium fluoride window 

in Figure 17, one obtains a correction f a c t o r  T(P) fox th i s  e f fec t  (Figwe 

18). 

the true relative intensity. 

Section 4 have been adjusted in th i s  way. 

The lithium fluoride 

42 slzown 

One multiplies the observed intensi ty  a t  pressure P by T(P) t o  obtain 

The in tens iw measurements reported in 
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A 5  the  pressure is increased in the experiment, the grating is 

rotated t o  maintain thc peak wavelength a t  the  e.xit slit of the inonoehro- 

mator ;  the exit slit is open a t  350 microns (entrance slit a t  50 microns) 

which allows all the l ight f r o m  the 1048A line t o  pass  to  the de tec tor ,  b u t  

negligible l ight f r o m  the 1 0 6 7 i  emission. 

0 

The upper curve in Figure 19 shows the t ime integrated photon count 

(ne t  intensity) a t  1048d divided by pressure as  a function of- pressure. The 

values were obtained direct ly  f r o m  a scaler (operating in parallel with the 

MCA) by correcting f o r  the SEM background, divided by the proton current, 

adjusting f o r  the window-peak s h i f t  e f f e c t  and dividing by the pressure. In 

these experiments, the proton beam charac te r i s t ics  (average current ,  

repetition period) were  held constant  t o  avoid a small nonlinear e f f e c t  which 

will be cliscussed in Section 4.4. The repeti t ion period of the beam was 

128 tJsec. 

Tlze lower cuwe  in Figure 19 shows the  t ime -integrated photon count 

f o r  the f a s t  component a t  1048i  divided by the pressure as a function of 

pressure. The values were obtained from the MCA in the following way. 

First, the number of counts in the East component was computed f r o m  khhe 

where N (I) is the number of counts in channel I after removing the second F 
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component (and hence the background), 

un i t s  of channel . The Cirst several channels were generally t reated 

separately t o  avoid the  faIl-off e f f e c t  o f t en  observed in Irhe f i r s t  channel. 

Then, the number >: N was scaled up t o  account f o r  deadtime in the MCA 

(a5 compared t o  the scaler). Finally, this value was divided by the proton 

cur ren t ,  corrected f o r  the window-peak sh i f t ,  and divided by the pressure. 

Note t h a t  in removing the  second component, i t  was assunzed t o  be nearly 

constant  under the f i r s t  component; if the second component is actually 

increasing during this time, the  first- component has been underestimated 

in comparison to  the to t a l  count. 

is the average f a s t - t ime  slope in F 
-1 

F 

The slope of the f a s t  component intensi ty  a t  the low pressure end of 

these da ta  is in agreemcnt- (i. e,,  well within experimental error associated 

wi th extract ing the expanent f rom two  data  points) with 

1.31 
I = constant  x P , 

as found a t  lower pressures,  A s  the pressure is increased, one approaches 

the region where h e  pressure -broadened profile alone governs photon e scape ; 

the distribution of excited P s t a t e s  should become independent of 

pres sur^, and hence the geometrical etfect discussed in Section 3 should no 

longer be important. One then expoc t s  &e intensi ty  of escaping resonance 

radiation t o  be direct ly  proportional t o  pressure. 

indecd true by 20 t o r r .  

1 
1 

From Figure 10 th is  is 



Above 30 t om,  the intensity/pressure begins .to decrease (the 

intensi-t;y itself decreases above approximately 120 t o r r ) ,  indicating & a t  

the energy associated wi th  the P level is being diverted along some other 

pathway than escape of resoiiance radiation. 

I 
1 

4.4 The Second Co1mpment: -. 

'!.%e second o r  la ke component in the  t ime  -rescl.ved intensity 

measurei-nents is t3l)ically 15 t o  30 t imes  slower than the early component. 

The following c h a r a c t s r k t i c s  a r e  observed: 

1. Above 150 t o r r ,  in the t ime region where bot51 f a s t  and d o w  

compo1zent.t; give equal contribution t o  the intensity, a plateau 

is observed suggesting a constan'c decay ra te ,  a t  least  over a 

sho r t  t ime period. 

2. The decay of- t'nis component is &ere. nearly exponential, but- 

a f t e r  several "half -lives11 the decay becomes slower. 

The decay ra te  increases with pressure. Figure 20 shows a 'plot  

of k h e  second component decay r a t e  as a function of pressure. 

The values plotted are obkairned by assuming an exponential decay. 

Accuracy is est imated a t  - 4- 10% above 150 t o r r  and. somewhat 

woxse a t  lower pressures  due t o  the veiy slow decay rake, low 

intensity, and 80 psec f-ull scale l imitation of- the TPHC. 

Roughly f i t t ing the d a t a  via a linear pressure dependence, 

3. 
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one ob ta ins 

= 1.5 x l o 4  P 
P S  

where the p.r-cssure is in t o r r .  Howeveri this  rate is very sensi- 

t ive t o  impurit ies (see Reference 11 and I tem 7 below). 

,The second component intensity is obtained by subtracting the 

MCA values f o r  the f a s t  component f rom the scaler values of the 

n e t  photon count (correcting f o r  background), 

insures t h a t  those photon.i; which a r e  emi t ted  between the end of 

the TPHC time ramp and the next proton pulse are included 

(attempt:!? t o  compute the number of these very l a t e  photons by 

extending the second component sl.ope resu1.t i.n a sinal1 under- 

e s  t ima t e  due t o  the slower decay rate a t very la te  t imes)  * 

Figure 21 shows the rat io  of fast-cornponent intensi.t-y to  the net 

intensity.  

Using 2.0 MeV protons produces a much larger  f rac t ion  f o r  this 

second component than using 250 keV electrons. Thonnard's da ta  

a t  690 t o m  show t11a.i; approximately 15% of the to t a l  light: is 

coming f r o m  the second component when the electrons a r e  used. 

Early in the  a t t e m p t  t o  measure the relative photon count (as  

monitored by the SEN detec tor )  a s  a function of pressure ,  it was 

discovered t h a t  this  count depended in a non-linear way on the 

photon current .  Figure 22 shows the typical photon count p e r  

4. 

This method 

5. 

11 

6. 
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proton plotted versus the reciprocal of the t ime required t o  

accumulate a fixed amount of charge f r o m  the proton beam ( this  

is essentially the proton current) a t  70 t o r r .  The average beam 

cur ren t  was varied by changing the repeti t ion period of the beam 

without changing the number of: protons in an individual pulse. 

Similar results w e r e  obtained by reducing the  number of pro tons 

per pulse a t  a fixed repeti t ion period, b u t  this method was not  

pursued in detail.  In e f f e c t ,  one finds tha t ,  as the average beam 

cur ren t  is increased, more photons escape per  proton intjcduced 

in to  the cylinder. Some additional t ime -resolved experiments 

indicate in a tentat ive way t h a t  the second component alone is 

responsible f o r  this e f f ec t .  

here  by the problems of I )  separating the first and. second 

components accurately and 2) the unfolding of the buildup in the 

second component due t o  be overlapping by consecutive beam 

pulses. A more recent  time-resolved experiment by Hurst  and 

43 Wagner, 

and varying the number of protons pe r  pulse, shows quite clearly 

t h a t  the second component intensity depends on beam current;. 

7. Additional experiments by Hurs t  and Wagner, performed by 

introducing small amounts of impurity t o  t h e  argon gas,  show 

t h a t  the second component intensi ty  and decay r a t e  depend 

The analysis is made quite diff icul t  

performed by maintaining a fixed repeti t ion period 

43 



strongly on impurit-ies, where ( for  these small amounts of 

impurity) the fasb  component is not appreciably e f fec ted ,  

8. Tlie ratio of r;econd component t o  f i r s t  component intensiLy does 

no t  change when one examines the escaping photons a t  2 5 A f r o m  

the peak (i. e , ,  the  grating is rotated so t h a t  the peak wave- 

length reaching t h e  SEM detector- is changed; lack of resolution 

perrnits sortie overlap). A s  mentioned ear l ier ,  escape r a t e s  f o r  

the two components a r e  also independent of wavelength. 

0 

Associating this second component with the peak s h i f t  (since both 

become noticeable around 10 t o r r  and sa tu ra t e  a t  300 t o r r )  appears t o  be 

ruled out; by the l a s t  observation (Item 8). 

which radiates  a t  1048,4 also does not  explain I tem 7 o r  I tem 8. 

The presence of an irnpurrrty 
0 

A good candidate f o r  the source of LIwse photons is the population of 

s t a t e  via recombination of argon ions with elcctr-ons (via ambipolar khe 'P 

d i fhs ion ) ,  followed by a cascade t o  the P s t a t e .  An a t t e m p t  was made t o  

examine this by placing a grid in the einission cell  t o  collect  the charge and 

pyevent radiative recombination. A small e f f e c t  was observed in the  indi- 

caked direction (i .eo,  increased grid voltage, decreased ra t io  of second t o  

f i r s t  component), b u t  difficulkies associated with l ight amplification 

caused by the grid, coupled wi th  problems in monitoring the proton cur ren t  

with the grid in ogerakion, l i r n i t  the  interpretat ion of the expeirii-nent. 

1 
1 

1 
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4.5 The Argon Model 

One of the motivating reasons f o r  studying t h e  resonance trapping of 

1 
the photons emi t ted  f r o m  the  P skate in argon is t o  understand the role 1 

played by these photons in the pathways taken by the energy deposited by the 

fast  charged particles. S tewar t  defines dt-/dx a s  the energy radiated 17,27 

in the  vacuum ultraviolet  emission spec t ra  ( f rom 1048g - 1400 in the case 

of argon) pe r  un i t  length of proton path; if dE/dx is the  stopping power, 

then 

is a measure of the f rac t ion  of the deposited proton energy which appears 

a s  ultraviolet  radiakion. 

bhe 100 t o  400 t o r r  pressure region in argon. Hence, an understanding of the 

processes involved which lead to pho-ison emission in this region of the 

spectrum gives an important p a r t  of the s t o r y  of the interaction of protons 

with argon. 

S tewar t  finds this f rac t ion  t o  be . 2 3  to  e 29 in 

Figure 23 shows a schematic representation of a model developed by 

10,11 1 3 The P and P levels have appreciable oscillator 1 1 Thonnard and IIurst. 

s t rength  (0,228 and 0.050, respectively 

fast charged particles. 

higher excited ska tes  will increase the population of these  levels a d  also thc 

3 3 P and P metastable states. Work by L a ~ s e t t r e ~ ~  shows that: cascading 

41 
) and are populated direct ly  by the 

Secondary electron excitation and cascading f r o m  

0 2 
1 

Erom a s e t  of s t a t e s  between 13 and 17.5 eV will  populat-e t he  P 3P1, 1’ 
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2 A r  ('So) 

ESCAPE OF RESONANCE 
PHOTONS NEAR 1048 A 

A r  ('So) 

1250 & 
CONTINUUM 

1100 8 
A r  ( 'So) _____b) CON T I N U UM 

ESCAPE O F  RESONANCE 
PHOTONS NEAR l 0 6 7 A  

3 
Figure 23. Argon Energy Pathways Model f o r  the 'PI, 3Pl, and Pz States .  
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3 3 
and P levels;. (The P metastable  state does not  appear t o  contribute 

appreciably t o  the emission spectrum in this  wavelength region. There is 

no evidence, a t  present ,  t h a t  this s t a t e  is populated t o  the extent- of the 

o the r  three.  ) 

2 0 

Recombination of electrons with ion pairs will provide an 

additional source f o r  these levels which may continue t o  contribute over 

an extended t ime period. Due t o  the repeti t ive nature  of the  pulsed elec- 

t ron  o r  proton beam, a positive space charge should build up in the reaction 

cell  which supplies the appropriate e lectr ic  field to  allow f o r  equal escape 

rakes to  the walls f o r  both electrons and ions (ambipolar diffusion). 

positive charges then recombine with the diffusing electrons. 

These 

In examining t-he t ime dependent intensity at 1048;, 1 0 6 7 i ,  and in 

0 

the 1250A continuum taken by Thonnard and in this work, a fas t  componcnl- 

and a distinctly d i f f e ren t  slow component a r e  observed in each wavelength 

region. The f a s t  component- is interpreted as being derived f r o m  excitation 

of the atomic s t a t e s  by those processes which populate the levels within the 

first few nanosecond ( L e . ,  ti: 50 nsec) f r o m  the proton pulse. 

includes d i rec t  excitation by the  charged particle pulse, secondary electrons, 

cascading, gemini pair  recombination along the f a s t  charged parkick track. 

The slow component is tentatively identified here as being dcrived froin the 

recombination due t o  ambipolar diffusion. 

This 
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The argoin emission spectra shown in Figure 10 can be described in 

3 .  3P1, and .L' 
2' 

t e r m s  of processes which begin with the excited s ta tes  'I' 
1' 

0 0 The peaks a t  1048A and 1067A are atomic emissions f rom the 1 P I  and 

3P skates. 1 

Based on an examination of the time dependent intensit ies of the 

1 0 4 8 i  peak and 1250A continuum, Thonnard and IIurst  have concluded t h a t  

the model shown in Figure 23 describes the al-orriic processes leading to  this 

continuum. The P s t a t e ,  which has a natural  l i fe t ime of approxiniately 

2 x 10 sec has its effect ive l i fe  time extended several orders  of magni- 

tude  by resonance trapping. Collisions occur between a P state and two 

ground s t a t e  a toms which result- in a metastable argon molecule 

1 
1 

-9 

1 
1 

::: 1 . 1 
A r  ( P1) + 2 A r (  So) --.t 

1 
t A r (  So) t K E .  

rad 
This metastable molecule is converted t o  a radiating molecule ( A r  ) 2 

t-wo-body collision with another ground s ta ie  atom. 

45 -4' indicate that: the P re searchers 

L-hree-bsdy collision process; IIurst- and Thoiuzard found t h a t  the time 

dependent intensity of the 1250 A continuum can be described accurately over 

n wide pressure range if the s t a t e s  'I? and P contribute about equally t o  

the formation of the molecules which radiate into djis continuum. 

point out t h a t  there  is no strong evidence f o r  two d is t inc t  radiaking 

by a 

Experiments by other  

3 state is also being depleted by a 
2 

0 

3 
1 f? 

They 
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1 3 molecules, but- t h a t  t h e  processes s t a r t i ng  with the PI and P levels 

could both lead t o  the same molecule. 

2 

a 

Thonnard and Wurst: find t h a t  the 11 00 A continuum has a more com- 

3 plcx t ime dependence. The depletion rate of the P s t a t e  increases 

linearly with pressure above 25 t-om, suggesting t h a t  a portion of the 1100R 

continuum is produced during a collision between an a tom in the  Y 

and a ground state atom (i. e., a Franck-Condon process). 

1 
0 

3 s t a t e  1 

The complicated 

3 decay rate suggests t h a t  the P state also cantr ibutes  to  th i s  continuum. 
2 

1 The present  work has examined the depletion r a t e  of the P s t a t e  

in detai l ,  b u t  provides no new daka on o ther  s t a t e s  involved in the model, 

2 -1 From Section 4 .2 ,  one obtains 2 . 3  P sec (P in t o r r )  fo r  the three-body 

conversion r a t e  f rom the P 

1 

1 state t o  thc? metastable  molecule, in agree- 
1 

ment  with Thonnard. Also, in t h a t  section, it is pointed o u t  t h a t  the 

difference in decay r a t e  between Thonnard's and these da t a  up through 

several hundred t o r r  can be explained in t e r m s  of the resonance t r anspor t  

theory, 

An e s t ima te  has  been obtained on the relative energy escaping f rom 

the resonance peak a t  1 0 4 8 i  plus the 1 2 5 0 i  continuum a t  two d i f f e ren t  

pressures  t o  see if this is consis tent  with the  Thonnard-Hurst model. 'This 

e s t ima te  was made in the following way. 
I 

1 ,  Scans of the w v  spectrum were obtained a t  2.9 t o r r  and 203 t o m  

via the Bris tol  recorder (peak values were verified wit-h a scaler). 
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2. The to ta l  a reas  in the "1048" resonance peak (actually a t  1 0 5 2 i  

a t  203 t o r r )  and the 125OA continuum were ob-t-ained f r o m  the 

spectrum scans. 

negligible a t  2.9 to r r ;  an e s t ima te  was obta:ined f o r  th i s  value 

f r o m  a scaler measurement a t  the peak). 

normalized to  the proton current .  

3. The transmission efficiency of the lithium fluoride window 

f r o m  the lower curve of Figure 17 was fol-dded together wi th  

es-kimates of the grating and SEM detec tor  efficiencies taken 

f r o m  Reference 17. The normalized a reas  in Step 2 were then 

corrected f o r  t:his difference in detection efficiency a t  the 

d i f fe ren t  wavelengths (see Figure 24). 

The fract ion of the intensity due to  d i rec t  excitation (i. e . ,  area 

under the f a s t  component in time dependent d a h )  was obtained 

f r o m  Figure 21 f o r  the 1 0 4 8 i  emission, 

a t  2.9 t o r r  and 0.48 a t  203 to r r .  An es t imate  of this fraction 

f o r  the continuum made f rom a t ime depezdent experiment a t  

1 2 6 0 i  is 0.4. The values obtained in Step 3 a r e  multiplied by 

these f a c t o r s  t o  eliminate intensity due to  the second component. 

Denote these values by I(X ,PIo 

second component is interpreted as an additional source f o r  the 

'P 

o 

0 

(The 1250'4 continuum intensity is almost  

These values w e r e  then 

42 

4. 

This f ract ion was  0.95 

This is an important s t ep  a s  the 

s t a t e  so t h a t  the n e t  intensity in both .the 1 0 4 8 i  peak and the 
1 
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0 

1250A continuum will  increase faster with pressure than the 

stopping power, 

1(1048i, P) -t I (1250 i ,  P) 
5. The expression is evalua-ked where 

(WWp 

(dE/dx& is the energy deposited by the proton beam p e r  unit 

length of the proton path, evaluated a t  the mean energy of the 

protons a t  the entrance slit to  the rnoizochrorriator and a t  

pressure P. Stopping power da ta  were ob Ixtined f rom Janni. 
30 

One obtains, a t  2.9 t o r r ,  in relative numbers ( the order in the above 

expression is maintained) 

and a t  203 t o r r ,  

= 0.049 66 t 1030 
108 x 209 

Then, define 

- 4 . 1 .  0.049 
B 0.012 
F = - -  

One thus finds tha t  the energy appearing in the 1048K peak plus 1 2 5 0 i  

continuum, a f t e r  normalizing to  the energy deposited hy the proton beam., 

increases by roughly a f a c t o r  of 4 as  the pressure is increased froin 2.9 t o r r  

t o  203 t o m .  If one takes into account various e r r o r s  which may en te r ,  53 
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is in reasonable agreement with the model of Thonnard and Hurst. This 

B’ experiment is intended a s  only a rough e s t ima te  of the f a c t o r  E’ 

F rom the analysis of the da ta  and procedures used t o  obtain the 

f a c t o r  F the value is probably an upper bound. A detailed examination of E’ 

the  energy balance should perhaps be carried out  in the following way. 

1.  An accurate calibration o f the transmission efficiency of the 

lithium fluoride window, khe reflection efficiency of the grating, 

and detection efficiency of the SEM should be obtained as a 

function of wavelength, 

2. Careful thought should be given t o  the angular distribution of 

escaping photons which may change a s  a function of pressure 

(geometrical e f f ec t ) .  Also, a t  lower pressures, the metastable 

m e t  argon molecule (Ar2)  of Figure 23 exists f o r  an appreciable 

IAme before being converted t o  the radiating molecule. l1 This 

allows t ime f o r  diffusion of the excited molecules so tha t  t he  

escaping 1048 and 1250 A radiation may not  have the same 

angular distribukion. 

3 

A similar e f f e c t  ex is t s  f o r  the metastable 

P atomic s ta te .  
2 

0 

3 .  The shape of the 1250A continuum is independent of pressure. 

(This was observed by Hurst ,  Eor tner ,  and Strickler. ) The 16 

FWHM is approximately 9 0 i .  One can examine this shape care- 

fully (it is nearly gaussian with the intensity falling off  more 
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slowly than gaussian at longer tvavclength), correlate  khe area t o  

the peak value, then measure the j.ntensity a t  the peak via a 

scaler. 

sta.l-istics and accurately normalize t o  the proton current .  

4. The f rac t ion  of the 1 Z S O K  continuum which a r i ses  f rom the slow 

component needs to  be examined in more detai l  as  a function of 

pressure. 

The work of Thonmrd and I lu r s t  

assume t h a t  roughly equal contributions a r e  made to the 1250 A 

conthuurn by the P and P s t a t e s ,  b u t  t h a t  t1ij.s ra te  perhaps 

changes with pressure. 

balance study. Making this correction alone would reduce F by 

about a t-actor of 2. 

6. I t  would be instructive t o  examine the energy balance i? this way 

over a wide pressure range, beginning as low as 1 t o r r  where the 

conkjn~iuum is negligible and f e w  other  complicating fac tors  are  

present.  

Thus, one can accumulate enough counts f o r  good 

10 
5. ~ I Q W S  t h a t  il; is reasonable t o  

1 3 
1 2 

This should be  included in the energy 

B 



SECTION 5 

SUMMARY 

The t ranspor t  of resonance radiation in argon has been studied in 

detai l  over a wide pressure range (0.002 t o  600 to r r ) .  A collimated, 

pulsed beam of protons, traveling down the axis of an argon filled cylinder, 

produced an almost  line source of argon P excited s t a t e s .  The t ime 

dependence of escaping resonance photons was determined. The simple 

geometrical arrangement in th is  experiment made possible an accurate 

comparison between theory and experiment. 

1 
1 

Ln examining the basic assumptions of resonance t ranspor t  theory 

in te rn is  of the  photon escape r a t e s  obtained in this  experiment, i t  is 

found t h a t  the assumption of complete redistribution in frequency f o r  the 

trapped photons in each re-emission cannot be made a t  lower pressures 

(0.02 t o  0,5 t o r r ) ,  When the collision r a t e  between excited argon a toms 

and ground s t a t e  a toms approaches the reciprocal of the natural  l i fe t ime,  

a co r rec t  theory m u s t  allow f o r  coherent emission (in the rest f rame of 

the atom) in the absence of a decorrelating collision. 

experiment show t h a t  the trapping t ime of resonance photons can be 

extended by a s  much as  a f a c t o r  of three due t-o this e f f ec t .  At- higher 

The resu l t s  of this 

103 
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pressures  (1 t o  10 t o r r ) ,  where a t  least one collision ali-uor;t always occurs 

befo:re emission f r o m  the P 

redistribution is in good agreement (within 10%) wit21 this experiment. 

Additional experiments t o  t e s t  the resonance t ranspor t  theosy 

1 state, the theory based on colrrplete 1 

sliould be undertaken using various values of experimental parameters  such 

as the argon temperature ,  the cylinder radius, a d  the  ex i t  aper ture  

value y . Tne argon emission f rom the  P level provides a d i f f e ren t  

nab-xral l i fe t ime;  the use of o ther  noble gases should yield additional 

information. Fu r the r  experiments with the argon P level below 10 

microns would t e s t  the low pressure t ranspor t  thheoiy where collisions can 

be neglected a 

3 
0 P 

1 
1 

I t  was found in th i s  exTeriment t h a t  many complicated e f f e c t s  

become important a t  argon pressures  above 10 to r r .  

esca.pe r a t e  increases,  then drops t-o a mini.mum near 150 t o r r ,  whereas 

the t ranspor t  theory predicts a constant  r a t e  in .this pressure region. Ai: 

the  higher pressures,  a t ranspor t  thcory based on two-body interactions 

is in doubt a s  there  is compelling evidence f o r  interactions between an 

excit-ed a tom wi th  two other a toms;  however, comparison of the decay 

r a t e s  between th is  experiment and a similar ex19eriment with a cylinder of 

d i f f e ren t  radius indicates t h a t  the t ranspor t  theory correct ly  describes 

the  e f f e c t  of the boundary. 

300 torrJ there  is a 4.g A s h i f t  in. the  wavelengkh a t  which the photons 

The resonance photon 

A s  the pre5sux:e is increased f r o m  10 t o  
0 
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emi t ted  f r o m  the 'Pl level escape f rom the reaction cell. This is not  

understood, A delayed emission f rom the lP s t a t e  produces a second com- 1 

ponent in the  exponential decay curve which contributes a s  much a s  55% of 

the  escaping photons a t  600 t o r r .  Although it is believed a t  present  t h a t  

t h i s  second component is due to recombinatioiz of electrons with argon 

atomic or molecular ions followed hy cascade t o  the 'P s t a t e ,  f u r t h e r  1 

experiments a r e  needed to  c lar i fy  the t ime behavior. It is also important  

t o  observe the e f f e c t  of an electr ic  field on th i s  component in an experi- 

ment where the  ion pair  density is very low. 

10 The energy pathways model of Hurs t  and Thonnard f o r  the in te r -  

action of fast charged par t ic les  with argon has been found in this 

experiment t o  be consistent with the relative energy escaping f r o m  the 

gas  near  1048A and around 1 2 5 0 ~ .  Fur ther  experiments, similar to  the 

absolute intensity measurements of Stewart ,17 need t o  be performed over 

a wide pressure range in argon which includes both .the region where escape 

of 1 0 4 8 i  radiation is the only important  process and the region where the 

12.50Lf continuum dominates. 

Current studies in the ongoing program a t  ORNL a r e  examining the 

e f f e c t s  of quenching and changes in escape r a t e  by an iimpurity gas of the 

'P and P1 s t a t e s .  A detailed examination of the t ime dependence of the 3 
I 

0 

photon energy escaping a t  1067A is underway, These a r e  important  s t e p s  

in understanding the interaction of f a s t  charged particles with argon, 
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For example, it is found t h a t  the second coinponen.t: which is observed in the 

'P emission is elimina-ked by the addition of small amounts of impurity. 

This effect  may enable a more detailed study of the transport n:f resonance 

radiation a t  higher pres5urcs. 

1 



APPENDIX 1 

A COMPUTER CODE 

In this appendix, a brief description and l ist ing of the computer 

program BETAF a r e  given. BETAF computes the value of @ using Equation 

(3.12) f o r  an a rb i t ra ry  resonance line in our  geometry. 

Al l  uni ts  are cgs except f o r  the  pressure which is in torr .  

The asymptotic form of the Voigt profile 

2 1 - 2  cp(X) = e x p ( - X  ) + a / r 'X  

is used f o r  X > 1. 

contribution f r o m  the integral  f o r  p comes f r o m  X > 2. 

Except a t  very low pressures (k y / 2  < 25)> most  of- the 
0 0  - 

The following may help in the notation: 

6 C N P :  N = P(cgs)/kT = 1.013 x 10 P (torr)/(?60 kT) = CNP x PRESS. 

2 
C C '  

XC : E requency a t  which exp ( -  X ) = a/r4X obtained by i terat ion 

XE: frequency a t  which k y v(X )/2 II: TE, obtained f rom 

FUNCTION XTEST which will  n o t  give a value of X less than 

0 0  E 

unity. 

107 
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The integration is carried ou t  in the following way: 

The first integral is always neglected; X = max (1.0, XrWN) where XMlN I 

is computed froin XTEST using k y rp(XRlIN)/2 = TIMIN. The second inl-egral 

is done by t w o  point Gauss-Legendre quadrature using FIJNCTION 

SUi'VI(NI, N F ,  DX); XF z QX = max(XC t 2, X K W )  .t DX, where XMAX is 

computed from k y a / 2 ~  (XMAX) = TIVL4X. This integration is carried 

0 0  

2 1 - 
0 0  

ou t  with intervals of 0.1 f r o m  XlVLLN t o  XC -t 2 .t- 6, then, if needed, in 

intervals of 0.5 f rom XC t 2 -1- 6 t o  XMAX -t DX ( 6  is determined in each 

case by the integer arithmetic). 

approximate analytic h w t i o n  valid f o r  X > XMAX using FUNCTION 

REMAIN (XF). 

The third integral is computed f rom an 
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L*FTNILIGIETA. 
PROGRAM B ET AF 
REAL KO 
CClHPlON TN t A T P C s X C  

GAMMAs1.E W911.R 
WAV€t*10048E-05 
GRAT I0.13. 

YO=O. 7 14 
T EHP1293 0 

WTI.39.94 
P R I N T  163 t G A M U A p Y O ~ T E W Q  

t ATOMIC T R A N S I T I C N  C A T A  

C GAS A M  tONTA?NER CATA 

C CONSTANTS 
P I X 3 0  I41 59265 
SPI~l.772 4538 5 
R 1 8  m 3 1 4 3  E +O 7 
BK.11. 38054f-16 

C SOME USEFUL INTERMEDIATE PARAMETERS 
VO*SQRT(2 .*R*TEMP/WT! 

CNP-1.013E406/(760.*BK*TEnP) 
X IN f= WAV E L+*3 *CRAT I W C N P  

B = X i N T / I S  . + P I  * V O )  *GAMMA 

A O ~ W A V E L * C A M M A / 1 4 o * P I + V O )  

ALPHAPOo904*XINT/ ( 6 o + P I * * 2 )  

P R I N T  100 , V O ~ A O e C N P ~ A L P H A t  f! 
C P R E S S W E  I N  TCRR 

I N a E X = O  
DQ 90 PlX=1*14 
PRESS= .oo 1*2.*+ro(/zD 

C PRESSURE DEPENDENT PARAMETERS 
R G A k A L P H A * P R E S S  
GAMC=GAMM II+RGAW 
PC=l* 
A=AO*(  I e + R G A M )  
KO=B*PRES S / S P  I 

SP1 A=SPI / b 
T N=KO* YO / 2 a 

P R I N T  161 ~ P R E S S ~ R G A M ~ G A H C I K O ~ T N I P C I A  

fFI: INDEX)  2 0 1 2 0 i 2 1  
20 X C = 2 0 5  

I N Q E X = I  
21 XET*$PRT( bLDGl SP!A*ALOCf SP I4*XC**2  1 ) )  

U=ABSt XCT-XC) 
x t = x c r  

C EYAtUATION OF XCtXE 

I F ~ U - D O O L  ) 2 2 9 2 2 * 2 1 .  
22 X C Z ~ X C * Z  0 0 

T E = l . O  
X E s X T E S T t  T E / T N * X C  F A  1 
P R I N T  238 X C t X E  

I F4 X f - X t  t .5 130 t 3 0 , 4 0  

N l = P . / D X  
NF=XCZ /OX 
Q X = D X * f  LO AT (N  F+  1.1 

C SELECTICIN OF I N T E R V A L S  AND I N T E G R A T 1 3 V  

30 O X - * L  
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F UNCT I ON XTES T 1 C *  XC A 
I F ( C s G T . O a 4 ) G O  TO 7 
ASPl~A/lol7245385 
U=2, *ASPI  / X C * + 2  
X f t C-U 3 1 9 6 9 2  

1 P=.05 

2 P=-.os 
3 XT=XC 

GO TO 3 

DO 4 I = l r 2 0  
XT= X T + Q  
V=E XP t - X  T **2 k + A S  P I / ( X T **2 1 -& 
] I F t P * V ) S v  8.4 

4 CONTINUE 

5 XTEST=XT-P /Z .  
IF(PI7 , 7 9 9  

I F f X T E S T . L T . 1 . J  GO T O  7 
RETURN 

6 XTEST=XC 
R E T U R N  

R E T U R N  
8 X T E S T = X T  

R E T U R N  
9 XTES?=SORT(  I S P I / C )  

RETURN 
END 

7 X T E S T = l o O  

f U N C T I O N  P E H A !  h t X 1 
COMMON T N  *A,PC 
P f x 3 a  1 4 x 5 9 2 6 5  
S P I  = 1.772 4 5 3 8 5  
W P t = l .  -PC 
ETAtSQRT6 T N * A / S P I  1 
V=ETA/ K 
T P R r . 0 1  
R E H A I Y = Z *  +A*PC/ (  P I * F T A  )*( WPC*V+PC*SP I /3e*( 1 *-ERfC( V b ) +Pt *W/3 .  * E Z (  V 

P R I N T  4 9 9 R E H I I I K  
C **2 ) -V  **t *P C*G 4 TPR 9 bJ PC ) I (  3 . O * T P R  1 1 

49 FORMAT rl'1 X r l O H Q F M 4  INDER=r E 1 2 e 5  1 
RETURN 
E ND 
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APPENDIX 2 

DATA LISTING 

The unreduced da ta  used in. the  final analysis are l isted in th i s  

1 appendix. Al l  miis were a t  1 0 4 8 i  o r  adjusted t o  follow the PI peak above 

10 tom.  The SEM background in counts per  charnel can be est imated f r o m  

the channel width and repetition period of the proton p u k e  (recalling t h a t  

the TPHC ramp teuininates before the next proton pul.se). 

column lists the  channel number of values in die S ~ C Q I I ~  colunm. 

The f i r s t  
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1 

25 
33 
41 
49 
5 7  
65 
73 
01 
$9 
97 

Run No, 88. Pressure: 600 tom. Channel Width: 0.3295 tssec. Pulse 

Period: 128 p e c ,  

Photon Background : 1.7 counts/sec 

Proton Couplt: 2 x IOm7 coul, Time: 102.0 sec, 

1 
43 
63 
82 
75 
98 

124 
145 
18 7 
208 
599 

7 
3 

0 
§0 
59 
66 
89 

1 Old 
124 
174 
216 
213 
7 69 

2 
3 

84 44 54 
36 54 33 
5Q 65 57 
8 1  76 87 
as 109 81 
101 114 99 
144 163 1 29 
18 1 1 76 189 
2 18 226 210 
220 215 2 69 
999 1390 1963 

5 4 4 
5 0 

53 
46 
56 
$55 
95 

122 
1 48 
190 
21 1 
253 

2654 
5 

43 
68 
60 
8 5  
103 
125 
159 
I77 

34 3 
25 19 

4 

2 la 

54 
43 
58 
75 
85 

126. 
172 
230 
216 
416 

10 
6 

Run No. 89. Pressure: 498 torr, Channel Width: 0,3295 psec, Pulse 

Per id :  128 psec. Prot-on Count:  4 x cod.  Time: 219.7 sec. 

Photon Background : 1 7 counts/ sec 

1 1 a 
9 I. 12 126 

1 121 153 
2s 156 1 69 
33 184 871 
41 229 2 19 
49 2 s  25 1 
5 7  3 12 320 
65 38 0 3 66 
73 38 e 48 2 
8 1  1477 1976 
89 I I  7 
99 18 18 

200 
120 
132 
159 
18 2 
245 
2 65 
332 
38 0 
52 6 
2359 

4 
le, 

117 8s 113 
127 1 1 1  120 
147 i 39 145) 
161 157 141 
184 187 2 08 
225 253 239 
2 a9 2 65 2 76 
323 368 335 
399 3 78 367 
58 4 65 5 861 
3149 4075 5069 

7 13 9 
0 

104 107 
124 133 
140 f 35 
164 164 
230 223 
239 2 
3 19 299 
3 63 3s 3 
4 12 9 QO 
1024 1185 
3883 19 

El B a a  
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Ran No. 90. Pressure :  396 torr, Channel Wid&: 0.3295 px~. Pulse 

Period: 128 psec. Protoi-i Count:  4 x coul. Time: 223.2 sec. 

P h G t O n z  Background : 1.4 counts/ set. 

1 0 6 
9 125 147’ 

17 123 161 
2s 193 161 
33 193 26 1 
41  25 1 244 
49 28 2 267 
57 28 6 319 
65 a4 1 
7 3 596 63 6 
$ 1  1716 2137 
89 18 7 
97 15 16 

223 
122 
152 
176 
19 6 
238 
90 I 
32 ’7 
389 
67’0 

24 69 
12 
1 1  

145 126 
135 146 
137 171 
193 172 
20 1 21 1 
255 2 59 
2 63 213 3 
29 6 330 
350 401 
04 98 3 

3095 358 7 
11 1% 
0 

110 
1 69 
180 
195 
223 
2 75 
8 74 
3 09 
43 7 

1685 
43s 1 

13 

141 
138 
163 

199 
267 
29 8 
334 
489 

1258 
283 1 

6 

e m  

139 
14s 
156 
188 
825 
2 65 
29 1 
33s 
5 85 

14 
13 

Run No. 91. Pressure :  297 tom. Chamcl Width: 0.3295 psec. Pulse 

Period: 128 p c c .  Proton Count:  2 x 10 cud .  Time: 121.4 sec. 

Photon Backgrouncl : 1.4 c o u n t s /  sere 

-7 

1 
9 

17 
25 
33 
41 
49 
59 
65 
73 
81 
89 
9 7  

2 
77 
7 5  
98 

120 
110 
165 
14 
211 
4 09 
99 2 

7 
14 

0 
83 
88 
79 
I30 
103 
124 
172 
284 
4 59 

1131 
10 

6 

144 
$ 7  
85  

113 
12% 
103 
144 
165 
256 
503 

1307 
9 

10 

69 
90 
69 
84 

105 
124 
162 
183 
27 1 
59 1 

1403 
7 
0 

72 
62 
97 

122 
116 
186 
142 
146 
a9 6 
615 

1684 
4 

67 
8 7  
83 

104 
120 
117’ 
168 
2 69 
2 75 
7 14 

1850 
11 

65 
8 7  

101 
112 
106 
175 
14 7 
198 
34 6 
75 2 

1180 
6 
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1 
9 

17 
25 
33 
49 
49 
57 
65 
73 
8 1  
89 
97  

R m  No. 92. Pressure: 297 tom. Channel Width: 0.3295 p e e .  Pulse 

Period: 128 pet" Proton Count: 4 x cod ,  Time: 214.3 see. 

Photon Background : 1.4 caunts/ssc. 

1 
157 
175 
206 
233 
243 
31 1 
3 34 
43 0 
8 29 
2008 

13 
22 

0 2 69 
1184 172 
18 2 19 0 
192 2 02 
243 23 1 
23 1 25 6 
303 310 
3 62 356 
513 512 
9 15 9 73 

2260 248 5 
25 14 
15 12 

210 
167 
189 
235 
244 
e 63 
385 
3 66 
502 

1138 
289 2 

16 
0 

161 
154 
177 
225 
239 
262 
33 1 
35 7 
5 59 
1194 
3250 

13 

171 
149 
18 7 
1&2 
24 6 
28 4 
3 39 
39 3 
667 

1392 
38 19 

ia 

157 
19 1 
161 
224 
24 6 
278 
35 1 
452 
676 

1639: 

10 
2225. 

I48 
171 
1 73 
235 
229 
2 70 
3 4Q 
42 1 
a19 

1775 
24 
I4 

Run No. 93, Pressure: 147 tam. Channel Width: 0.3295 p e e .  Pulse 

Period: 128 pec .  Proton Count: 4 x cod. Time: 230.3 see, 

Photon Background : 1.4 c a n t s /  sec. 

1 
166 
205 
188 
202 
25 7 
294 
Q l f i  
634 

1295 
2533 

37 
32 

0 
199 
189 
199 
225 
2 64 
3 12 
439 
680 

1376 
2% a8 

27 
41 

320 
158 
19 1 
203 
249 
25 6 
29 1 
458 

1506 
3129 

33 
25 

7a 7 

192 
17 1 
182 
1194 
225 
29 1 
335 
44 7 
841 

159 1 
3444 

28 
14 

164 
170 
18 5 
210 
23 3 
2 73 
335 
5 28 
967 

1836 
3852 

36 

19 1 
1 79 
175 
2 14 
24 6 
2 64 
3 75 
5 60 
9 6 3  

188 5 
42 62 

29 

182 
1 78 
212 
23 1 
22 7 
29 6 
3 75 
571 

1073 
21 15 
2610 

38 

18 0 
E98 
208 
207 
268 
316 
442 
60 7 
1185 
2254 
31 
23 
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R I ~ .  No. 94. Pressure: 147 tom. Chm7el Wjdth :  0.6596 psec. Pulse 

Period: 128 p e c .  Froton Count: 4 x coul. Time: 215.1 sec. 

Photon Background : 1.4 counts/ ~ e c .  

1 0 
6 la 
13 192 
25 190 
33 259 
49 276 
49 2s 9 
57 354 
6% 422 
73 55% 
8 %  95 
89 3853 
97 64 

0 
166 
213 
22 as 
849 
28 5 
38 0 
38 5 
438 
545 
1110 
3888 
45 

388 
163 
192 
205 
27 1 
306 
3 09 
3 78 
4 65 
615 
1363 
4648 

43 

E06 
1 79 
192 
e 18 
298 
267 
306 
3 63 
% 643 
552 
1543 
5562 

0 

lag 2 
171 
234 
219 
210 
28 2 
344 
426 
49 5 
685 
1685 
7058 

172 
149 
20 7 
244 
261 
28 4 
356 
38 0 
48 4 
8R9 
8830 
8015 

15% 
1 
192 
267 
e 70 
28 5 
3 65 
4 18 
5 18 
79 5 

2345 
58 4 

159 
193 
213 
259 
271 
335 
355 
434 

7 
852 

2 634 
70 

Run No. 95. Pres.sure: 84.9 to r r ,  Charmel Widkh: 0.6596 p e c .  Pulse 

Period: 128 p e c .  Proton Count:  4 x l o m 7  coul. Time: 205.5 sec. 

Photon Background : 1.4 C O U I I ~ ~ /  S ~ C  

1 1 8 151 90 
8 81 104 8 6  98 
17 166 117 98 103 
25 125 95 126 125 
33 125 117 1 48 158 
48 143 145 147 148 
49 137 160 1 64 153 
57 1 64 19 7 170 19 1 
65 18 7 2630 18 1 2 28 
73 245 22 1 2 68 29 0 
8 1  5 79 568 748 882 
89 2254 2659, 3326 409 7 
9 7  30 38 3 5 (1 

81 
85 

101 
128 
137 
143 
165 
188 
194 
348 
1034 
5270 

69 
1 O B  
86 
135 
160 
166 
177 
174 
215 
35 1 
1216 
6776 

91 
81 
101 
116 
112 
145 
141 
178 
158 
$06 
1553 
1 I44 

9 6  
91 
119 
181 
150 
15 1 
193 
210 
811 
44 1 
1844 
41 



119 

Run No. 96, Pressure: 57.2 torr. Channel Width 0.6596 p e c .  Pulse 

Pericxl: 128 tlsec. 

Photon Background : 1 4 counts/ seco 

Proton Count: 4 x 10-7 cod.  Time: 210.6 see. 

1 1 0 
9 48 49 

1 78 53 
25 51 44 
33 6h3 66 
41 ao 75 
49 86 86 
57 75 98 
65 8 6  133 
73 132 117 

I 299 323 
9 1484 1856 

$ 7  29 19 

86 
46 
59 

82 
77  

1 08 
79 
82 
134 
45 1 
24Q9 

16 

6s 

43 
64 
59 
59 
66 
7z 
92 
73 
89 
156 
53 6 
308 1 

Q 

44 
56 
51 
62 
53 
65 
69 
89 
91 
155 
64 6 

3857 

53 
46 
61 
71 
65 
77 
88 
61 

110 
195 
7 69 

5206 

38 
52 
44 
61 
8 1  
65 
68 

104 
89 

9 53 
€4 72 

228 

53 
44 
73 
69 
'74 
80 

100 
9 1  

1 15 
244 

1237 
19 

Run No. 97. Pressure: 40.0 torr. Charnel Width: 0.6596 p,sec. Pulse 

Period: 128 pet. 

Photon Background : 1.4 counts/ see e 

Proton Count: 4 x lom7 coul. Time: 205.4 sec. 

1 e 0 62 36  
30 24 27 30 

17 30 48 31 33 
25 26 33 37 41 
32% 34 46 43 35 
411 38 29 38 32 
49 42 49 44 40 
57 51 52 40 57 
65 53 49 51 a5 
73 66 5 7  a2 8 3  
8 1  163 198 29 7 3 62 
f49 1339 1736 22 62 
97 16 12 0 

24 
35 
36 
28 
39 
37 
54 
36 
68 
9 2  
422 
2984 

23 
29 
27 
29 
42 
34 
35 
44 
63 
94 
538 

393 1 

28 
23 
25 
38 
29 
43 
49 
65 
51  

144 
702 
41 

33 
29 
as 
36 
29 
52 
29 
82 
66 

165 
7 78 
P Q  
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Run No, 78. Pressure: 29.7 t o r r .  Chamel Width: 0.4596 psec. Pulse 

~ e r i o d :  128 pscc. 

Photon Rackground : 1 4 colants/ sec, 

proton ~ o w n t :  4 x 10-7 c s ~ l .  Time: 202.4 sec. 

1 
18 
18 
81 
12 
20 
25 
23 
30 
33 

114 
79 3 

13 

0 
18 
23 
2% 
17 
25 
25 
82 
36 
38 

142 
1034 

18 

27 19 25 
13 13 21 
21 26 14 
15 2Q 17 
26 18 13 
22 25 26 
27 13 22 
34 23 42 
28 31 31 
55 57  63 

21 6 2 28 335 
1184 1621 2228 

6 6 

17 
16 
e4 
29. 
17 
26 
26 
33 
33 
63 

an1 1 

24 
14 
20 
17 
18 
25 
32 
22 
26 
84 
48 4 
5 38 

27 
eo 
20 
14 
20 
2s 
26 
30 
39 
8 2  
62 7 
5 

Run No. 99. Pressure: 20.4 to r r .  Channel Width: 0.6596 twx. Pulse 

Period: 128 psec. 

Photon Rackground : 1.1 cowLtr;/ SPC, 

Proton Count:  8 x l ow7  c o d .  Time: 472,2 set, 

1 
3 

17 
25 
33 
41 
49 
57 
65 
73 
81 
89 
97 

8 
19 
12 
16 
16 
21 
266 
42 
38 
59 

176 
998 

11 

0 
19 
14 
22 
24 
1 4 
23 
24 
24 
55 

21 1 
1308 

15 

34 
23 
27 
19 
28 
26 
21 
23 
28 
58 

250 
1710 

22 

18 
22 
23 
30 
17 
2 7 
23 
24 
34 
63 

344 
2255 

0 

16 
15 
25 
22 
27 
19 
22 
22 
38 
68 

425 
295 1 

18 
15 
21. 
16 
12 
26 
23 
21 
32 
7s 

538 
39 12 

l e ;  
19 
24 
17 
24 
26  
21, 
22 
41 

113 
622 
60 1 

17 
19 
18 
15 
21 
29 
23 
30 
42 

149 
8 34 
20 
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R m  No. 103. Pressure: 9.35 t o n .  Channel Width: 0.6596 psec. Pulse 

Period: 128 p e c .  

Photcsn Background : 1 e 0 counts/sec. 

Proton Count: 2.4 x l o4  coul. Time: 1710-8 sec. 

1 

17 
25 
33 
41 
49 
57 
65 
73 
8 1  
89 
97 

6 
24 
24 
25 
13 
22 
20 
26 
30 
71 

25 6 
189 1 

15 

0 
23 
17 
18 
24 
14 
23 
27 
32 
67 

308 
1516 

15 

37 
19 
23 
23 
28 
21 
19 
26 
45 
96  

38 0 
2053 

17 

20 
20 
23 
24 
26 
eo 
25 
28 
48 
9 3  

417 
24 78 

0 

14 
25 
28 
30 
21 
23 
20 
25 
30 

109 
503 
32Q0 

22 
19 
19 
17 
33 
22 
28 
23 
46 

140 
685 

4121 

19 21 
25 27 
28 16 
24 22 
19 19 
20 13 
23 22 
18 26 
43 58 

167 22 1 
826 1012 
5 34 23 

Run No, 104. Pressure:  6.25 torr, Channel Width: 0.6596 psec. Pulse 

Period: 128 p e c .  Proton Count-: 2 x l o 4  coul. Time: 1927.7 set, 

Photon Background : 1.0 C ~ L U I ~ S / S ~ C .  

1 
9 

17 
25 
33 
41 
49 
57 
65 
73 

97 

2 
15 
19 
17 
19 
11 
15 
16 
24 
38 
132 
60 6 

17 

0 
19 
20 
15 
1s 
14 
14 
I13 
25 
40 

176 
761 

13 

35 22 20 
11 16 11 
14 12 13 
7 12 10 

22 10 16 
17 16 21 
14 13 13 
15, 17 26 
23 20 26 
64 55 58 

175 245 276 
98 1 1217 1537 

18 a 

9 
12 
21 
13 
21 
15 
21 
19 
44 
75 

339 
2043 

11 
18 
16 
15 
15 
17 
14 
32 
40 

104 
435 
373 

18 
14 
21 
21 
14 
13 
16 
23 
33 

102 
515 

21 



122 

Run No. 105. Pressure: 152 t o r r ,  Charnel Width :  0.6596 pec.  Pdse 

Period: 128 psec. 

Photon Background : 1.0 counts/sec. 

Proton count:  2.15 x IO-’ c o u ~  Time: 143.2 see. 

1 2 0 
9 101 96 
17 96 102 
25 110 12% 
33 122 128 
41 199 15% 
49 144 150 
57 168 1 78 
65 190 207 
73 2 64 249 
8 1  8 532 
89 1635 18 47 
9 7  2 7  30 

168 
95 
110 
122 
116 
130 
174 
1 “8 
253 
29 6 
643 

215% 
26 

83 139 
110 94 
118 118 
141 129 
122 120 
135 1 64 
141 154 
189 21 1 
835 2 18 
334 3% 11 
750 E446 

2679 324 1 
Q 

82 
97 
9 6  
116 
1 54 
160 
170 
199 
259 
3 50 
1086 
3843 

94 
114 
1 09 
121 
121 
146 
19 6 
206 
233 
394 
1132 
9 28 

104 
165 
1 1 1  
132 
137 
1’70 
171 
286 
2 64 
466 
13.47 
43 

Run No. 122. Pressure: 4.7 torr, Chaimel Width: 0.3279 p e c .  Pul.se 

Period: 64 i~snc. 

Phot-on Background : 2.5 ~oun-t-s,/sec. 

Pro1xm Coun t :  1 x lom5 coul. Time: 253.7 sec. 

1 
9 
17 
25 
33 
4 1  
49 
57 
65 
73 
8 %  
69 
9 *i 
105 
1 la 
121 

0 
e 
35 
35 
33 
31 
38 
42 
53 
79 
159 
371 
7 38 
1583 
3197 

17 

0 
33 
31 
33 
37 
31 
43 
41 
47 
95 
179 
350 
74 1 
1593 
3779 

26 

59 
41 
31 
35 
36 
3 7  
31 
50 
63 
92 
176 
38 9 
’7 78 

1 7 59 
4045 

20 

37 
30 
28 
28 
35 
40 
4; 
58 
69 
118 
215 
428 
920 
19 13 
4670 

22 

36 
34 
32 
43 
36 
27 
48 
55 
59 
141 
2 ss 
455 

1012 
2 189 
5386 

16 

38 
21 
22 
31 
410 
35 
44 
53 
93 

1 3 7 
253 
502: 
1089 
2430 
589 7 

22 

89 
363 
30 
4: 
24 
39. 
44 
63 
76 
135 
2 -79 
5 68 
1205 
2718 
3584 

25 

28 
29 
36 
51 
4 7  
36 
55 
62 
123 
145 
296 
54 3 

1328 
2994 
22 
0 
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]Run No, 125. Pressure: 0.86 torr. Channel Width: 0.3279 psec. 

Period: 64 p e c .  Proton Count: 7 x lom5 coul. 

Photon Background : 1.2  csunts/sec. 

Time: 1724.5 sec. 

1 3 0 
9 24 29 

15” 14 31 
25 27 2Q 
33 26 19 
1x1 35 27 
49 29 32 
57 40 35 
65 48 49 
73 5s 82 
8 1  116 129 
89 257 29 2 
97 5 75 650 

10% 1313 1498 
113 328 6 3588 
121 17 26 

38 
27 
24 
26 
20 
28 
22 
35 
52 
80 

173 
323 
702 

1636 
4055 

20 

36 
19 
eo 
23 
24 
28 
27 
37 
46 
95 

15 1 
349 
770 
1842 
4556 
24 

25 
23 
27 
21  
18 
34 
18 
42 
49 
90 

182 
3 63 
863 

2017 
5021 

18 

24 
25 
16 

19 
26 
21 
39 
57 

106 
1 79 
44 1 
9 08 
2377 
558 7 
20 

18 

17 
25 
22 
27 
28 
31 
34 
33 
5 6  

113 
19 1 
4 63 

1144 
261 7 
304 1 
30 

Pulse 

29 
22 
31 
29 
17 
25 
35 
29 
63 

126 
2 60 
543 

1201 
288 1 

27 
0 

Run No, 121. Pressure: 0.56 torr. Channel Width: 0.3289 p e c .  Pulse 

Period: 64 psece 

Photon Background : 0,83 counts/sec. 

Proton Count:  1 . 3  x 10“ coul. Time: 341% 7 sec. 

1 
9 

17 
25 
33 
49 
49 
57 
65 
73 
8 1  
8’9 
9 7  

105 
113 
121 

5 
18 
28 
16 
13 
1% 
25 
22 
42 
7 %  

107 
252 
5 71 

1261 
3095 

16 

0 
23 
16 
18 
18 
20 
23 
35 
39 
58 
140 
28 6 
ti49 

143 1 
3402 

15 

33 
21  
22 
14 
19 
17 
28 
30 
56 
83 

168 
29 1 
763 

1657 
3925 

18 

16 
22 
22 
111 
18 
20 
21 
34 
46 

111 
138 
3 49 
734 

1892 
4415 

20 

13 
14 
16 
15 
19 
28 
24 
31 
40 
88 

152 
3 69 
8 13 

1996 
48 4 7 

18 

18 
22 
18 
17 
33 
17 
29 
36 
56 
96 

18 2 
4 18 
946 
2243 
5405 

1s 

22 
20 
21 
27 
22 
21 
23 
40 
5 5  

107 
194 
443 

1053 
2435 
3063 

13 

20 
30 
33 
23 
2 7  
36 
32 
35 
75 

1Q7 
240 
550 

1189 
2695 

15 
0 
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Run No. 151. Pressure: 0.0147 t o r r ,  Charnel Width: 0.3289 psec. Pulse 

Period: 32 pet. Proton Count: 7.2 x l o 4  coul. Time: 1.08 x 10 4 sec. 

Photon Background : 0.53 comts/sec. 

1 
9 
17 
25 
33 
41 
49 
57 
6% 
73 
8 )  
89 
9 7  

10 
48 
53 
65 
68 
66 
51 
64 
8 0  
18 0 

67 
70 

4521 

0 
56 
73 
63 
43 
56 
51 
'98 
184 
18 6 
192 
57 
47 

63 
55  
5 0  
59 
44 
50 
68 
70  
112 
230 

61 
39 
0 

77 57 
72 60 
75 63 
60 61  
63 69 
63 47 
72 73 
72 71 
98 c: 124 
245 28 6 

52 55 
75 73 

59 
59 
5 4 
56 
63 
62 
a9 
82 
14 1 
313 
63 
44 

73 
69 
60 
76 
65 
5 5  
65 
75 
154 
3 76 
67 
73 

Ku!i Noe 173, Pressure: 1.07 to r r ,  Channel Width: 0.3313 psec. Pialse 

Pe r id :  32 trsec, 

Photon Background : 0.55 counts/sec 

Proton Count: 8 x lom5 caul. Time: 1151.2 sec. 

1 
9 
17 
25 
33 
4 1  
4 9 
57 
65 
73 
8 1  
69 
9 7  

1 os 
113 
121 

2 
6 
16 
I4 
2 4 
Cg? 
7s 
19 6 
413 
936 
238 1 

14 
8 
0 
8 
0 

0 
12 
21 
14 
2s 
50 
96 
169 
455 
1024 
2544 

13 
13 
0 
0 
0 

12 
10 
18 
12 
29 
55 
114 
222 
5 00 

1 09 7 
28 6.4 

8 
0 
0 
cr 
0 

1 4 
21 
17 
25 
25 
5 0 
106 
227 
523 
1248 
3072 

10 
8 
8 
0 
0 

8 15 1 1  
1 1  14 10 
12 17 13 
18 22 21 
40 40 33 
58 70 79 
113 187 1611 
29 0 28 9, 3 19 
60 7 65 3 768 
1452 1.579 1807 
413 7 Ed 
1 1  4 15 
0 0 0 
0 0 0 
0 0 0 
0 0 0 

15 
10 
14 
IS 
48 
76 
18 6 
369 
8 03 

289 6 
1 1  
5 
0 
0 
0 
0 
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Run No. 175, Pressure: 0.57 to r r ,  C b n n e l  Width: 0,3313 pec. 

Period: 32 p e e .  

Photon Background : 0,6O caunts/sec. 

Proton Count: 2.4 x E O 4  cod. 

1 
9 

1% 
25 
33 
4 1  
48 
57 
65 
73 
$ 1  
89 
8 7  

105 
113 
121 

2 
22 
29 
46 
75 

127 
239 
527 

1303 
3124 

29 
40 
18 
0 
0 
8 

0 
44 
44 
40 
74 

1 64 
303 
69 9 

1463 
3474 

22 
23 
21 
0 
0 
0 

57 
31 
31 
45 
8 1  

152 
3 04 
7 0  1 
1644 
38 77 
25 
25 
0 
0 
0 
0 

32 
32 
42 
49 
95 
180 
3 62 
7 74 

1709 
4238 

27 
28 
0 
0 
0 
0 

38 
36 
39 
49 
96 

184 
412 
8 74 

1999 
3452 

19 
23 
0 
0 
0 
0 

Time I 3545 sec. 

31 
24 
44 
58 

103 
2 14 
456 
910 

2198 
33 
26 
28 
0 
0 
0 
0 

37 
42 
54 
7s 

153 
216 
49 0 

11 029 
24 73 

4 1  
2 1  
18 
0 
0 
0 
0 

Pulse 

34 
24 
4s 
?9 

115 
262 
561 

1118 
2 769 

26 
38 
34 

a 
Q 
0 
Q 

Rrn No. 176. Pressure: 1.94 to r r .  Channel Width: 0.3313 psec. Pulse 

Period: 32 pec. Proton Count:  4 x cod. Time: 584.2 sec, 

Photon Background I @,60 ct;bunts/sec. 

1 
9 

17 
25 
33 
a1 
49 
57 
65 
73 
81 
69 
97 

105 
0 13 
12 P 

2 
8 
15 
20 
43 

100 
206 
407 
964 
229 2 

11 
8 
9 
0 
(9 
0 

0 
15 
19 
24  
63 
8 1  

172 
49 3 

1056 
2649 

4 
5 
8 
0 
0 
0 

14 
16 
1 1  
26 
38 
120 
214 
49 6 
I193 
29 a4 

6 
3 
Q 
0 
8 
0 

13 
6 

15 
29 
5 3  

127 
249 
618 

1287 
324 E 

12 
5 
0 
0 
0 
0 

12 
10 
18 
33 
67 
147 
264 
63 6 
1396 
2603 

18 
9 
0 
0 
0 
0 

7 28 
18 9 
eo 23 
44 38 
58 77 

I33 130 
3 09 334 
6 69 71 7 
2754 B 798 
10 re 
8 10 
9 12 
0 0 
0 0 
0 0 
0 Q 

18 
10 
15 
44 
a8 

198 

2074 
5 
7 

1 1  
0 
0 
0 
0 
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Rzazz No. 180. P re s s~re :  0.184 Lorn. Charnel Width: 0.3306 pet. Pulse 

Pei-iod: 32 psec. Proton Count: 9.6 x l o4  coul. Time: 1.477 x 10 4 SCC. 

Plzo ton Background : 0.60 comts/sec . 
1 14 
9 160 

17 105 
25 127 
33 187 
41 21 6 
49 317 
57 5 73 
65 11931 
'73 2425 
8 1  76 
89 $9 
97 100 

185 0 
113 0 
121 0 

0 
107 
101 
126 
137 
2 e13 
34 6 
59 6 
1288 
2 644 

86 
90 
78 
0 
0 
0 

21  1 
101 
117 
125 
139 
201 
423 
59 8 
1372 
299 1 

86 
8 4 
0 
0 
0 
0 

110 
114 
91 
126 
136 
243 
38 5 
739 
1446 
3 1 L ' l i  

82 
1 1 1  
0 
0 
0 
0 

86 102 
106 101 
104 130 
144 134 
173 164% 
266 288 
437 438 
8 38 9 04 
1627 1824 
2538 98 
97 92 
101 $8 
0 0 
0 0 
0 0 
c1 8 

85 
167 
98 
126 
182 
28 8 
504 
98 2 
2006 

8 5  
8 5  
98 
8 
0 
0 
0 

114 
1 1 1  
126 
122 
188 
314 
550 
1063 
2238 
98 
8 3  
80 

0 
0 
0 
6 

Run No. 182. Pressure: 0.406 torr.  Channel Width: 0.3306 p e c ,  Pulse 

Period: 32 pet, Proton Count:  2 . 4 ~  104c0u1. Time: 3.91 x 10 sec. 

Photon Ba.ckgysu?.td : 0.60 countt;/sec, 

3 

1 
9 
17 
25 
33 
41 
49 
5 7  
65 
73 
Ell 
8? 
8 %  
105 
113 
121 

1 
34 
36 
27 
53 
76 
18 is 
3 4 1  
806 

1859 
15 
26  
23 
0 
0 
0 

0 
2 4 
35 
44 
61 
8 7 
173 
40 I 
842 
21 19 

38 
32 
27 

0 
0 
0 

4s 
17 
34 
39 
50 
94 

285 
453 
8 78 
232 1 

29 
33  
0 
0 
0 
0 

24 
35 
42 
58 
60 
95 
233 
5 08 
1097 
253 7 

2 b  
22 

0 
0 
0 
6 

316 
28 
36 
4 8 
8 5  

109 
25 1 
522 
1216 
2018 

26 
28 
0 
0 
0 
0 

36 33 25 
36 29 3 4 
4s" 40 30 
42 5 5  51 
67 86 97 
129 138 170 
29 7 298 3 23 
62 1 675 705 
1328 1560 16888 

29 23 24 
33 37 24 
34 25 27 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
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Run MQ. 194. P:cesm,re: 0.093 tom. Charnel Width: 0,3289 psec, Pulse 

Period: 32 p e e .  Proton Count:  2.64 x .IOm3 cod. Time: 2.9’7 x 10 4 seeo 

Photon Background : 0.50 coun.ts/sec.. 

1 16 

17 140 
25 137 
33 168 
41  198 

9 1 sa 

49 289 
57 438 
65 8 00 
73 1529 
U1 141 
89 151 
9 7  151 

0 
160 
156 
154 
172 
222  
333 
5 09 
841 

1709 
165 
11 36 
139 

29 2 
1.54 
155 
1 44 
188 
‘2083 
3 29 
49 4 
9 19 
1423 

1 67 
147 
0 

1 69 
135 
168 
207 
195 
248 
333 
54 1 
9 74 

1995 
144 
152 
0 

150 139 148 
151 15 1 d 54 
150 1 ‘19 183 
1 79 165 1 hh 
1 R 5  205 213 
25 1 238 303 
3 67 39 2 4 48 
550 63 6 722 

11 14 1 PO7 1328 
2055 213 161 

135 152 144 
170 I. 65 140 
8 

125 
1 60 
162 
i s0  
243 
277 
48 0 
7 70 

1408 
13 1 
1 so 
145 

Run No. 197. Pressure: 0.042 torr.  Channel Widkh: 0. 3289 psee. Pulse 

Period: 32 p e c .  

Photon Background: 0.  SO counts/sec, 

Proton Count:  3.2 x low3 coul. Time: 3., 56 x lo4 sec. 

1 
9 

17 
25 
33 
41 
49 
57 
65 
73 
8 1  
89 
9 7  

105 
113 
121 

1 A 

166 
19 1 
179 
18 5 
18 1 
222 
2 74 
39 0 
759 
173 
155 
161 

0 
0 
0 

0 
202 
176 
166 
195 
216  
242 
3 14 
445 
891 
192 
19 6 
163 

0 
0 
0 

3,!5 
195 
184 
197 
1R E 
204 
23 1 
338 
4 6 3  
3 0 7  
169 
18 I 
0 
0 
0 
0 

192 19 6 
184 155 
190 165 
11 79 1 K R  
172 190 
P! 5 803 
85 7 243 
333 337 
5 19 570 
9:!H 1 G O 2  
173 179 
171 160 

c: 0 
0 0 
0 0 
Q 0 

189 
1 7 1  
203 
187 
200  
2 c 3  
245 
3 72 
59 2 
195 
175 
1s 
0 
0 
0 
0 
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Run No. 207. Pressure: 5.17 torr. Charnel Width: 0.3317 psec. 

FerisJ: 32 p e c .  Proton CoanP;: 4 x coul. Time: --- sec I 

Photon Background : 0.50 counts/sec. 

1 
9 
17 
85 
33 
41 
49 
57 
65 
73 
8% 
89 
97 

1135 
113 
121 

1 
101 
115 
107 
1 e2 
162 
3 23 
60 7 
1310 
3'319 

43 
98 
8 6  
0 
0 
0 

0 
88 
99 
102 
135 
261 
3 79 
72 7 

1486 
3.w 7 

93 
88 
43 

0 
0 
0 

184 
108 
102 
94 
139 
23 6 
3 78 
775 

1 69 B 
481 6 

8 7  
1 1 1  
0 
0 
0 
0 

116 
1 0s 
107 
9% 
153 
224 
413 6 
776 
1843 
4309 

76 
9 0  
0 
0 
0 
0 

91 
I l l  
118 
99 
156 
2 64 
4 a0 
922 
1966 
4926 
96 
98 
0 
0 
0 
r, 

118 
1 0 1  
113 
105 
185 
255 
50 
98 1 
2154 
38 69 
104 
97 
0 
0 
0 
0 

99 
97 

102 
105 

267 
5 19 
1109 
2404 
104 
117 
a 7  
0 
0 
0 
0 

170 

Pulse 

101 
BB 
118 
126 
182 
327 
5 72 
1187 
2 768 

U 7  
96 

1 lh 
0 
0 
6 
e 

Run No. 208. Pressure: 5.19 t o r r .  Charnel Width: 0.3293 p.sec. Pulse 

Period: 32 p e c .  Proton Count:  4 x l o m 5  coul. Time: 382.2 sec. 

Photon Backgrot~~cld : 0.5 C O U I I ~ S / S ~ C .  

1 
9 
17 
25 
33 
41 
48 
57 
65 
7 3  
8 1  
89 
97 
105 
113 
121 

6 
53 

1195 
5 6.49 
255 
159 
83 
61 
48 
5s 
51 
43 
59 
55 

1428 
58 9 

0 
1553 
1131 
49 0 
2 78 
155 
68 
59 
58 
62 
58 
48 
43 
39 

1312 
5 75 

65 
2432 
1922 
440 
2 18 
115 

78 
(50 
63 
51. 
5 5  
35 
SO 

1369 
1 1  18 
49 3 

49 
221 1 

8 5 7  
440 
197 
121 
67 
5 5  
56 
59 
42 
57 
38 

2405 
1090 
450 

43 
1922 
8 89 
3 78 
189 
112 
65 
56 
55  
50 
43 
46 
57 

2134 
962 
414 

4 1 
1731 
69 2 
3 65 
18 1 
114 
73 
36 
54 
48 
52 
59 
5 1  

19 18 
8 09 
376 

SO 56 
1525 1410 
622 BOB 
337 312 
1 ea 170 
101 9 1  
5 ' i 5s 
40 52 
4 9 37 
57 48 
52 53 
52 50 
54 60 

1750 1603 
79 0 69 1 
38 2 0 
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Run No. 217. Pressure: 5.25 to r r .  Channel Width :  0.1650 psec. Pulse 

Period: 32 pec.  

Photon Background: 0,4 counts/sec. 

Proton  Count: 3 x l o 5  cod.  Time: 360.0 see. 

1 
9 

17 
25 
33 
41 
49 
57 
65 
73 
81 
89 
97 
105 
113 
121 

98 
131 
155 
19 1 
268 
355 
5 09 
680 
1017 
1427 
2220 
3336 
5012 
78 05 
12452 

39 

e36 
115 
I62 
20 1 
28 0 
39 5 
54 1 
6R 3 
1079 
1577 
233 1 
3369 
539 6 
8201 
13237 

46 

115 
113 
I33 
2 04 
2 65 
408 
5 38 
79 4 
1133 
1659 
23 70 
361 6 
555 7 
8 707 
14059 

48 

110  
130 
1 68 
205 
28 6 
403 
58 3 
831 
1167 
1659 
2508 
3787 
5 798 
9398 

1 I489 
32 

117 
128 
163 
239 
3 09 
432 
59 1 
7 70 
1141 
1806 
2641 
4056 
61 66 
9890 
53 
62 

92 
136 
18 1 
229 
310 
415 
65 9 
8 79 

1226 
1840 
2727 
4208 
65 19 
1039 6 

42 
44 

9 1  
136 
189 
8 70 
325 
4 69 
63 2 
9 54 
1328 
1920 
2943 
4433 
6923 
11018 

38 
4 1  

113 
143 
190 
2 59 
350 
499 
63 1 
9 59 
1430 
209 7 
3093 
4737 
73 29 
11883 

46 
0 

Run No. 220. Pressure :  0.135 torr. Channel Wid th :  0,1050 psec. Pulse 

Period: 64 pet* Proton Count: 2 ,8  x 104 cod .  Time: 4.32 x IO3 see. 

Photon BackgrouIId: 0,4 C O W t 5 / S e C .  

1 
9 
17 
25 
33 
41 
49 
57  
65 
7 3  
8 1  
69 
97 
105 
113 
121 

1 1  
1 1  
21 
20 
24 
35 
52 
55 

1 orr 
153 
203 
300 
427 
646 

105h 
4 

10 
17 
13 
13 
19 
28 
54 
7 6  

109 
128 
223 
29 0 
452 
7 1  1 

1 im3 
lr!  

16 
18 
20 
20 
28 
32 
42 
82 
83 
133 
194 
310 
49 9 
8 03 

I080 
5 

8 
19 
1 6 
XR 
23 
43 
5 7  
88 

1 0 1  
149 
22% 
388 
50 t 
74 6 
337 

7 

17 
9 

19 
25 
27 
44 
49 
$6 
124 
176 
23 3. 
394 
543 
846 

10 
6 

1 1  
16 
17 
15 
29 
37 
47 
63 
119 
182 
23 6 
38 1 
59 2 
9 iF! 

2 
7 

19 
14 
23 
214 
35 
44 
49 
'1'3 

122 
193 
P62 
456 
644 
9 2 1  

3 
4 

16 
13 
9 

PO 
30 
51 
63 
7 6 

1 1 7 
895 
28 2 
42 1. 
616 
9 79 

6 
0 
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Run No, 224. Presmm: 0.069 torr. Charnel Wid th :  0.1650 psec. Pulse 

Period: 64 p x c .  Proton Count: 6.4 x l o 4  cod .  Time: 1.12 x 10 sec. 4 

Pho ton Rackground : 0.43 C O U ~ ~ S / ~ ~ C .  

1 
9 
17 
25 
33 
41 
4 9 
5 %  
65 
73 
8 1  
89 
97 
105 
113 
121 

38 
21 
30 
22 
36 
49 
65 
82 
136 
20 1 
870 
38 5 
59 3 
937 

13 
10 

20 
23 
26 
3 l! 
37 
43 
58 
97 
156 
184 
277 
412 
648 
8 23 
14 
7 

1 1  
19 
22 
33 
3 4 
49 
68 
3 4 
120 
2 14 
28 4 
41 1 
64 7 
30 
1 1  
13 

17 
1 4 
28 
88 
26 
52 
8 1  
80 
153 
188 
29 0 
400 
6 70 
12 
21 
1R 

2 9  
25 
23 
38 
31 
54 
71 
120 
152 
20s 
35 1 
511 
738 
24 
13 
17 

26 
27 
24 
37 
40 
64 
8 5  

1 03 
152 
253 
343 
48 3 
98 8 
18 
10 
18 

25 
26 
30 
36 
44 
74 
94 
132 
167 
834 
3 42 
54 7 
79 7 
13 
1 1  
14 

23 
24 
31 
33 
53 
69 
86 
133 
195 
24 1 
34 1 
612 
836 

4 
18 
0 

Run No. 238. Pressure: 0.206 torr. Cl-mnnel Width: 0.1650 p e c .  Pulse 

Period: 64 p e c .  Proton Count:: 1,92 x coul. Time: 3.11 x 10 sec, 

Photon Background : 0.5 comats/sec. 

4 

1 
9 
17 
25 
33 
41 
49 
57 
65 
73 
8 1  
89 
97 
105 
113 
121 

61 
43 
34 
30 
51 
56 
56 
89 

1 04 
127 
19 6 
275 
451 
910 
35 
36 

32 
34 
34 
35 
47 
50 
59 
70 
91 
139 
19 7 
28 8 
5 04 
55 1 

3 0  
40 

49 
5 0  
34 
47 
4 3  
37  
6% 
8 2  
112 
148 
18 5 
3 29 
495 
38 
41 
29 

43 
4 8 
45 
38 
45 
s4  
5 -l 
84 
106 
129 
2 28 
354 
5 64 
41 
44 
25 

37 
42 
53 
34 
5 4 
3 7 
*f 6 
70 
139 
1/40 
232 
354 
6 64 

38 
42 
42 

4 1  
se 
39 
46 
YO 
5 7  
74 
8 1  
12a 
156 
250 
377 
63 F? 

25 
40 
37 

35 
51 
41 
33 
36 
4 R 
66 
9 1  
116 
150 
272 
422 
719 
28 
40 
35 

33 
37 
28 
44 
60 
52 
69 
9t. 
133 
168 
28 4 
426 
73 1 
4 4 
42 
0 
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Run No. 242, Pressure: 0.0100 t o m .  Channel Width: 0,1650 p e c .  Pulse 

Period: 64 p e c ,  Proton Count: 1.04 x caul. Time: 1,85 x lo4 sec. 

Photon Background : 0.48 counts/sec. 

1 
9 
17 
25 
33 
41 
49 
5 7  
65 
73 
811 
89 
97 
105 
113 
121 

33 
24 
24 
12 
20 
35 
23 
26 
24 
28 
5% 
77 

132 
39 S 

29 
33  

7 
85 
26 
23 
28 
24 
23 
25 
35 
42 
56 
79 
146 
859 
28 
22 

22 
15 
26 
28 
18 
20 
22 
20 
24 
32 
L! c. 
84 

166 
27 
19 
22 

25 
27 
21 
13 
16 
29 
22 
3 2  
15 
29 
5 6  
96 

198 
16 
20 
24 

26 
19 
20 
28 
20 
14 
22 
27 
27 
3 3  
E c: 

101 
20 1 

25 
24 
25 

28 
22 
29 
18 
2 7  
25 
24 
25 
3 1  
F?F 
5 r; 

119 
223 
26 
19 
18 

24 
27 
22 
2 7  
20 
116 
22 
31 
30 
36 
66 

135 
239 

31 
13 
25 

28 
21 
30 
25 
26 
28 
22 
2 7  
47 
3 7  
62 
117 
266 

18 
2s 

0 

Run No. 244. Pressmre: 0.50 t o r r .  Channel Width:  0.1650 pet. Pulse 

Period: 64 p e e .  

Photon Background: 0.48 counts/sec. 

Proton Count: 1.2 x 104 coul. Time: 2.01 x lo3 sec. 

1 
9 

17 
25 
33 
41  
49 
57 
65 
73 
81 
89 
97 

105 
113 
121 

24 
15 
26 
38 
48 
82 
107 
190 
2 66 
370 
59 1 
9 64 
1503 
23 70 

2 
5 

10 
21 
28 
41 
45 
8 5  
101 
182 
29 7 
430 
676 
1048 
1629 
1359 

5 
4 

13 
17 
20 
50 
51  
87 

128 
154 
2 75 
4 52 
682 
1133 
1733 

5 
5 
3 

9 15 
17 21 
34 25 
53 50 
57 62 
89 105 
14: 134 
22 I 223 
29 4 320  
4 65 508 
740 75 1 

121 1 1283 
1845 193 1 

n 7 
3 1 
8 6 

12 
10 
27 
41 
62 

116 
1 60 
24 3 
352  
5 38 
8 49 

1321 
2065 

3 
9 
5 

28 
18 
36 
39 
53 
182 
155 
2 08 
38 3 
5 24 
8 58 

1298 
2290 

4 
4 
5 

18 
19 
25 
59 
69 
9 %  
145 
250 
425 
58 4 
8 73 

1-464 
2245 

5 
e 
0 
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Run No. 249. Pressure: 0.0015 torr. Clzamel Width: 0.0814 p e c .  Pulse 

Period: 16 p e e -  Proton Count:  3.52 x lom3 caul. Time: 1.28 x lo4 scc. 

PhokOn Background: 0.48 comts/sec. 

1 
9 

1 '7 
25 
33 
41 
49 
5 7 
65 
73 
81 
89 
9 7 
105 
113 
121 

35 
42 
34 
31 
34 
23 
31 
28 
35 
35 
33 
30 
28 
26 
9 3  
30 

25 
25 
37 
31 
31 
36 
26 
26 
32 
32 
33 
29 
29 
41 

1 c 1  
21 

24 
33 
31 
3 4 
29 
31 
26 
27 
38 
86 
43 
35 
35 
3 1  

214 
38 

36 
29 
44 
37 
21. 
44 
33 
25 
30 
30 

37 
37 
50 

? 2 3  
2 -1 

30 

29 
23 
27 
36 
26 
27 
27 
31 
28 
21 
34 
33 
? 7  
50  
3 0  
31 

21 
3 l 4  
26 
16 
31 
33 
32 
27 
19 
26 
20 
31 
34 
4 7  
3 I-1 

29 

31 
33 
38 
44 
eo  
27 
3 6  
28 
21 
37 
35 
28 
?5 
6C: 
3 7 
3 5  

32 
35 
29 
35 
31 
19 
26 
25 
27 
32 
36 
33 
39 
71 
26 
0 
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