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LIFETIME MEASUREMENTS OF EXCITED ELECTRONIC STATES IN

ATOMIC HELIUM AND THE MOLECULAR HYDROGEN CONTINUUM
CHAPTER I
INTRODUCTION

Lifetime measurements of excited electronic states of atoms,
ions and molecules provide information directly useful in the fields
of plasma physics, astrophysics, and spectroscopy. Utilizing a know-
ledge of lifetimes and cross sections it is possible to ascertain
electron temperaturesl in a plasma by measuring the relative inten-
sity of two transitions. A knowledge of lifetimes aids in discovery
of situations wherein population inversions can be maintained thus
contributing to laser development. Astrophysicists utilize this in-
formation to determine temperatures for extraterrestrial objects.

The probability of spontaneous transition from state j to state
i is given by

64t e2

\)31
- i 2 ‘s
A4 T T e P L

where Ixjil2 is the dipole moment matrix element of the tramsition
from Ej to Ei' The frequency Vji is that associated with the energy

loss Ej-Ei = hvji. The dipole transitions are required to follow the



selection rules of AR = *1 where % is the angular momentum quantum
number,

The lifetime Tj of a state j is given by the relation Tj =
l/% Aji' It is often true that T = l/Ajk where k is the lowest
state to which state j can radiate under a dipole tramsition. This
is due primarily to the importance of the v;k factor.

Since excitation cross sections fall off approximately as n?d
(where n is the principal quantum number) and since branching falls
even more dramatically, and since in addition lifetimes of higher n
states are in general longer (n3), we would expect it to be possible
to observe the decay of an excited state with the technique described
herein. At most we could expect to see some relatively weak longer
exponentials in addition which when subtracted should yield a repre-
sentative value of the observed state lifetime. It will be shown,
however, that this is not the case. It is apparent that there is a
faster lifetime than cascade would provide interacting with nearly
every state reported here. The result of an interaction between two
states of sufficiently close (within a factor of two) lifetimes and
populations allows an erroneous lifetime to be determined because of
an inability to separate them in the intensity decay data. This is
not a defect of the data or the analysis technique but a limitation
in resolution inherent in multiple exponential data. Consequently
the original goal of measuring the lifetimes of all levels of helium
has been altered to one of investigating the subsidiary processes

which affect the validity of the lifetime measurements, especially

in helium.,



Application of these lifetime methods to the hydrogen molecular
continuum were very successful and support the model of excitation
presented. Some insight to radiation from low pressure discharges

can be obtained from Handbuch der Physik.2 A useful source on experi-

mental techniques for lifetime measurements is contained in Advances

in Electronics and Electron Physics.3 Other general sources of great

value to the researcher are the National Bureau of Standards publi-
cations by Wiese gE_gl.4-6 The foundation upon which this research
has developed was built by Holzberlein,7 Johnson,8 Copeland,9
Schaefer,10 Mickish,11 and Skwerski.12 It is to these sources that
the reader is referred for further details of lifetime measurement
and analysis by delayed coincidence using the invertron or the cold
cathode developed by Copeland.

In the following chapters we discuss methods of analysing the
data obtained, present a brief description including changes and
improvements of the apparatus used, examine the experimental re-
sults of lifetime measurements in atomic helium, and the experimental

results of lifetime measurements in molecular hydrogen and conclude

with a general discussion of the results.



CHAPTER II
ANALYTICAL DISCUSSION OF THE DATA INTERPRETATION

In general the time variation of population density Nk of state

k can be expressed as

N, = —Nka .+ ?QA% - NkEBMU(v) + iZNiBikU(v)

- Nk‘iz:Bk.LU(v) + B U(v) - N WN

27 0K Lo

k, ki
i

J g 1 \]
+ hovﬁ k2N2 t neNock:Ve + nevefokiNi

2
+ D VN, (D

where states g lie energetically above state k and states i lie below

state k., The parameters an represent the Einstein transition pro-

bability of absorption (m<n) or induced emission (m>n), U(vmn) is
the radiation field density of photons of frequency v_ , Amn is the

Einstein probability per second of spontaneous transition from state

.
m to state n, ¢ is th

= £
s s the cross section for a radiaticnless collisicnal

transfer from state m to state n, 0V, is the excitation electron cur-

rent density, Dk is the diffusion coefficient for state k and V2 is
the Laplacian. Transition probabilities Aki are related to lifetimes

Tk'by the relationship given earlier, For simplification Ak.will be



The electron excitation cross section is de-

used to replace ; Aki'

noted by GL. The electron excitation cross section from other exci-
ted states, such as metastable states, is denoted by Uik'

Because of the complexity of Eq. (1) it is generally warranted
to consider only certain mechanisms, dropping those terms expected
to be negligibly small,

Holzberlein7 has solved many of these special cases and his
solutions are presented here for completeness., Including terms of
direct decay, electron excitation and collisional depopulation (first,

ninth and seventh terms of Eq. (1)) he obtains

- ' ' - '
(Ak+NOV0k)t nechVe (1 ) (Ak+NVok)t ]

N (t') =N, e + —_—— (2)
+
k ko Ak NVck
where we assume the only other loss mechanism of consequence is
collision with neutrals (where 0 = Z Gki)’ If time zero is chosen
i
as the onset of the excitation pulse then Nko = 0 and after time t;,
Nk has a population
N olv - (A +NV t!
N, (£") Te on e (1 - e (Ak ck) o] (3)
+N V
k AV
waich for large G approaches the comstant value
n Nol!v

- 1 = ' = V4!
1f the excitation source is removed at to, Nko = Nk(to) and t =t to
then at t'>té

n NV q! ~(A +NVo dt'y —-(A HNVg )t
N () = ek [1 e Vo o]e AetVoy

< . (4)
Ak:l-NVok



For simplicity we assume the excitation pulse width té to be large

- (Ak+NVUk) t;
so that e terms are ~ 0. The NVok term is expected to

be pressure and temperature dependent.

When the above problem is expanded to two stages of cascading,

Holzberlein7 obtains after rearranging:
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where A' = A, + NVo,. From this expression we can determine N, , N
i i i ko® " %0

and Nmo at to by matching the solutions before and after cutoff so as

to obtain a solution at t = t'-t

[o]
At
N (6 = [N ) adlso AorA o :|e At
= - ATAT T_AT T_A'
k ko o A=Ay om BBy (A-ay)
At
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- 1 T AY 1A
g Uygmhy “fo D (A-AD) (A -Ay)

_AT?
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+ z [ [ 1 [] e
gm (ApAp) (By-AD)
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We can readily see that for a simple one~stage cascade with a
single cascading state 2 Eq. (5) becomes

OkNVéne Aikcleene —Akt Alkoszene _Alt

kT A, EGAA) J° ¥ A &R © o

where t=0 at termination of the excitation pulse. The excitation
pulse is assumed long with respect to the lifetime of the states
involved (i.e., reciprocal of AR for state 2 if £ is the longest
lived state).

R. G. Fowler has considered the problem of radiation excitation
from a hot cathode such as might be expected for 23S » 23P including
diffusion terms and finds such an argument tends to indicate an ob-
served lifetime that is shorter than the actual lifetime, The dif-

ferential equations of the two states are

X - - A2
Ny AN, - NN+ BmNm + py

N
m

- Y
BN - AN+ AN, +p_

where Nk is the population density of 23 states, Nm is the popula-
tion density of 23s states, Ak is the transition probability for the

2% > 23 transition, B_ is elatation rate (23 + 2%) due to photon

m
flux f£rom the cathode and represents z product of radiation field

. i1 . A2 [2.405)2
density and Einstein probability of absorption, = R D comes

from the spatial solution of the complete diffusion equation for am
infinite cylinder of radius R. p, and p, are production rates by all
other processes and are assumed to be zero after cutoff of the elec-
tron current,

After Kaplan13 (p. 471) we have the solutions



- + 2
N = e—Azt + e . Bm+A -
k ¢ Co
B
P, - = p
p,tp a2 k A “m -(A +B +72)t
+ kAm - ety 4 . k (1_e Kk m ](9)
k _n
L+ ?) A2 1+ Ak) (Ak+Bm+]\2)
m
and
A -(A +B +A2)t P, +p 2
_ -72t m k*m ~\ct
Nm—clige -cy e + B (1 ~e )
L+
k
Bm
P T & Pn ~ (A +B +12)t
- —* [1 -e K ] . (10)
(1 + -5 (A +B_+12)
R
If we require N =N =0 at t=0 then c¢;=c,=0 then at some t=t
k n (]
we can redefine ¢, and c, by setting pk=pm=0 and match the equation
before and after cutoff to get
B
P, - = P 2
_ 1 A2t k A "m -(Ak+Bm+A )to
C1+CZ—T(1—6 ) + B 1l-e
' —) 72 _m 2
@+ 59 (1 + Ak) (A +B_+A2)
m
and B
P, — = % 2
Ak pk-l-Pm —Azto k m —(Ak+Bm+A )to
CI—B—--02=*———'—B———"(1—3 ) - B > 1-e
m L+ KE')Az (L + jAl-nf) (Ak+Bm+A )
or )
p, +p -hct
cy k AE (L -e °)
(1 + -]?T_) A2
m

and



=~}

"
Pk Apm

o

C2 = B [l - e
m
[1 + A—k) (Ak+Bm+A2)

- (Ak+Bm+ N to]

The final solution for population of 23P at time t after cutoff at

time to is given by:

p,.+p

~p2 —-72
Nk=__..£_£.‘.__{1_ Ato]e[\t.{.
k
(l'l-—g—}[\z
m
B
PR, P 2ty = 2)
k A "m -(A +B +79)t -(A +B +p9)t
+ . k @'_ o k'm o)e k m . oan

L+ i) (A B +12)

This result indicates that if a diffusion effect exists of consequence
we should see two exponentials. If diffusion is very important the
last exponential would correspond to the diffusion plus absorption
plus natural lifetime and the diffusion "lifetime" would enter as a
longer exponential. If stimulated emission were included as well
one could expect the observed lifetime to be even shorter since its
effect would be to add to Ak'

The collisional transfer of excltation from the nlP states to
nl’3F states which then decays to an ml’3D state can be described

analytically by solving the following set of simultaneous differential

equations:
W =-(B -D V2 2
1) (Bo D _V4)W APoP (12)
P = - +NVg,  ~y2 + NV +
P BOW (A? N Tpp v DP)P N UFPF Pp (13)

F = NVop, P - (AF+NVGFP)F + pF’ (14)
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where P, W and ¥ represent the population density of the singlet P
states, the photon flux due to nl!P + 11S transitions and the total
IF and 3F states involved in the process of mixing respectively.
The total transition probabilities from the P and F states are desig-
nated by AP and AF which include any linear pressure dependent pure
quenching effects if present. The neutral ground state helium den-
sity is designated by N and is assumed to be constant. Direct pro-
duction by electron excitation is designated by Pp and Ppe The mean
atomic velocities are expressed by V and are obtained from cavity
temperature by the expression V = V3kT/m . The transfer cross—sec-
tions nlP +nl’3F and nP’3F + nlP are expressed by Opp and Opp Te-
spectively and are required to fulfill the conditions of detailed
balance. The probability of transition alp 1 is expressed by APo
and the photon capture probability B0 is obtained from integrating
the Einstein B coefficient multiplied by the Planck radiation formula
over the line profile to obtain the expression

c*g;ApoP

B T2 e —————————
©  4n? V2 v

(15)

in which ¢ is the velocity of light, p the pressure, v the radiation
frequency, g the appropriate statistical weight and V is the mean
atomic velocity. The diffusion terms V2DP and VZDW account for diffu-
sion losses of excited P states and photons respectively. They can

be solved independently since they are spatial only and have the

solutions in cylindrical geometry of

2 2
_ 2 _ T 2,405
= DT = DG+ )
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by = ~Dyv2 = DW[(-E)Z + (2'—202) 2] (16)
where ¢ is the length of the cylinder and a its radius. DP and Dw
are given by‘%% for the particles under consideration where ) is the
mean free path (mfp). Due to the restriction of the surface of the

cylinder it is necessary to impose a limitation on mfp as expressed

below.

o f=

—-];-=—];.+
KC Ag

where >‘c is the corrected mfp and )‘g is the mfp of the gas. For He
ions14 D = 380 cm?/sec at 1 mmHg and 300°k. Temperature and pressure
corrections are made as follows
DP Q
p=-20 [T_] - % v

P TO g

Values of D for atoms in their own gas indicate Dions < D by a factor

of 4 or 5.14

1]

This yields a mfp for helium at 1175°K and p yHg of Ag .765/P

cm., Similarly for AW the mfp for the photon gas we use AW = (i.e.,

wio

velocity over collision frequency). Since BoaP we note that and

Ap

AW are both m‘l so that ), - a as po0 for both cases.

P c

Equation (14) actually consists of a sum of the two equations
d3F3
— = - 3
e NV0P3F3P (A3F3 + NVcFP) Fq
and
dlr,

—— = - 1
I NVUP1F3P (A1F3 + NVo ) 1F3

so that upon adding
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dF _
G = WP (opsp *+ op1p) (g, + NVo,)F

where Ay, ~ Ay and F = 3F; + !F;, The principle
3 3

* Ospp ¥ Ol

of detail balance requires that
BpOp3p, T B3p O3Fp T Blp,Olrp T BpUply,

if we assume that the singlet and triplet states are not mixed, If

they are somewhat mixed as anticipated theoretically by R. K. van der
Eynde'gg_gL,ls there would still be a symmetric and an antisymmetric
state which would be expected to fulfill similar conditions of detail

balance. The statistical weights to use for the above relation are

gP—B;g@3=g%3=7.

Now the constant of Eq.'s (12), (13) and (14) have all been de-

fined and we seek the form of the solutions. Applying the standard

technique of assuming solutions of the form P = Ae-kt, W= Be_)‘t

F= Ce-}"t and substituting back we find it necessary to solve the fol-

and

lowing secular determinant:

Ao () #2o

Bo A - (AP+NVGPF+AP) NVcFP =0
ATVT ~ N A AN ~ \
L L\VUPF A \LAFH-IVUFP/ )

which is third degree in A. For convenience we solve it numerically
for each level from n=4 to n=10 using transfer cross—sections of St.
John and Nee16 and transition probabilities of N.B.S.4 and Jobe and
St. John17 the solutions have been obtained at several values of

pressure. Form of the solution is

-t A Ast

W= A + B 2t 4 Cie an
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P = Aze—x]‘t + Bze—}\zt + Cze-)\?’t (18)

7 _>\1t _}\zt -Ast

it

Age + Bge + Cge (19)
The solutions for ), and )5 are plotted in Figures 1 and 2 for the
pressure range from 0 to 200 microns of Hg. A transfer cross section
Opg of 7.5%x10716n2 where n is the principal quantum number, was used
to obtain the results shown,

Since the fast lifetime ); represents the photon state's equili-
briating process and takes place in the order of picoseconds it will
not normally be observed in experimental data. A plot of the ratio
of B, to Cy and B3 to C3 versus pressure for each n value is shown in
Figures 3 and 4 for the P state and F state density expressions re-

spectively. The expressions for Ay, By, Cy, A3, B3 and C3 are

i [pF(AF+NvGFP- A3) (AG#HNVOL= 1))

A, = ~ -P
l_ op NV (AN~ 1 B) P
—>\1t
I’(AF+NVU ~11) (A#B_=11) - oy
l_ (A3=2p) (A1=22) >\1 ’
, (Ap=AB ) ‘s (Ag=17) (AG+B =32) Mg
By =
2 P (Ap=A3) 2 (Ap=13) =it
(Aw'f'Bo—X 1) )\2(1‘-8 )
")\zt
< e )
Ao ’
AZ)‘I Bz)\z —)‘3to
Cp = [P, - - (-e )
2 P -t -\t A3 >

1-e © (1-e o)
FNV

AF+(0FP+0 NV 2

FNV

Af+(° +0. )NV ’

Az =

By =



n=l;

"
o
o

1

Transition Probability A, (205 sec.-1)

0
0 50 100 150 200

Preasure (microns of Hg.)

Figure 1. Solutions feor 22 of Eq:e (17,18,19) Showing the Pressure Dependence 6f the Calculated Fast Lifetize,

#1
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and

CchFNV

C3 =
AF+(0FP+0P)NV

where t0 is the time length of the excitation pulse.
It is now possible to compute the anticipated cascade contri-
s 1 . s
butions to nl?3D states due to n ’3F state decay by solving the dif-

ferential equation

D= —(A.D + ODNV)D + AFDF + PD (20)
where F is obtained from Eq. (19) using the results after cutoff. Then
Eq. (20) has the solution

[ A Cse
(SRR TGy T (ASFa NI

At Aot -Ast

B 3e_

_ -at
D= Doe + AFD

where
A
Dol - AgphAsh ) LICELY ) AppC3ts
o D —Xlto —Azto -)\3120
(o=27) (1-e ) (e=22) (L-e ) (omAg)(l-e )
-ato
< 1= )
a
where
o= AD + GDNV
Tirom these expressiocns it is possible to predict the components
of the nl’SD decay function provided the model, cross—sections and

transition probabilities are correct,



CHAPTER III
COMPUTER PROGRAMS DEVELOPED FOR LIFETIME DATA ANALYSIS

Introduction

In pursult of improved data analysis methods, four computer pro—
grams have been coded at the University of Oklahoma., The technique
employs direct readout of data froma 256 channel analyzer onto punched
paper tape through a 33ASR Teletype. The resulting paper tape is
loaded into disc storage peripheral to the computer employing the
same teletype and a standard telephone line. The data is then re-
duced to obtain the desired lifetime using the aforementioned pro-
grams,

The first three programs are written in such a manner that each
of them employs the same data input subroutine (named INPAK). This
subroutine accepts multichannel analyzer data from the previously
constructed disc file (named INPUT), stores the data in core for
computations, and prints the appropriate heading and date information
with each execution. Because of the on line nature of the time sha-
ring system, a question' and answer format has been employed to enter

the remaining parameters needed in the analysis,

19
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The fourth program is used to generate data simulations for the
purpose of testing reliability of the data analysis programs.

A block diagram describing the experimental arrangement is
given in Fig. 5. A brief description of each of the four computer
programs (FPLOT, RICH, LASL and JERK1) is given in the following
four sections. A brief analysis of program limitations and check-
out methods is also presented below, followed by a complete listing
of the four programs and their associated subroutines in Appendix
A. As an additional aid in describing the computations involved,

a sample execution of each program is given in Appendix B.

FPLOT, a Semi-Logarithmic Plotting Routine

This program employs only the INPAK subroutine. The purpose
of this program is to plot the logarithm of intensity at the appro-
priate channel location. It is from this plot that a judgment is made
as to data quality, complexity (e.g. how many exponential components)
and usability (i.e., what section of the data set can be used). The
number of channels (points) to be considered for the plot is deter-
mined from an entry in the file INPUT. The following steps are per-
formed in the program:

a. Search all data for maximum and minimum (excluding zeros)
intensity values.

b. Request plot density from user (e.g. 1 means plot every
point, 2 every other point, etc.).

¢, Inform user as to maximum and minimum values and accept
any changes given.,

d. Compute a scaling factor from maximum and minimum intensity
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Figure 5. Functional flow chart for excited state electron lifetime data.



22

values and the number of print colums (e.g. 64 on Teletype printer)
available for plotting.
e. Compute and print a symbol (+) in the printer column deter-

mined by (LogeYi—LogeS)/Sf where S is the minimum, the scaling

Sf
factor, and Yi the intensity recorded in the izh channel.
Further clarification may be obtained by inspecting the sample prob-

lem in Appendix B and the program listing in Appendix A,

RICH, a Linear Technique for a First Approximation

This program employs the subroutines INPAK, RGRES and DSPAK.
The primary function of this program is to obtain a first approxi-
mation for the lifetime and coefficient of each exponential and the
constant corresponding to a noise or background level, The block
diagram given in Fig. 6 shows the general solution procedure of this
program,

Subroutine INPAK is used to perform the first function shown in
Fig. 6. The next step requests from the user whethex or not each
step of the linear regressions results of the exponential unpeeling
procedure is to be printed (normally suppressed), whether or not a
tabulation of the data is desired. number of exponential parameters
(including the constant) to be anticipated, first point of useful
data, last point of useful data, excitation pulse repetition rate
(pulses/second) and a break point in the curve if it was detected
visually from the plot but not by the program in a previous attempt.,
At this point a check is made on the multichannel analyzer calibra-
tion data to determine if the calibration (ns/chan) is known (a

negative calibration coefficient for the first entry in the third
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line of INFUT) or must be computed from channel numbers and corres-
ponding time increments obtained from lines 2 and 3 (all positive
in value) of the data file INPUT., Next, the percentage of count rate
to excitation pulse repetition rate is printed. This value should be
held to less than 10% (see Chapter IV) to obtain acceptable data,

The procedure for unpeeling exponentials begins by performing
a linear regression on the natural logarithm of the last 50 data
points of the designated set of data, Pertinent equations used in

the regression calcul:ations are:

. =‘% % - n z Viti = [g ti}(; Vi] § o |
i " ]9 - [g ti]2 1
n g Vltl - [E tl](g Vi]
B = ,
n :zl t% - [Ig ti]Z
2 - ()
R, = i i ,

where t is the independent variable (time, V is the dependent varia-
ble (Loge intensity) and A and B are the best fit parameters for

the equation V = A+Bt. The value of R2 is used to monitor linearity
of the set of n points. This value is 1.0 for a straight line and

decreases in value as the nonlinearity of the n points increases. The

procedure for unpeeling exponentials continues by performing successive
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regression on the last 70 points, then 90 points, etc., monitoring R,
each time. A decrease in R, is taken as an indication that a second
exponential is entering the data. When this decrease in R, occurs
the values of A and B for the previous R, are stored. At this point
a constant is subtracted from the data used to calculate A and B.
The regression is applied again. The value of the comstant is varied
to three significant figures until the highest value of R, is reached.
At this point the new values of A and B are converted to the form of
the coefficients and the lifetime of the long exponentials and the
constant is stored as a background level. Successive regression cal-
culations are made on the remaining data set progressing toward the
first data point (while monitoring R,) with the long exponential and
the constant subtracted off seeking parameters of the remaining expo-
nentials. As each additional exponential is detected, its parameters
are recorded and it is subtracted from each of the remaining data points.
Having obtained all exponential components recognizable through
this unpeeling procedure and having printed out the function para-
meters, one can now request a plot to evaluate the quality of this
first approximation. Normally a plot of every third or fourth point
is sufficient., The magnitude of the iEE point to be plotted is de-

termined by the expression:

m -ti/Tk]

Loge(Yi -C- ; Ae
= k7]

Sij S

f
where Yi is the actual data point, C is the comnstant level, Ak is the

coefficient of the k-g-l exponential component, Ty is the lifetime of
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th . . . .
the k— exponential, m is the number of exponentials discovered, ti

is the time corresponding to the iEh data point and S_ is the scale

£
factor appropriate to the printer used. The plots of each j are de-
noted by different letters of the alphabet with Sil (the fastest com-

ponent) plotted as the letter A, Si as B, and on with Si (illus~

2 ml
trating the noise or background level) represented by the highest let-
ter used. This curve represents deviations of the data points about
the approximated solution.

Further clarification of the capability of this program may be

obtained by inspecting the sample solution given in Appendix B and the

program listing in Appendix A.

LASL, Nonlinear lLeast Square Parameter Adjustment for Best Fit

This program employs subroutines INPAK, ISPAK, QSPAK, LAMBDA,
RSPAK, YPS, RGRES and DSPAK in addition to the two subroutines MINV
and GMPRD from the Scientific Subroutines package. The objective
of this program is to adjust the exponential parameters given as a
first approximation until the best fit of the analytical curve is
obtained. A rough outline of the computational procedure is given in
Fig. 7.

Program LASL first calls ISPAK which loads all data and identi-
fication through subroutine INPAK then requests from the user the:

a. number of parameters to fit the curve to (e.g. two times
the number of exponential components plus 1 for the constant term),

b. first location of the data set containing useful data,

c. 1last location of the data set containing useful data,

d. power (x) to which a weighting function
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m  -t./t. X
W, = [# (Z Ae t 1+ cﬂ}
i E i

is raised for use in least squares calculations,

e. printer control (normally 0) which can be set to 1, 2, or
3 for increasing amounts of debugging information if problems arise
in execution,

f, desirability of holding the constant term fixed (1 no,

2 yes),

g, initial values of lifetimes coefficients and constant to
be‘used.

The exponential power on the weighting function allows one to put more
emphasis on one end of the curve. Since the noise observed in most of
the data tends to vary with the square root of intensity a weighting
power of -0.5 will tend to remove this effect. The weighting factors
are calculated using the initial parameters and remain fixed through-
out the least square procedure. This program was initially obtained
from Los Alamos Scientific Laboratory18 but has undergone major al-
terations in being adapted to our applicationmn.

The least squares technique used is that of Gauss-Newton modified
to give a steeper path of descent. Tne technique is described briefly
below with proofs left to other sources.lg’zo’21

First compute a %i determined from the initial parameters Pk of

the m exponential components,

" 2m .
= N | s
Yi = jz Pj_le + P j=2,44...2m (2L

-

then compute a difference between the calculated value and the true
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data

AYi = Yi - Yi . (22)

Compute the following 2mt+l by 2mtl matrix:
~ E BYR aYl

ik BPi apk

a W2 i,k=1,2,...2mtl (23)

where WQ is the weight to be attributed to this data point. Compute

the colum vector,
b, = ) == AY, W, . (24)

Application of the A and B matrices defined in Eqs. (23) and (24) is
described by the following development. One can argue by means of a

Taylor series, truncated to the first order, that:

2mt1 aYl
pY, = % -5-P-;L-AP2 (25)
multiply through by ~
A,
BPk i

then sum over i to get the 2mtl equations:

oY, n 2mtl 3Y. 9Y,

2
ZAYi_B—l;iwi=Z % ——i—:w. AP (26)
1 1

which can be written in the following matrix form:

B = AA\P or bi = aijpj @7n

Perform a normalization of A such that:

a.
af, = —adl (28)
13
V351255
Then b* = a% (29)
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if
" bi p¥
b, = and p, = —— (30)
Va.. 3 va,
ii 13

It has been shown22 that addition of a constant matrix AL to A* has
the effect of rotating the B* and AP* vectors in configuration space
so as to attain a more definite convergence.
Hence the procedure is to solve the expression
B* = (A% + \I)AP* (31)
for the AP#* vector which can be converted to APi's by equation (30)
to obtain the next set of Pi's for an iteration.

Normal procedure is to moaitor
n
® =) AYZ W,
R

for each iteration. As long as ¢ decreases from one iteration to the
next ) is left small and the Gauss-Newton method works normally.

On any given iteration if ¢ increases from its previous value,
the value of ) is increased until (1) & no longer is larger than it
was on the previous iteration or (2)

B*AP*+

- (o)
=W> cos 45

cos

Condition (1) is the normal condition and has caused convergence for
cases that otherwise would not have converged. If Condition (2)
arises a correction of the form APj = HAPj where H<l is applied until
¢ satisfies the requirement that it not increase in size. A converged

solution is accepted when

AP,
—={ < 1075 for all i.

i
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Other output information includes

5 2
A
The weighted variance = e s

The unweighted sigma

The unweighted sum of _ n
squares of the devs. ) AY%

=t

and

/’ W, AY?
o = A_l _i—.l—- o

Standard deviation

P. | n-2m-1
J
Exact least squares equations:

n R BYi

Fitted function U, = z W, Y, —
j i i 9P ’
n BYi

Input data v, = g W, Y, ﬁ ]

At this point one can choose to plot out the results of the solution
to make a visual check. The method of the plotting routine is de-
scribed earlier in this chapter. Further clarification of LASL may
be obtained by inspection of the sample execution in Appendix B and

the listing in Appendix A.

JERKL, A Data Set Simulation Program

Program JERK]1 uses no subroutines other than a systems supplied
random number generator RANDU. This vital program simulates data with

known lifetimes, coefficients and a constant. In addition an adjusta-
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ble fraction of random noise is added to each data point in a manner
proportional to the square root of each point so as to more nearly
simulate actual data.

This program generated the cases discussed in the next section
to determine some limitations of the analysis programs. It is kept
available so that if a true data run looks suspicious it can be simu-
lated then checked for repeatability.

The inputs required by this program are:

a. READ ID TAPE, for which 12 spaces are available for a name,

9 spaces for the data, 2 spaces (I2) for a data run number, 6 spaces
for a run identification, 5 spaces (F5.0) for a wavelength and 5
spaces (F5.1) for pressure in microns.

b. ENTER NUMBER OF CHANNELS (N), CALIBRATION (NS/CHAN), MUL-
TIPLIER FOR NOISE, requests the user to enter the number of data points
in the simulation (e.g. 255), the calibration factor for the indepen-
dent variable and a factor U to adjust the amount of noise to be added
onto each analytical data value.

c. NUMBER OF EXPTL. PARAMS., 138 comr., 128 vLirernve, 228
COEF., ..., CONSTANT, requests entry of the parameters representing

the data set that is to be simulated.

The principal equations used in JERK1 are:

and
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-x. /1. L

m
= - 1]
o, = U(R;=0.5) Z +C

A. e
j=1 7
where Vi is the simulated intensity of the iEE time point, Aj the
coefficient of the jg—1 exponential component, Tj the lifetime of the
jEE-exponential component, m the number of exponential components,

C the constant background level, U the mnitiplier (normally a number
between 0 and 10) to determine the amount of noise to add to the curve
and R, is a random number between 0 and 1.0.

Further clarification of this program is available by inspecting

the listing given in Appendix A and the example given in Appendix B.

Analysis of Program Limitations

A complete analysis of limitations of programs RICH and LASL would
be extremely voluminous and will not be considered here. However, an
indication of problems that might arise is obtainable from Tables 1,

2 and 3. It is necessary for each user of the programs to become
familiar with their operating characteristics in order to properly
assign uncertainties to any parameters thusly arrived at.

An examination of Table 3 would indicate that, as one might ex-
pect, more reliable results are obtained for smaller values of sigma.
It is also apparent that, even when poor results are obtained, the
value of sigma is very close to the sigma imposed on the original
simulations. In general, as Table 3 indicates, one can expect a
large value in standard deviation to indicate rather poor results as
it should. However, as certain runs of case #8 indicate, poor results

are not always accompanied with large statistical standard deviationms.
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The problem of analysis of case #8 is due to 77 and 1, differ-
ing only by a factor of 2, having equal exponential amplitudes and
most important a large error superimposed on the true curve as pre-
viously indicated. It should be noted that for the same set of para-
meters but with decreasing levels of random noise (see runs #5, #6
and #7) the reliabilities of the solutions become much greater.

Rather than construct a set of tables to cover all eventualities,
which could 1lull the user into convincing himself that his problem
fali; ﬁithin the limits of a certain table, another procedure is re-
commended., The procedure is that upon running a case that falls out-
side the region of prior experience one uses these results in JERK1l to
simulate the case introducing sufficient error to give a sigma com—
parable to case in question. If this simulation and one or two others
with slightly adjusted exponential parameters give favorable results,
then one could assume equally favorable results were obtained in the
original case.

The LASL results listed in Table 3 were computed prior to inclu-
sion of the LAMBDA routine to give a steeper path of descent. Since
this modification case #8 with weight option-3 has been rerun and was

successful in converging to a meaningful result.
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TABLE 1. DESCRIPTION OF TEST CASES GENERATED IN JERK1,
(Time scale was set at 1.0 in units of ns/channel.)

Noise Al A2 C

Case Level Ty T2 counts counts counts o
No. Multiplier ns. ns. in 1000's in 1000's in 1000's counts
1 5 10 100 10 10 1.0 103.0
2 5 10 50 10 10 1.0 82.4
3 5 5 50 5 10 0.5 71.8
4 5 5 50 2 10 0.5 71.2
5 5 35 70 10 10 1.0 103.0
6 2.5 35 70 10 10 1.0 51.3
7 0 35 70 10 10 1.0 0.0

8 10 35 70 10 10 1.0 205.0
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TABLE 2, FIRST APPROXIMATIONS FOR TEST CASES GIVEN IN TABLE
1 AS DETERMINED BY RICH.
Error in parameters calculated
Case 1 Ty A Ay C
No. ns., ns. counts counts counts
1 + 0.25 + 3.1 + 194.0 - 70.0 - 74.4
2 +13.0 + 23,2 + 841.0 -4635.0 - 149.0
3 + 6.1 + 6.2 ~ 88.9 -1388.0 - 58.8
4 —_— + 4.4 — - 714.0 - 51.9
4@ L8 4 5.3 +1141.0 -1035.0 - 55.7
5 - 9.4 - 2.5 -2318.0 +3054.0 - 58.8
6 - 7.6 - 2.4 -1479.0 +2291.0 - 25.0
7 - 9.5 - 7.2 -3493.0 +3964.0 + 28.0
8 — - 7.4 — +6406.0 - 83.8
s® 138 +150.0 8201.0 -6057.0  =1000.0
(a) First search failed to locate fast component so a break point
of 10 was given.
(b) First search failed. Break point of 180 was given.,



TABLE 3. QUALITY OF BHST FIT TO TEST CASES LISTED IN TABLE 1 AS DETERMINED BY LASL USING
INITIAL VALUES FROM RICH,
Error in parameters calculated Sigma
T - A, A c /ZIYi—fi(t) 1
Gase WEISRt )y @ |@ @ ® |@ ® | @  ®» | @  ® 250
No. Option ns. ns. ns. nsS. counts counts 'counts counts 'counts counts counts
1 0 - 0,20 0,16 - 2,02 1.59 -~ 22 8 + 70 53 + 43 43.0 102.0
1 1 -0.29 0,14 - 3,19 1,97 - 60 81 + 90 53 + 74 62.0 103.0
1 -1 - 0.07 0.24 - 0.95 1.54 0 128 + 40 64 + 17 37.0 103.0
2 0 - 0.32 0.18 - 0.90 0.58 - 142 126 + 230 126 + 12.0 81.8
2 -1 - 0.20 0.27 - 0.56 0.57 - 76 158 + 150 149 + 9.0 81.9
2 -3 + 0.55 1.25 + 0.37 0.97 - 28 913 - 141 339 - 38 87.0 87.5
3 -1 - 0.22 0.23 - 0.30 0.32 + 48 135 + 70 64 6.0 71.3
3 +1 - 0.16 0.10 - 0,09 0.48 + 60 55 + 50 45 ~ 22,0 71.3
4 -1 - 0.51 0.53 -0.30 0.31 42 131 70 61 6.0 70.7
4 +1 - 0.3 0.23 - 0.10 0.45 53 53 50 42 ~ 21.0 70.8
5 -1 3.66 3.62 10.91 16.58 3070 3100 -3000 3065 - 56 81.0 102.0
5 +1 - 6.15 5,91 -10.49 5.78 =4465 3105 4430 3051 96 79.0 103.0
5 -3 - 2.55 9,05 - 2,24 9.99 - 944 4175 1150 4451 4 53.0 106.0
5 -0.5 3.24 3.50 9.09 15.50 2700 3126 -2633 3076 ~ 47 83.0 102.0
6 1 - 2,40 2.8 -5.,5 4.9 2039 2132 2020 2094 46 51.0 50.8
6 0 0.80 2.0 1.4 5.3 580 1698 - 569 1674 - 37.0 50.9
6 -3 - 1,40 4.4 -1.3 5.7 564 2354 670 2491 29.0 53.3
6 -0.5 -1.10 1.9 3.8 5.6 1300 1593 -1280 1576 ~ 20 34.0 50.9

LE



TABLE 3 (continued)

T1 T2 Ay
Case Welght )y ) |[(@ ® |@ ® |@ ® |[@ ® Sigma
No. Option ns. ns. ns. ns. counts counts 'counts counts 'counts counts counts
6(c) 0 2,00 ~=—~ ~-2,0 =—- 2800 —-—= 1000 - 100 - -
7 0 0 0.01 0 0.03 0 9 -1 9 0 0.2 2.86
7 -3 ~ 0.03 0.04 -0.1 0,06 - 22 24 20 24 0 0.3 3.03
8 0 3.96 7.0 11.3 37.8 3300 6744 -—3196 6585 =52 214.0 204.0
8 -3 18.30 39.0 3.7 13.2 5970 10790 -6012 11690 15 65.0 565.0
8(d) -3 DIVERGED, NO SOLUTION . . N 4684
8 -0.5 +64.1 60.4 =-28.7 5.3 -5283 4465 5450 4684 7622 288.0 204.0
8 +1 17.1 1.95 -55.6 6.0 8490 760 -8544 7880 219 78.0 207.0
8 -0.2 5.3 6.0 19.8 48.5 4550 5643 -4413 5452 -95 250.0 204.0
8 0.5 *25.5 10.3 -39.9 10.2 3890 5707 -3880 5775 86 116.0 204.0
8(e) 0.5 -~ 4.7 10.2 -9.3 11.0 3732 6087 3740 6010 84 120.0 204.0

(a) This column gives the error in the calculated value

(b) This column gives the calculated standard deviation

(c) This run was made to check final result against initial values.

from the true value.

for the parameter.

Result is identical to previous

0 weight option case but initial parameter values were deviated from the JERK1l parameters by
the amount listed here.

(d) This case ran the maximum of 26 iterations and diverged way beyond meaningful interpretation.

(e) As an additional check this case was initialized with the true values as given in Table 1.

8¢



CHAPTER 1V
LABORATORY EQUIPMENT AND PROCEDURES

Many facets that should be presented in this section have been
treated in detail elsewhere. Taking advantage of this we discuss
most items briefly, note sources of more detail and expound on recent
changes that have developed.

First we shall consider the source chamber (invertron) and its
vacuum system. Second we shall discuss the electronics associated
with pulsing the invertron, Third we look at the method of detecting
a monochromatic signal and recording the information needed for analy-
sis as discussed in Chapter III,

The system shown schematically in Fig. 8 is used to measure
lifetimes in the range of 2000 R to 7800 R. Components of the photon
detection and counting system must be replaced for measurement above

7800 X as mentioned below.

Source Chamber and Vacuum System

The components of the system are capable of attaining a base
pressure of 107° torr and had a vacuum integrity capable of holding
to 1073 torr per seven days. The source chamber (designated invertron

for its inverted diode configuration) was originated by Holzberlein,23

39
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analyzed mathematically for breakdown by Russell24 and modified
slightly by Johnson8 to the design currently in use. The hollow
nickel cathode is coated with mixed carbonates of barium, calcium and
strontium, air dried, then heated inductively at or slightly above
operating temperature for a full day under continuous pumping for

outgassing.

Electronics for Source Activation

The source excitation rate is controlled by a Tektronix 105
Square Wave Generator in place of the less versatile neon bulb re-
laxation oscillator. Because of the high voltages applied to the 2D21
thyratrons used for switching the source voltage, the frequency must
be adjusted to find a stable firing rate. The activation pulses
of interest here are either single pulse per cycle from discharging
a length of coaxial cable through the invertron (this method bypasses
the double pulse generator), or two pulses per cycle in which the
first square pulse is obtained by discharging a lumped parameter de—
lay line (artificial coaxial cable) of one-half to five microseconds
duration and the second pulse is the same as that used when single
pulsing. Lengths of pulses available from the coaxial cable arrange-
ments are 10, 88, 93, 126, 512 and 760 nanoseconds or various combi-
nations thereof. The delay between pulses out of the double pulse
timer is continuously variable over a range of O to 50 microseconds.
The double pulse generator is similar to the "timer" of Johnson8 (p.
140). Because of the extensive modifications incorporated, a recent

schematic of the double pulse generator is shown in Fig. 9. The
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voltage applied to the invertron is monitored via a high speed (2.3 ns

rise time) oscilloscope.

Detecting and Recording Data

Using a quartz lens, light from the invertron is focussed onto
the entrance slit of a %-meter Jarrel-Ash monochromator. The selected
line is monitored by a 56TUVP Amperex photomultiplier. The photomul-
tiplier output is amplified by an Ortec 271 Constant Fraction Timing
(CFT) base which can be biased with the Ortec 403A Time Pickoff Con-
trol (TPC) to discriminate against low level (i.e. non-cathode ori-
ginated) pulses. This pulse is applied to the stop gate of the Ortec
437A Time to Pulse Height Converter (TPHC) which was previously
turned on by a negative pulse obtained by differentiation of the
square wave applied to the invertron. The differentiator consists
of a series variable resistor and variable capacitor so as to allow
adjustment of the differentiated signal until the first negative pulse
is too small to trigger the TPHC, yet the second negative pulse (which
is much sharper) is large enough to provide a stable trigger point.
The voltage pulse out of the TPHC, which is proportional to the time
between start and stop signals, is recorded in a multichannel analyzer
operating in a pulse height analysis (PHA) mode.

Accumulation of data proceeds for 45 to 75 minutes until a
satisfactorily smooth curve is obtained. Degree of smoothness re~
quired depends upon the number of exponential components anticipated
to be present in the data and the precision required of each parameter.

The resulting data when displayed on an oscilloscope has the shape of



k4

an exponential decay (assuming no abnormal effects in the discharge)
as expected from an intensity (number of counts in a channel) versus
time (channel number) acquisition. The acquired data is printed
through a 33ASR teletype and simultaneously punched on paper tape.
This paper tape in turn can be loaded onto a computer data file for
analysis as described in Chapter III.

A very important factor in the accuracy of measurements made by
coincidence counting is the ratio of acquisition rate to the source
pulsation rate. This problem arises from the fact that only the first
photon observed from each excitation is recorded with all others
ignored. It is then necessary to require a negligible probability
of multiple photon detection by the photomultiplier. Johnson8 (pp.
19-25) has considered this problem analytically and has arrived at
a correction formula for each data point. It appears, however, that
a negligible effect on lifetime is expected when the acquisition rate
is held to less than 10% of the source pulse repetition rate, This
contention was upheld by an experiment in which an incandescent light
was placed before the monochromator and its intensity profile was
found to be flat (within a normal statistical distribution). This
experiment also served to certify the iinearity of the multichannel
analyzer and proper adjustment of its controls. Perhaps a more con—
clusive demonstration of this effect would be to choose an apparently
cascade-free transition such as the NZ 3914 band and determine lifetime

at 80%, 50%, 10% and 1% acquisition-to-pulsation ratio.
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Tunnel~Diode Monostable Multivibrator Preamp

In order to extend our capability into the S-1 spectral response
range of the infrared spectrum an astable multivibrator circuit uti-
lizing a low capacitance tunnel-diode has been built.

Construction of this circuit was based on a design described in
the tunnel-diode handbook.?® The tumnel diode circuit, which is shown
in Fig. 10(a) is encased in a1l cm x 1 cm x 3 cm metal box for shield-
ing. Input and output attachments are made with BNC connectors. Op-
eration of the preamp requires a DC bias to a level just below the 120
ms peak in the tunnel diode characteristic curve shown in Fig. 10(b).
Under such a condition the diode is caused to switch at constant cur-
rent to 600 mv upon receiving the 5 ms Gaussian pulse from the PMT.
Exact adjustment of the bias level is determined experimentally so as
to cause switching only when a photon strikes the PMT cathode. It is
the constant current tendency of the inductance that maintains the
tunnel-diode current during its switching operation.

The output pulse from the circuit has the form shown in Fig.
10(c>"when terminated into 50Q. This output pulse fulfills the stop
signal requirements of the time~-to-pulse height converter used for
delayed coincidence techniques.

A check of feasibility was undertaken by exposing an S-1 response
photomultiplier to a constant level light source (a hot cathode)
stopped down with an iris until a count rate of 10 per cent of the
start signal repetition rate was observed., Counting at this level
produced the expected data set consisting of equal counts in all

channels within the normal error distribution, i.e., error varying
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inversely with the square root of the number of counts accumulated in
each channel. TFor best results the photomultiplier voltage was set at

its maximum allowable wvalue and cooled to liquid nitrogen temperature.



CHAPTER V
EXCITED STATE LIFETIME MEASUREMENTS IN ATOMIC HELIUM

In this chapter we shall inspect the new data obtained, compare
it to results of others and attempt to analyze its meaning., For all
cases the intensity vs. time data was analyzed by digital computer
using the programs discussed in Chapter IV, Where a sufficiently
large sampling of observed lifetime as a function of pressure was
available the data was fitted to a straight line using a linear re-
gression with appropriate weighting to convert to reciprocal lifetimes
for the fit. Statistical weights for the points were the uncertain-
ties developed by the non-~linear least squares fit of the data to
exponential functions. The most probable results indicated by 199
individual measurements of lifetime are shown graphically in Figs.

11 through 17. In most cases, above n=5, the data exhibited two ex-
ponential components, the faster component being more characteristic
of 1P state lifetimes than of the state chserved, When this oceurred
the "cascade", second, or slower lifetime was identified with the

state observed. The uncertainties quoted for calculated or NBS de-

rived results are those set by the NBS authors.

48
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Analysis of He nlS Transitions (n=39)

(Results are shown in Fig. 11.)

From six pressure measurements the lifetime of He 3!S has been
determined to be 55.9%2 ns. The data obtained had no discernable
cascade contribution. For comparison the lifetime derived from NBS4
transition probabilities is 53,2+#1.5 ns. That of Osherovich and
Verolainen26 is 60+3 ns, whereas Bennett, Kindlemann and Mercer27
measured 55 ns.

The lifetime for 4!S of 89%3 ns was reported by Johnson and
Fowler.28 In comparison to this a value of 89,8%3 is obtained from

NBS4 transition probabilities, 84 ns is reported by Bennett et al27

and 75*4 ns was reported by Osherovich and Verolainen.26

The lifetime of 5!$ was determined to be 160%3 ns from determina-
tions at 5 pressures. This state exhibited no secondary or cascade
lifetime in any measurements. This value can be compared to the NBS-
derived4 value of 151%15 ns, the Pendleton and Hughesz9 measured value
of 144%3 ns, the Osherovich and Verolainen26 measured value of 11515
ns, Allen 95_3530 measured 118+8 ns, Kindlemann and Bennett31 measured
333+18 ns, and Bennett 22_3127 measured 141 ns.

A lifatime of 210%4 ns was determined for 61S from data at seven
different pressures, each case exhibiting two exponentials, The shorter
component lifetimes fell between the non-blockaded 6P lifetime of
12.9 ns and the blockaded value of 269 ns and exhibited the character-
istic trend of a blockaded state, which is to increase with pressure,

rather than to decrease as with normal quenching., For comparison one

can calculate a value of 240%12 ns from NBS4 transition probabilities.
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For 7!S only one pressure was used. This measurement exhibited
two components of 44*4 ns and 192#24 ns at 140 microns of Hg. Assum
ing a quenching cross section of 7x10-1%cm? for this level, the slow
component could yield a lifetime near the 356%35 ns calculated from
NBS4 and Gabriel and Heddle32 transition probabilities. Such a cross
section is not incompatible with that observed for other states where
a pressure dependence was obtained. The exponential amplitudes of
the two components were of approximately equal magnitude but since
this represents intensity rather than population each must be multiplied
by the corresponding lifetime to obtain representative time zero (end
of excitation) population demsities. This would indicate a population
due to direct excitation of approximately four times that due to the
alternate process. The process causing the 44 ns lifetime could not
be due to cascade, for the rate equations would require its coeffi-
cient to be negative which was not the case. In addition an indepen-
dent measurement of 7!P at 150 p-Hg yieldsa lifetime of 49 ns which
was comparable to the fast component of the 71s decay.

For 8!S four measurements of lifetime were obtained, each of

which indicated at least two components and the two highest pressure

which (11 ns) was quite possibly due to barium which has a very strong
line at the same wavelength. The other two measurements at 76 u-Hg

and 110 p~Hg appeared as two exponentials, the fast components of which
at 55 and 59 ns are very similar to that observed for 8!P. The longer
lived components at 431127 and 550%200 ns, although statistically

very uncertain due to an insufficient supply of data, do compare
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favorably to a calculated value of 521152 ns at zero pressure, The
ratio of coefficients of these two components indicated that about
1/3 of the decayed states came through the faster process.

For 91S one measurement was made at 145 pu-Hg and appeared to
be a single exponential having a lifetime of 47+l ns. This is most
likely due to the inadequacy of the time scale used to resolve a
lifetime on the order of 700 ns as expected from the 91!S state. The
value observed here is larger than but on the order of the 36 ns ob-

served for 9P at 140 u~Hg.

He n!P Transitions (n=5-10)

(See Fig, 12.)

It was not originally proposed to measure these transitions be-
cause of the nonlinear effects of "blockading" due to resonance ab-
sorptiony however, several were measured in the course of the experi-
ment for comparison to anomalies found in other states. It should be
possible eventually to place these results on the lifetime curves
given in Fig. 1 when the true constants of the equations and the com
plete set of equations have been found and solved for the tramsfer

processes. The data measured for lp states is given in Table 4.

TABLE 4. MEASURED LIFETIMES OF nlP TRANSITIONS.

Level Pressure fast lifetime slow lifetime

u~Hg (ns) (ns)
51p 100 27.920.3 114 4

140 23,1+0.4 108 +4
61p 40 33.8+0.6 293+25
— 120 23,410.4 200 7
—— 35 20.2+0.2 153 5
— 300 17.7:0.5 196 *4
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TABLE 4 (continued)

Level Pressure fast lifetime slow lifetime

u~Hg (ns) (ns)

7lp 125 16.8+0.3 146 *3
— 150 49,0%2.0 355+40
_— 150 24,0%1.0 280+24
glp 78 30.0+2.0 153 #4
_— 120 17.440.5 356+33
_— 145 67.0+3.0

~—— 145 42,0+1.0

_— 150 46,0+1.0

— 500 15.0+1.0 12011
9lp 140 36.0+2.0 259 +7
10lp 130 38,0%2.0 255+10

Analysis of nlD Transitions (n=3-9)

(See results in Fig. 13.)
From three measurements the zero pressure lifetime of the 3!D
state was determined to be 20%1 ns. This result compares to 15.4#0,5

ns calculated from NBSA, 16+1 ns as measured by Osherovich and Vero-

lainen,26 15.5*#1.5 ns measured by Allen et al,30 18+5 ns measured
earlier by Fowler et al,33 16+4 ns measured by Kindlemann and Bennett31

and 22 ns measured earlier by Bennett et al.27

The three data points
at 26, 58 and 90 y-Hg fit a stright line, exhibiting a quenching cross
section of 3.7x10"'%cm?. These results compare quite favorably with
that of Drti134, who measured a lifetime of 20.5%0.9 ns and a '"depo-
larization" cross section of 6.0x10™1%cm?® using the Hanle technique.
The data all exhibited two exponential characteristics, the longer

of which is surmised to be from one or more lF states. The longer
component lifetimes did not appear to fit a straight line as well as

did the short component. It appeared, however, that an extrapolation

of the second component would fall in a range from 400 ns to 1100 ns
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which is the range for 7, 8, 9 and 10 lg,

Measurements by this method of 41D were reported earlier by
Johnson and Fowler28 to be 41*3 ns. This result compares to the NBS4
derived value of 37.8%1.2 ns, Osherovich and Verolainen‘s26 measured
value of 30%2 ns, Pendleton and Hughes29 measured value of 47%5 ns,
Allen gE_ngo measured 3815 ns, Fowler EE_él33 in an earlier measure-
ment reported 354 ns, Kindlemann and Bennett31 measured it at 336
ns, Chin-Bing and Head35 measured 4415 ns and Bennett EE_él?7 measured
34 ns.

The 5!D line was measured at two pressures and extrapolated to
56 ns, However, because of the lack of data to establish the line more
definitely a large error of *10 ns is assigned to the value. These
lifetimes also exhibited two exponential characteristics, the longer
of which is thought to belong to a higher IF state. Due to uncer-
tainties in the measured slower decay constant and the lack of suffi-
cient pressure statistics they cannot reliably be extrapolated to
zero pressure. It is however within range of what one might expect
for the free atom lifetimes of 7, 8, 9 or 10 1§, TFor comparison the
value obtained from NBS transition probabilities is 72.7+3 ns whereas
Osherovich and Verolainen26 observed 4613ns and Bennett g£_§£27 mea-
sured 59 ns. The 61D lifetimes measured at five pressures exhibited
two exponential behavior; however, the fast component appeared well-
behaved (quite linear) with pressure and extrapolated to 72%3 ns.

In comparison the value calculated from NB54 data obtains 123#12 ns.
The cascade or slower component also fits a straight line quite well

and extrapolates to 380%30 ns which compares quite well to that expec-—
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ted for 7'F of 370 ns as calculated from transition probabilities
computed by Jobe and St. John.17

For 7!D a set of four lifetimes was measured, each member of
which exhibited double exponentials. The first component indicated
a zero pressure lifetime of 65%20 ns; the second, a value on the
order of 800%200 ns. Neither value agrees with the calculated4 value
of 207+40 for this level. The value of 800 ns compares quite well
however with the calculated value for 9!F. It is probable that both
collisional transfer direct to 71D and through 8!F and 9!F were pre-
sent and masked the true F state lifetime. Such a presence would yield
a three-exponential decay and might be observed with better statistics
using a longer acquisition time at each pressure.

For 8!D only two measurements were made yielding short component
lifetimes of 26.6%0.4 ns and 33l ns at 100 and 110 u-Hg respectively.
The longer-lived components were 2862 ns and 577413 ns respectively.
Again none of these compare favorably to the calculated4 value of
29749 ns. It is apparent that the true lifetime at this level is
again masked by other processes, The short component lifetime is no-
tably similar to that expected of 8!P lifetimes suggesting that a di-
rect transfer is now beginning to set in at this large value of n.

For 91D only one measurement was obtained at 110 y-~Hg yielding
lifetimes of 56+l ns and 298%6 ns. A plot of residuals (data minus
the two exponentials) indicated the possible presence of a third
exponential but it was not extractable., Neither value agrees with
the calculated4 value of 420%50 ns, and it is again apparent that the

short component exhibits characteristics similar to that observed in
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91p, indicating a direct transfer mechanism.

Analysis of n3S results (n=3-9)

(See Fig. 14.)

The 33S level was measured at eleven pressures and did not appear
to contain more than one exponential., Results of the data suggests
a free atom lifetime of 571 ns. This compares to an NBS4 derived
value of 36.4%1 ns and a value of 473 ns as measured by Osherovich
and Verolainen.26

The 43S value of 62%3 ns was reported by Johnson and Fowler.28
This compares to 6416 ns obtained from NBS4 transition probabilities
and measured values of 69%3 ns by Osherovich and Verolainen,26 68+1
ns by Pendleton and Hughes,29 5946 ns by Holzberlein,23 65t4 ns by
Kindlemann and Bennett,31 65*3 ns by Nichols and Wilson,36 67.5%f1 ns

37 77.5%4 ns by Bennett and Dalby,38 44 ns by Bennett

et al%7 64.5%1 ns by Allen et a1,30 59+6 ns by Fowler et al,33 and

35

by Heron et al,

5245 ns by Chin~Bing and Head.

For 535 two measurements at different pressures were obtained
having lifetimes of 58%0.6 ns and 108.5+1 ns at 170 and 35 p-Hg re-~
spectively. These apparently single expomnential results extrapolate
to 140%20 ns at zero pressure with a cross—section of 2.5x10~ *em?
which is in general agreement with other quenching cross-sections ob-
served in this experiment., The calculated4 value is 110*11 ns, whereas
Osherovich and Verolainen26 have measured 106+5 and Bennett EﬂLJ§L27
have measured 65 ns.

The lifetimes measured for 63S showed two exponentials. The

reciprocal lifetime did not appear very linear with pressure for
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the fast component and suggested a value of 75+20 ns whereas the
longer-lived components indicate a zero pressure lifetime of 400100,
By comparison the calculated4 value is 183+18 ns.

For 73S four measurements gave fast components between 63 and
129 ns which are longer than those observed at 7P but shorter than
calculated4 for 73S at 260 ns. The longer lifetimes measured ranged
from 356 ns to 602 ns. All samples exhibited two exponential compo-
nents.

For 83S four measurements, three analyzed as two exponentials,
yielded fast component lifetimes ranging from 50 to 87 ns and slow
components ranging from 203 to 577 ns. These compare to a calcula-
ted value of 360 ns. From Table 4 we see that the fast component
is on the order of the 8!P measured transitions. Two measurements
at 933 yvielded two exponentials each, the shorter of which were 26
and 36 ns (comparable to 9P results). The longer components were
171 and 238 ns which is much shorter than the calculated4 value of
500 ns for this level.

We can conclude that in the case of the n3S states, the small
cross section for direct excitation causes the direct transfer from
n!P which becomes increasingly important with n to blend two expo-
nentials into a combination which was not successfully resolved.

Otherwise we must assume shortcomings in the theory of these states.

Results of n3P Lifetime Measurements (n=2-9)

(See Fig. 15.)
A total of 21 data runs were accumulated on the 23P state at

various pressures and excitation voltages using the special infrared
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detection equipment previously described. In addition to varying
pressure and excitation voltages two different excitation methods

were used., The first method employed two excitation pulses, the first
of which ionized the gas so as to allow the second pulse to penetrate
more quickly. The second pulse was required to realize a sharp cut-
off. The first pulse was of 5 microseconds duration, whereas the
second pulse, which started immediately after the first pulse stopped,
was 0.5 microseconds long. The voltages of the two pulses were set
independently so as to give a suitably intense signal at the PMT.

The second method, which was found to yield comparable results,
used only a single 0.5 microsecond pulse. The repetition rate of the
excitation pulses was 1100 pps for the two-pulse method and approxi-
mately 12,000 pps for the single pulse method.

There was no well-defined trend observed in the lifetime with
pressure, with excitation method or with excitation voltage. The
simple average value of lifetime is 130 ns with a standard deviation
of 7 ns. Since we expect that there are no damping mechanics for
this state, while there may be weak enhancing mechanics such as ra-
diation blockading, it can be argued that the lower values should be
favored and that a better value would be 125 ns. Further arguments
for this value are that inclusion of data before the inflection point
(see below) in the analysis or delay of the excitation shut-off or
both could only have the effect of extending the lifetime., This re-
sult is somewhat higher than the theoretical value of 98 ns computed
from the transition probability,4 but we see no systematic cause of

the discrepancy, and favor our observed value, especially since both
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TABLE 5., HELIUM 23P—23S LIFETIME VARIATION WITH OPERATING CONDITIONS

First Second
Pulse Pulse
Case Case T Voltage Voltage Pressure
No. Identification (ns) (Volts) (Volts) (Torr)
1 6/20/#2 120 41 28 . 150
2 2/27/#1(b) 122 36 24 .330
3 2/27/#1(a) 123 36 24 «330
4 2/28/#2 123 40 22 .043
5 | 6/20/#4 123 33 26 .625
6 9/13/#5 124 - 110 .500
7 2/25/#3 124 50 22 .074
8 1/6 /#1 125 - 100 .092
9 9/13/#6 126 - 95 .060
10 9/13/4#1 130 - 90 115
11 9/11/#4 132 - 135 .115
12 6/20/#1 132 b4 26 .150
13 2/25/#1 133 53 30 .100
14 9/13/#4 133 - 120 .115
15 2/27/#3(b) 134 46 30 .033
16 2/25/#2 135 51 30 .100
17 2/27/#3(a) 136 46 30 .033
18 1/13/4#3 136 - 150 .115
19 1/11/4#2 138 - 90 .115
20 2/25/#4 142 38 26 074

21 6/20/#3 145 40 30 .025
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theory and our experiment agree that the values of 33P and 23P will
be the same.

A semi-log plot of the data from a typical case is shown in Fig.
16 and serves to illustrate the scatter in the data. In order to
eliminate transient effects caused by cascades from n3S and n’D levels,
each of which has a shorter lifetime, it is necessary to analyze only
the data accumulated in the channels beyond the inflection point of
the curve. The data obtained in a 256 channel analyzer was curve-
fitted by a digital computer using conventional non-linear least
square techniques. The second curve shown in Fig. 16 is a plot of
the data minus the least squares fit to a single exponential decay
and a constant background level. Although presence of a second ex-
ponential in the decay could shorten the decay constant of the first
exponential, our program permits us to use an arbitrary number of
exponentials, and best fit was always obtained with the choice shownm.
For the case in Fig. 16 the value of the background was 1000 counts
per channel and resulted primarily from light from the hot cathode.

The lifetime of 3°P was reported by Johnson and Fowler28 as
12245 ns, Other values include the NBS4 derived result of 96.6%1

ne
ns and the measured values 1155 ns of Osherovich and Verolainen,

39 37

100t8 ns by Osherovich and Savich,” 115%5 ns by Heron et al,

106+5 ns by Bennett and Dalby,38 105 ns by Bennett et al,27 91+8 ns
by Fowler et al,33 and 108t15 ns by Chin-Bing and Head.35
For 43P lifetimes were measured at two different pressures which

extrapolated to 125:20 ns. The higher pressure measurement at 200 u-Hg

exhibited two components with the slow component appearing much weaker
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than the fast component. It is conceivable that this resulted from
a cascade from 63S which would be highly populated by transfer at
this pressure. Other values for this lifetime are the calculated4

138+14 ns and the measured values of 153*2 ns by Heron et al37 and

145 ns by Bennett 35_31}27 It is felt that the result reported here
is quite accurate and can be defined more precisely by additional
measurements at other pressures below 200 u~Hg.

The analysis of four measurements made at the 53P level indicate
a lifetime of 200+100 ns. The data appeared widely scattered appa-
rently due to a limitation of extracting all component exponentials
or some non-systematic process occurring in the gas. The calculated4
value is 22523 ns and Bennett EE_EL?7 measured 166 ns.

For 63P four measurements of lifetime with pressure indicates a
zero pressure value of 360%20 ns when the longer component of the two
extracted exponentials is used. The shorter component shows more
scatter and extrapolates to a zero pressure value of about 80 ns.

The calculateda lifetime is 35035 ns. We conclude that we are see-
ing direct transfer from the 6!P.

For 73P five measurements of lifetime between 73 p-Hg and 250
u~Hg each exhibiting two exponential components indicate a lifetime
of 83+4 ns for the fast component which exhibits no consistent pres-
sure trend and 550%150 ns for the slow component. The calculated4
lifetime is 526%53 ns. The fitted coefficient of the slower exponen-
tial is about a fourth that of the faster component at high pressure
but becomes within a factor of 1.5 at lower pressures. The analysis

was highly uncertain due to the large influence caused by adjustment
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of the constant term of the data fit equation. It is necessary to
obtain more data with much higher accumulation (v20,000 counts in the
first channel) and a longer time scale (800 ns rather than 400 ns) to
more completely determine the tail., The data exhibited a weak sug-
gestion of being three exponential rather than two, however, the sta-
tistics of the data were not sufficiently good to allow extraction of
another component.

Three observations of lifetime for 83P indicated a lifetime of
45+10 for the fast component and 400+100 ns for the slow component.
These values compare to the calculated4 value of 714%72 ns. 1In all
three cases the coefficient of the slower exponential was approxi-
mately equal to that of the faster one. Each observation appeared
to fit two exponentials quite well and contained no constant term.

Two observations for 93P suggest values at zero pressure of 110
ns for the fast component and 560 ns for the slow component. No
uncertainties were determined because of the small sampling used for
the determination. The result obtained from NBS4 transition proba-

bilities is 1100£110 ns.

Analysis of n3D Lifetimes (n=3-11)

(See Fig., 17.)

The result of six measurements of lifetime for 33D yield a value
of 19,40.5 ns. The data points were all double exponential. The
fast and slow components are shown as a function of pressure in Figs.
18(a) and (b) respectively. The slow component indicates a value of
360+40 which compares quite well with the theoretical4 value of 339+34

ns for 7F. Other values reported for 33D are 13.9+0.2 ns from NBS4
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tables, 13*2 ns measured by Osherovich and Verolainen,26 15%2 ns
measured by Pendleton and Hughes,29 14+3 ns measured by Kindlemann and

Bennett,31 105 ns measured by Heron et al,37 17 ns by Bennett et al,27

141 ns measured by Allen ggiiil,Bo 25%5 ns measured by Fowler EELJZL’33
and 13.4+0,6 measured by Chin-Bing and Head.35 A recent measurement
by Buchhaupt40 vsing the Hanle technique yields a value of 22 ns.
Buchhaupt also reports a depolarization cross-section of 7x10~1%cm?
which compares to a quenching cross section observed here of 1.3x10"!*%
cm .

The lifetime of the 43D level is estimated to be about 28t10 ns
on the basis of three measurements made at different pressures. By
comparison, the transition probabilities of Wiesse4 yield a lifetime
of 32 ns.

For 53D and 63D only one measurement each was made. Both appeared
as single exponentials and were measured at 140 p~Hg pressure. The
constant term assumed to be background noise was less than 1/20 of
the coefficient of the exponential. The measured lifetimes were 1321
ns and 156*1 ns respectively. For comparison the calculated4 values
are 60,2%20.6 ns and 107*11 ns respectively. Other values reported
are 35%3 ns by Osherovicn and Verolainen,26 53 ns Dy Bennetti 25_25,27
and 50%2 ns by Chin-Bing and Head>® for 53D.

Eleven measurements of lifetime at various pressures for 73D in-
dicate a free atom lifetime of 160160 ns. Although all lifetimes ap-
peared to be single exponentials and exhibited good statistics, the

resultant pressure curve was widely scattered as shown in Fig. 18(c).

The calculated4 lifetime at this state is 145%15 ns.
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Eight measurements of lifetime vs. pressure for 83D indicates a
free atom lifetime for this state of 20050, This results from assum-
ing the data to be single component only. It appeared that the data
fit to a single exponential within the statistical limits although
one could force a fit of the data to two exponentials. The two ex—
ponential fit resulted in more widely scattered data points. For com-
parison the value obtainable from NBS4 tables is 207121 ns.

For 93D thirteen data points were badly scattered. Most of the
points were fit to single exponentials and indicated a good fit with-
in scatter of the intensity data obtained. Where two exponential
fits were obtained, large uncertainties and bad scatter indicated
questionable results. Since no definitive pressure trend was appa-
rent a simple average of single exponential results ranging from 40
to 220 p-Hg was made yielding a lifetime of 300+100 ns. The lifetime
obtained from NBS4 tables is 30030 ns.

For 103D two of the three data sets were analyzed as double ex~
ponentials and the third at higher pressure was analyzed as a single
exponential. Using the second exponentials of the two component ex-
ponentials a value of 340%60 ns is obtained. Coefficient of the second
exponentials indicated they carried the buik oi the population. The
value predicted from NBS tables is 380+40 ns.

Two measurements were made for 113D at 190 and 300 u-Hg. Both
exhibited two exponential characteristics. The fast components were 63+2
and 1093 ns respectively whereas the slow components were 494+18
and 722+100 ns respectively. ¥For comparison the NBS4 table indicates

a value of 490%50 ns.
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Summary of Helium Measurements

The lifetimes determined to be most probable for each state mea-
sured in this effort are summarized in Table 6 along with the number
of data samples (normally at different pressures in the range 10-200
u—Hg) obtained and the calculated "quenching" cross sections.

The results given in Table 6 show poor precision which is most
probably due to a thorough balancing of excited states, especially
above n=5, through collisional transfers from excited state atom-neu-
tral atom collisions.

Evidence of collisional transfer was observed by Lees and SkinnerlIl

and postulated to occur in the reaction

He(nlP) + He(1lS) - He(1!S) + He(n3D) .
However this reaction violates the Wigner spin-conservation rule which
is expected to hold at low quantum numbers where L-S coupling is
strong., Additional experimental42’43 evidence indicated that the pro-
cess occurred much too slowly for the predicted lifetimes of the in-
volved states, cascade processes were predictably important and the
required cross—-section for such a process to be compatable would be
much too large for such a reaction. 1In order to resolve the diffi-

!, 7
culty St. John and Fowler ' proposed the process

He(nlP) + He(11S) + He(nF) + He(1lS)
which then decayed with a large probability to He(33D). Theoretical
support to this model was delivered by Lin and Fowler45 when, consi-
dering the n3F and nlF states totally mixed, they investigated the

electrostatic dipole interaction of a He(nlP) and He(1lS) collision.



TABLE 6. SUMMARY OF MOST PROBABLE LIFETIMES DETERMINED FROM THESE MEASUREMENTS

Measured Quenching Measured Quenching

Upper No. of Lifetime X-section Upper No. of Lifetime X-section
Level Samples (ns) (10~ % em?) Level Samples (ns) (10~ % cem?)
31s 6 56+2 0.71 23p 21 125+10

51g 5 110+3 2.5 43p 2 125+20

%615 7 2104 1.2 53p 4 200£100

x71s 1 356 0.7) *63p 4 36020

*8ls 4 520 *73p 5 550+150

31p 20 31£2 0.92 *83p 3 400+100

51p 2 5610 %9 3p 2 560(?)

61D 5 72+3 3.8 33D 6 19.4+0.5 3.25
7lp 4 6520 -0.63 43D 3 28+10

8lp 2 ? 53D 1 132%1

9lp 1 ? 63D 1 1561

33s 11 57+1 0.97 73D 11 145+15 -0.63
53s 2 14020 83D 8 200£50 1.3
63s 5 75£20 1.0 93D 13 300+100 0.67
73s 4 ? 103D 3 340160

*83s 4 400%170 113D 2 ?

93s ?

€L
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The results of such an analysis leads to a collisional transfer se-
lection rule of AL =%2,0. Inclusion of higher ordered terms permits
smaller contributions at AL=2x1 and 3 which are associated with short-
er range interactions and contribute only weakly to the collision

cross-section. Recent calculations%’47

have been made to ascertain
the degree of mixing for singlet and triplet states of the same n,%
and predict very little mixing except for 2=3 which become strongly
mixed. More recent experiments48“52 have supported this collisional
reaction through the F states.

Although the result of this work is somewhat inconclusive be-
cause of an unexplicable scatter of the data it does show a definite
coupling of the higher n states (n>6) with a faster state. A brief
examination of the data (see Appendix C) indicates that for all n at
n>6 a fast component is observed which is on the order of that ob-
served at nlP.

The analysis in Chapter II indicated that in order for a faster
state to be observed as a normal decay it must reach the observed
state through a collision process. From these observations it is
apparent that the transfer process at higher levels is well distribu-
ted to ail %&. 7The most probable cause o occasional inconsisiency of
the data is the limitations on resolution of exponential curves con~-
taining more than ‘two components, especially when at least two of the
component exponentials are within a factor of 2or one component is
too weak to separate but sufficient to perturb the observations of
the stronger state.

As a check to ascertain the importance of the highly ionized
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central region of the excitation chamber an axial field of 18 gauss
was passed through it by means of a D.C. current through a concentric
coil. This caused a visible breakup of the central bright region by
causing the center bound electrons to rotate about the center, thus
spreading out the heavily excited and ionized core. Results of this
measurement are given in Appendix C, 3!D, case identification 1/7/72/4,
and shows no significant deviation from results of measurements with-
out the field. It is felt that this measurement would exhibit a
marked change if excited state interactions, Stark fields, or align—-
ment effects had been present earlier.

The exceptions to the rule of a single decay component below
n=6 are 3!D and 33D which most likely are highly populated by F, G
... Which all have a strong probability of decaying through these
levels. A complete tabulation of results and selected operating con-

ditions are given in Appendix C.



CHAPTER VI

LIFETIME AND QUENCHING RATES FOR THE H, CONTINUUM

2

Introduction

Utilizing the invertron developed by Holzberlein23 and the delayed
coincidence technique described by Johnson and Fowler28 the previous
measurements of Holzberlein52 on the continuum in HZ have been re-
vised. The process of emission of the continuum is found to be more
complex than previously envisioned. There are evidently two states
in close resonance, and the apparent lifetime at pressures above 1
torr is not the true lifetime of the 3% state. Results of the new
experimental data yield a low pressure exchange cross section of
2.0x10" *cm? between the states and a high pressure quenching cross
section of 4.8x107'6cm? for both states. Application of a magnetic
field applied axially to the invertron yielded no change of lifetime
for fields up to about 18 gauss (calculated) which was sufficient
to disperse the highly visible axial concentration of excited mole-
cules, Linear asymptotic extrapolation of the high pressure data to
zero pressure yields a lifetime of 2.6%0.3 ns for the side state
whereas linear extrapolation of the low pressure lifetimes indicates

a true lifetime for the v'=03z; state of 26*2 ns at zero pressure.

The new data were obtained by observing emitted light at 2750 2 and
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2950 R which should be due to transitions occurring between the stable
1s02s0 3Zg and the unstable 1so2po 3Zu vibrational levels. The results

were corrected for a small pressure dependent cascade component.

Experimental Observations

The new observations of lifetimes 1 in molecular hydrogen were
obtained at pressures .034 to .800 torr using a %-meter Jarrell Ash
monochromator and were combined with higher pressure data obtained
earlier by Holzberlein3 to form the plot of 1/t versus pressure
shown in Fig. 19. The significance of the 1/t plot is that it re-
veals the dominant processes of a simple exponential state decay

linearly according to the relation

%=A+0No§=%-;+%%m (32)
where No = population density of neutral molecules,
0 = quenching cross section,
A = transition probability out of the excited state,
v = mean molecular speed.

The lifetimes at low pressure at the two wavelengths measured
2750 R and 2950 ] were found to be in the proportion A~3, showing as
is expected that the continuum, in different spectral localities,
originates from different upper vibrational states. At 2950 R the
transition is predominantly from v'=0 of the 32; state, while at
2750 & it comes predominantly from v'=l, At high pressures there was
no such distinction between wavelengths. Data at the lowest pressures

have therefore been reduced, by application of the wavelength factor,

to equivalent v'=0 values.
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The lifetimes plotted in Fig. 19 correspond to the shortest
decay observed. In each case our least squares computer program
enables us to resolve any complex decays into a sum of exponentials
and to identify the two or three fastest decays with reasonable
accuracy. In the case of the H2 continuum only a very weak cascade
component was present. Consequently the behavior of the 1/t plot is
strikingly anomalous, having two linear regions, the high pressure
data extrapolating to a faster lifetime at zero pressure than the low
pressure data, a situation which cannot be explained by a cascade,

even if there were a possibility that one had been overlooked.

Theoretical Discussion

The observations plotted in Fig. 19 are characteristic of close
coupled systems. Let us consider the expected decay to be observed
from two states a and b which decay at rates Aa and Ab from states
having the same energy above the ground state so as to allow a colli-

sional resonance, i.e.

1}

a

—aéNa + abaNb + Pa (33)

N - + + 4
Ny = oy o+ %y (3)
where Pa and Pb are the state production rates in the active period,

and

13
il

C

+

Q
o

%l

-+

Q

The basic solutions are
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_ =t _ n—At
Na = Ce Nb = De (35)
with
+ lo. 2
- (ab+aa) + Vo Zabaé+aa+4aababa
= 5 (36)
and the general solutions after cutoff, i.e., Pa = Pb = 0, are:
N_ = creME 4 gpe et (37)
and
o' o, gt %% e
N = - Cie "17 + —— Cye "2 (38)
%a %ha
where
v 7T 7
a /ab 2abaa+aa+4ocababa (39)

X1 and Xy are the positively and negatively signed radicals respec-
tively.

Under the experimental conditions used, the on-period will have
resulted in exciting the states involved to saturation. Therefore
the initial populations at cutoff will be

o P 4+a, P
N = b a_ ba b (40)
a0 %,%,7% b%a

and

o P.+a ,P
Nbo _ 0taubmmabma . (41)
ab “ab ' ba

This leads to an evaluation of the constants G, and C, as

o —(!b Otba
% =27 Nao T 70" Mo 42
1
o +ub tpa

G = U N + e’ Nbo . (43)
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We are interested only in the final form of Eq. (37) since it
represents the state observed in radiation whereas the state represented

by Eq. (38) is postulated to be a radiation of another frequency.

(37) becomes

v oL (0P 0 o Py, 0 0 Pt oy P ) (@2t _ Mty
a  2df (aaab— ab ba>
(a P +a P )
+ 7 ot (T g2 (44)
o oo o )

Now X;>>X,, and the sum of the coefficients of the exponential in
which it occurs is negative also, so that it is an unobservably rapid
buildup adjustment of the states involved. The solid line in Fig. 19

is a plot of the decay constant A, of Eq. (44) where from Eq. (36)

— 2 -
a9 1% 0 Op ) | A0 0y PN

- (A_A )+ (o oy to 4oy IV-V]A -A +(0 —o
2 = 2 i

(45)
Values chosen for the parameters to obtain the curve are

A
a

39x106sec™! ,

384x106sec” ! ,

%

0, =0y = 4.8x10 16cm2
= =14
04 = 2.0x10 em?
Oy, = 2.4x10" M em?
v = 3.8x105 cm/sec (T = 1200°K) ,
N = 8.05x10!5 P (torr) .

It is not possible to determine from the decay constant whether the

auxiliary state is the 1o 1o lf , the 1o 2812+ , the 1o 2pw3n , the 1o 2prlm
g u u g g g u 24

or all of them put together.53 Presumably there is enough rotational
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overlap for a close resonance with any of these levels. Certainly the
potential curves all lie so close together on the small molecular
separation side that easy transfer is to be expected. Because of the
short lifetime measured for this side state, we would be inclined to
identify the lOgZpﬂlﬂu, which radiates as an allowed transition to

the ground state as the one whose lifetime was being observed at high
pressure,

We can say with certainty that there is a substantial amount of
electron excitation directly into the 3Zg state, because the intensity
at low pressures is linearly proportional to the pressure, but it is
not possible for us to determine whether there is direct excitation to
the side state. We may take the further hint that the side state has
a large "allowed" excitation cross section from the feeling of Rich-
ardson54 that the continuum is enhanced at high pressure, and speculate
that the 2.6 ns lifetime is an unresolved mixture of two closely simi—
lar lifetimes for the lZu and 1Hu states.

The quenching cross section of 6.0x107!6cm? obtained by Center55
from data taken at pressures above one torr compares favorably with

the results reported here, but we would not debate the point in favor

£e
-

of our value. The linear relationship of p/I vs. p observed by Center
is also compatible with the system described here. This can be shown
by setting ﬁa = ﬁb = 0 in Eqs. (33) and (34), solving for Na and
using our parameters plotting p/NaAa VS. P.

An additional measurement by Imhoff and Read56 of 11,0 ns fails
to agree with either result reported here, however no pressure depen-

dence is indicated in their report. Such information might show
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reason for the discrepancy. Probably they have made an extrenolation

from some limited intermediate segment of the true curve,



CHAPTER VII
CONCLUDING REMARKS

It is apparent from the measurements of lifetimes of the helium
states reported here that the process of excitation transfer is not
restricted to the reaction

‘He(11S) + He(nl!P) » He(llS) + He(nF)
but includes transfers to n1’3D, n3P, and n1’3S, when n is sufficiently
large.

The observed quenching effects at the 3 level are much greater

than that observed for Hornbeck—Mblnar57’58

processes of molecular
ion association. It is most probable that this process is masked by
the effects of blockading or resonance, trapping of the 4P level
which is considered to be the primary feed to these levels via reso-
nance collisional transfer followed by a decay. Such a mechanism
would appear in the 313D decay as a fast exponential, would be highly
pressure sensitive and would fall sufficiently close in lifetime to
cause difficulty in separating it from the D level lifetimes,
Considerable improvement upon the data may be obtained by accu-

mulating data using a double pulse technique with the second pulse

turned low so as to excite the desired state at its threshold thus

84
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minimizing populations to higher state. Such an approach was used

for several data points in this work but occasionally the voltage

was set too high because of impatience developed at accumulating data
at a low count rate., In addition it is necessary to obtain data at
lower pressures, say 1 to 50 y~Hg, which for higher levels poses a
problem of excitation. Apparently the bulk of their population arises
from transfer which is very pressure dependent and essentially dis-
appears at low pressures, Direct electron excitation must be enhanced.
This can be accomplished by operating at higher temperatures, which
decreases cathode lifetime and rapidly coats window surfaces with
carbon, or developing the triode structure so as to obtain electrons
from the cathode at high voltage then reducing the electron energy

for selective excitation.

The measurements made on molecular hydrogen were consistent and
fit the close coupled system theory developed very well,

During the course of this experiment the following improvements
have been developed or conceived. Spectra signal to noise has been
enhanced by operating with long pulses at high pulse repetition fre—
quency. Additional improvement is obtained by operating the TPHC on
the 50 ns scale, using the ORTEC 271 PMT amplifier output as a TPHC
start signal, delaying this same pulse through 20 ns (or less) to
the TPHC stop gate and using the excitation pulse monitor to operate
the TPHC coincidence gate using aicable delay selected to maximize
the count rate. The normal procedure for spectra acquisition then
calls for using the TPHC output to pulse the multichannel analyzer

operating in the multiscaling mode at its slowest scan rate as the
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monochromator is swept through the spectrum.

A method of accurately determining errors due to double photon
events has been considered. This technique involves using a second
TPHC in parallel to the first TPHC using a logic circuit between them
so as to ignore the first stop pulse (detected photon) but pass on
the second stop pulse to the second TPHC. The logic circuit must be
cleared by the start pulse which is common to both TPHC's. The output
of the second TPHC can be monitored at a ratemeter to determine the
validity of assuming no two photon events or delayed and entered into
the multichannel analyzer. It has the obvious limitation of not being
able to resolve two photons if the second one occurs within the switch-
ing time of the logic circuit used. In principle one could stack more
TPHC's and logic circuits to improve statistics, however, the afore-
mentioned limitation on resolution would limit this procedure. The
limitation is compounded by the high probability of seeing a second
photon early in a decay exponential rather than towards the tail of
the exponential.

Another technique that offers possibility of improving data use~
fulness is one of accumulating first on a relatively long time scale
(v1000 ns) so as to determine well the constant level and long expo-
nential then accumulate on a short time scale (~200 ns) and use the
analyzed results of the long time scale to eliminate some of the
degrees of freedom for its analysis. Conceivably one could use two

TPHC!'S sand ' two analyzers to acquire both sets of data simultaneously.
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APPENDIX A
LISTING OF COMPUTER PROGRAMS AND SUBROUTINES
FPLOT 20:08 THU. FEB 05,1970

DIMENSION Y(512),A(5>YP(512)
DIMENSION CHANC10)>TIMC1O)
REAL INCRsL1i1sL2
DATA A/"Xl', "+", ".", [1] '., "*"/
C DATA INFUT
CALL INPAK(N,NTC» CHAN, TIM, TIME,Y)
PRINT1234,
1234 FORMATC1H »"ENTER PLOT INCREMENT'"
1 INPUT »K
IF (KY25,253
2 PRINT999
CALL EXIT
C HEADING
3 CONTINUE
C Y VALUES TO BE PLOTTED
9201 FORMATC1H 520865 3Xs "DATE=""5 22,035,204, 3X>"RUN #'512)
C SEARCH FOR MAXIMUM AND MINIMUM VALUES
B=Y( 1)
S=10000.
DO 20 I=25N
IF (Y(I)-B)15515,11
11 BsY(1)
GO TO 20
15 IF (Y(I)=-5)16520,20
16 IFCY(CI)«ERe0e0) GO TO20
S=Y({1)
20 CONTINUE
C CALCULATION OF SCALING FACTOR AND RANGE
PRINT 910,55, B
INPUT> S» B
PRINT 20155, B
B=ALO0OG( B)
S =aL0G(S
SC=(B~S5)/63.0
C SET UP BORDER AND PRINT SCALE
PRINT903
PRINT 902,CA(5)»1=1,65)
C PLOTTING OF DATA
DO 30 I=1sNsK
11=1~1
NY=1
IF(Y(I)=SeLEeQ0e0YGO TO 30
NY=(CALOGCY(1))=S)/SC+1
DO 21 J=1,NY
21 YP(JY=ACH)

91
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YP(NY)=AC2)
30 PRINT 29351 1, (YPC(JYsJ=15NY)
C FINAL BORDER
PRINT 902,CA(5)>1=1,65)
PRINT 202, SC
GO TO 1
902 FORMAT(CIH » 3%, 65A1)
201 FORMATC1H15F8e0s 52X, F8¢0)
202 FORMATC 1HO», "SCALE="*s F8e 5, "LNCCOUNTS) /PRINT CHANNEL®"™)
293 FORMAT(I 4, **x*5 6441)
903 FORMATC1H » 3X» "k, 63X, "%"™)
8910 FORMAT("ENTER SCALE LIMI TS, DEFAULT VALUES ARE "+16518)
999 FORMAT(1HO, "END OF JGB™
END

INPAK 20:08 THUe. FEB 05,1970

SUBROUTINE INPAK(N1,NTCs» CHAN, TIMs TIME,Y)
DIMENSION CHANC10)> TIMC10),Y(256)
1, DATEC 3)
INTEGER CHAN
REAL L1,L2
CALL DATIMEC TIMED, TIMEBs DATE)
CALL OPENF( 1» “"INPUT™
READC1,9101)L1,L2,DA»XMO»YRs RNy SA» VL P
READC1,9102)N1,NTCs (CHANCI)»I=1,NTO)
READC1,9103)CTIMCI)»I=1,NTO)
9101 FORMAT(2A65 A25A3s Ad5125 065 F5605 F5e 1)
9102 FORMAT(CI3»11,813)
9103 FORMAT(8F7.2)
N=N1
READC 15 7T000) TIME> (YCI)H»I=10N)
4000 FORMATC 15F4.0)
5000 FORMAT(C 14FS. Q)
6000 FURMATC10F7Te ()
7000 FORMAT(16,917)
CALL CLOSEF(C1,“INPUT™
PRINT9201,L1,L2s DA» XMOs YRs» RN
PRINT9202, SAs VL» P» TIMEDs DATE
9201 FORMATC IHO» /777752065 3Xs "DATE=", A25 A3s 845 3Xs "RUN #'512)
9202 FORMAT(1H » "SAMPLE="' A6, 3X» "WAVELENGTH='"F5¢0," A'S
13Xs "PRESSURE="5F5¢1," MICRONS"//' CALCULATED AT®",
21X, A6, 1Xs 3067)
RETURN
END
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535
540

38

350

355
356

360
425

450
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COMMON Ns»KsKKs NFIRSTsN1DEL»IAMsIN1,NN2,NF2,N1As, R2DELs BM
1,IPLU, AC» AFCTRsKK2s CHKZ s KK2KK» 1 FSS45 INTEG»Y( 300)»X( 300, 1)
COMMON UC 300) 5> CHANC10),BC10),PGC10), TIMC10),V(300)
COMMON DY(300),ICH(5)»BLTC(10),XBM(10s14)

REAL. INCR

INTEGER CHAN

FORMAT("LIFETIMES (NS) "»5F12.5)

FORMATC"“COEFFICIENTS "y 5F125)

FORMAT(C 10X, "THE UNWEIGHTED SIGMA IS '»1PE12.5)
CLBRTR=0.0

CALL INPAK(N1,NTC» CHAN» TIM» TIME, DY)

PRINT, "PRINT REGRES. RESULTS? »TABULATE Y? (0-NO 1-YES)"
SWTCH=03K=0

INPUT, SUTCH- K

IF(K+EQ.0)GO TO 1

PRINT 11,¢DYCI)sI=1,N1)

FORMATC1X> 10F7. )

PRINT, "ENTER NOe OF PARAMETERS, FIRST POINT»LAST POINT,"
PRINT, ** REP RATE, BREAK POINT, CONSTC(IF KNOWN) ™
K=55IN1=13NN2=2555 REPR=10000+35N1A=1

DO 38 1=1,10

BCI)=0-

INPUTs K» IN1,NN2, REPRs N1As B(K)

DO 6 I=1,NTC

UCII=CHANCI)

VId)=TIMCI)

IF ¢TIMC1)) 350,355,360

CLBRTR=-TIMC( 1)

RMSER=TI M( 2)

GO TO 370

I1F(CLBRTR) 1,356,370

CLBRTR=1.0

RMSER=0.0

GO TO 370

CONTI NUE

FORMATCIH ,'"COUNT RATE='5F5e.1,"2")

SAD=2.0

CALL RGRES(V,U,A0sAl, 1,NTC» SAl, SAD)

PRINT 450, AOs SAO

FORMAT(C'"TIME AXIS INTERCEPT = "sF10e5,'" NSe» STD DEV = ',
1F10¢55 " NS™

CLBRTR=A1

RMSER=SA1

370 CONTINUE

SFRR=0.0
DO 415 1=1,N1

415 SFRR=SFRR+DY(I)

SFRR=( ( SFRR/TIME) /REPR)* 1 00+«
PRINT 425, SFRR
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YQ=0e.
N=NN2=-IN1+1
DO 5 I=15N
Uclid=i=1
XCIs, )=l
INIMI=I+INi-1
YO=AMAX 1¢(YQs DYCINIMI1))
S5 YCI)=DYCINIMD
KK=(K=1)/2
BM=0
AC=0
3 AFCTR=1.0
NFIRST=1
SCALE=63+/AL0OGC 10004)
CHKZ=0.0
N2DEL=50
INCR=e1
INTEG=0
I1aM=1
KK1=KK
I=N
9 N25SAaV=]
N1=N2SAV
10 N2=N1
R2DEL=R2
N1=N1-N2DEL
NF2=N2
IF(N1-N1A)Y 14514515
14 AFCTR=10.
R2DEL=R2
NF2=N1lA
N1=N1iA
NiAa=1
IAM=3
15 DO 50 I=N1,N2
WCIY=Y(I)=-BCK)
30 IF (KK2«KK) 35545, 45
35 KK2=KK2+1
KK2KK=KK2+KK
V(I)=V(I)=-BC(KK2KK)*EXP(=UC1) /BC(KK2))
GO TO 30
45 TIFCUCI)=-CHKZ) 465, 46,550
46 CONTINUE
1=1-1
I FC(N2-N1A=-5) 150, 15059
50 WI)=ALOGC(V(I))
BMSAV=BM
ACSAV=AC
55 CALL RGRESCV, Us AC»BMsN1sN25SAV, R25 SWTCH)
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GO TO (60,705,805 100),12M
60 R2Z1=R2
I AM=1AM+1
N2DEL=20
GO TO 10
70 1IAM=]AM+]
N2=N1
IF(KK1+EQ.1YGO TO 14
N2=N2+20
GO TO 10
80 R3DEL=R2Z1-R2
84 1 F( R2~AFCTR¥R2DEL)85,510510
85 IFCKK1-KK) 140,86586
86 1AM=1AM+1
AFCTR=1.
IF(N1-N1A)88588,87
87 N1=NF2
88 N2=N2SAV
90 R2Z1=R2
BKSAV=B(K)
96 B(K)=B(K)+INCRkEXP(AC+BM+U(N2))
GO TO 15
100 I FCR2-R2Z1>101,5,1015,104
101 GO TO (10251025 105)>NFIRST
102 NFIRST=NFIRST+1
INCR=INCR/10.
B(K)=BKSAV
BM=BMSAV
AC=ACSAV
GO TO 96
104 NFIRST=3
GO TO 90
105 INCR=~INCR/10
BM=BMSAV
AC=ACSAV
INTEG=INTEG+ |
120 B(K)=BKSAV
R2DEL=R2Z 1
CHKZ=YQ/ 1000+ EXP(20+/SCALE)
140 IF(N1-N1A) 141,141,142
141 BMSAV=BM
ACSAV=AC
142 CONTINUE
AFCTR=1.
B(KK1)=-1/BMSAV
KK 1KK=EK1+KK
BC(KK 1KK) =EXP( ACSAW)
I1aM=1
KK1=KKl~-1
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PRINT 7777>N1,N2SAV, R2DEL

71777 FORMAT(* EXP FIT FROM"»14," TO">14,"LINEARITY(R2) IS"

145

150

155

160

165

166

200
210

1617

168

1111

9000

15 1PE15.9)

IF(N1~1)145,1505 145

CONTINUE

N2sAaU=N1

IFCKK1-0)1505,150,10

IFCKK1-0) 15551665 155
KK=KK=-KK1

K=2%KK+ 1

DO 160 I=15KK

IPK=1+KK1

BCI)=BCIPK)

DO 165 1=1,KK

I PLU=1+KK 1% 2+KK

I PKK=1+KK

B(IPKK)=B(IPLU)

IPLU=K+KK1%2

BCKY=BC(IPLU)

SIG=0e3 SI GM=0o

DO 210 I=1,N

YT=B(K)

DO 200 J=1,KK

KJ=KK+dJ
YT=YT+BC(KJY*EXP(=X(I»1)/BC(J))
SIG=SIG+YCI)/YT53SIGM=SIGM+(YC(I)=YT)*%2
SI1G=SI G/N3 SI GM=SORT( SI GM/ND
IFCKK1«LT. 0G0 TO 168

KKl=~1

DO 167 I=1,KK
PGC2%1)=B(I)3KK3=KK+I 3 B(KK3)=B(KK3)%*SIG
PG(2%I~1)=BC(KK3)
BLTCI)=CLBRTR¥B(I)

GO TO 166

PRINT 540, SIGM

FPGCK) =B(R)

PRINT 531s(BLT(I1)>I=1,KK)
KK1=KK+ 151 F584=0

PRINT 535,(BC(I)»I=KKI1,K)
PRINT 1111, CLBRTRs RMSER
FORMATC"CALIBRATION IS "5 F8e5," NS/CHAN
1F8¢ 65" NS/CHAN'M

K=K+1

PRINT, *PLOT? (0-NO, PLOT INCR-YES)"™
INPUT» 1 FSS4

IFCIFSS4+4EQ«0YGO TO 1

CALL DSPAK

G0 TO 1

CALL EXIT

END

WITH STD DEV OF",
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SUBROUTINE RGRES (V,U»AsBsN15N2s R2, SUTCH)
DIMENSION U(512),V(512)
REAL M1,M2
120 FORMAT(''ZERO (STD ERROR OF ESTIMATE EXCEEDS STD DEV
1I0FY ™
N=N2=-N1+1
100 FORMAT( 1X» "SIMPLE LINEAR REGRESSI ON
1 EQUATION: LOG(Y=F(X))=A+B¥¥X"»//1Xs "INDX R¥R VALUE 952
2CONF LIMITS BEGIN END DIFF™
150 FORMAT (1IHD)
200 FORMAT(F9¢5,4H A=53F12¢85145165s16/59%X54
IH B=s3F12.8)
IFCSWTCH«EQ«2+)G0 TO 11
IFCA) 8,5,10,8
8 IF (ICNT-25) 11,1159
9 PRINT 150
10 ICNT=1
IF(SWTCH.EQe 1)GO TO 101
102 PRINT110,
110 FORMATC(1H »"ITERATIONS NOT DI SPLAYED™
GO TO 11
101 PRINT 100,
11 CONTINUE
S1=0
S2=0
S3=0
S4=0
$5=0
DO 20 I=Nl,N2
S1=51+U(C1)
S2=52+UCI>X%UCI)
S3=S3+W( 1)
S4=54+VC1)*VCI)
20 S5=S5+UCIM)%*VC1I)
M1=51/N

— ,
Me=53/N

D1=5S2/N=-M1xM1
D2=S4/N=-M2%M2
D3=S5/N=M1*M2

C1=N*D}

R8=0

B=D3/D1

A=M2-BxM1

D4=D2-B%D3

D44=D4

IF(D4~-D2) 20705, 204052040
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2040 R8=1
R2=0
GO TO 2080

2070 R2=1=-CD4/D2)

2080 CONTINUE
IF(R8) 2110,2130,2110

2110 PRINT 120
GO TO 2160

2130 D2M4a=D2-D4
D4SQR=SQRT( D4)

2160 D4=N*kD4/(N-2)
T=1e¢95996+2e¢37226/(N=2)+282250/(N=2)%(N=-2)
DS5=SQRT(D4/Cl)

D6=SQRTC D4/N)
B1=B=Tx D5
B2=B+T% D5
Al=A-T% D6
A=A+T% D6
IFCSWTCH.NE« 1YGO TO 56
PRINT 200-R2,A>A15A2,N1,N2,N»Bs Bl,B2
56 CONTINUE
IFCSW TCHeNEe«2:0YG0 TO 57
R2=D5
SW TCH=D6
57 CONTINUE
RETURN
END
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SUBROUTINE DSPAK
C PLOT ROUTINE
COMMON N»IK»IW,MsIB,ITEST,IDUMLNDUM»IPRsIFGyIMsYTs TESTS
1WUAR, SSQ»IDF>, DET»ISWs IPLT»ISCoYC300)5XC15300), W 300)-,IXC10)>
2PGC10)>PCIO),SPC10Y5>YCC300)>DYC300Y,BMC10, 11>, ALABCIO)SINTT,
3PARTC 10),NSETS
EQUI VALENCE (IDUM»IN1), (NDUM>NN2)
DIMENSION ICHC10), APLT(65)
INTEGER APLT
DATA I BCH’ I SCH’ I CH/" ".’ "* ", "A", "B", "C", "D", "E", "T", "U'., "v"
1’ "W", "x"/
DATA IOCH/"O0'/
500 FORMAT (1X-13,65A1)
901 FORMATCIHO)
905 FORMAT (2XsF7¢3,53X»F70)
K=IK-1
KK=1K/2~-1
YQ=Y¢ 1)
DO 5 I=1,N
5 YQ=AMAX1¢(YQsY(1))
SCALE=63./AL0GC1000¢)
CHKZ=EXP(1¢/SCALEY*Y®/1000.
J= =IPLT
PRINT 901
YQLN1=CYQ/1000e)
PRINT 905,YQLN1,Y0Q
170 1XPLT=0
N1=65
200 DO 210 1=1,65
210 APLT(I)>=1SCH
APLT( 32)=1 OCH
J=J+1
GO TO 250
215 J=J+1PLT
IFCJ-N) 216,216,170
216 CONTINUE
IXPLT=INIl+J=-]
DO 220 1=2,64
220 APLT(I)=IBCH
DO 240 I=1,KK
DUM=Y( J) =PC(K)
DO 230 1J=1,KK
IF(IJ=1)225, 230,225
225 DUM=DUM=PC2%1J=1)%EXP(=X(1,J)/P(2%1J))
230 CONTINUE
1 F¢ DUM=CHKZ)> 237,237,235
235 NMBR =(ALOG(DUM)~ALOGC(Y®/1000¢))*SCALE+ 1.
I F( NMBR=-64) 238, 238,236
236 NMBR=64
GO TO 238
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237 NMBR = 2
238 APLT(NMBR) = ICH(I)
IF (N1.LT.NMBR) N1=NMBR
240 CONTINUE
NMBR=(¢ DUM=P(K=-2)*EXP(~X( 1, J) /PC2%KK) ) /(Y (J)** e 5)%k 2+ 320
I F(NMBR~-1 Y247, 247,245
245 CONTINUE
I FC(NMBR=- 64) 248, 248, 246
246 NMBR=64
GO TO 248
247 NMBR = 2
248 APLT(NMBR) = ICH(KK+1)
IF(N1.LT«.NMBR)N1=NMBR
250 PRINT 500s1XPLT»(APLTC(IJ51I=1sN1)
N1=2
IF (J-N)>215,170,251
251 CONTINUE
RETURN
END

LASL 20: 08 THUe. FEB 05,1970

SLIBs MINVs » 5 kkk
$SL.I Bs GMPRDs 5 » %kk
$SAV
SNDM
MAIN PROGRAM FOR NONLINEAR LEAST SQe EXPe FITe FROM LASL
DIMENSION Z¢ 1)
COMMON NsoIKsIWsMysIBsITEST»IDUMsNDUMsIPRsIFGyIMsYTs» TEST,
1WUAR, SSQs IDFs DET» I SWsIPLTL»ISCY(300)»X(15300)5sW(300),IXC10)>

2PGC10),PC10)5,SPC10),YCC300),DY(300),sBMC10511)5,ALABC1O)»INTTS
3PART( 10) s NSETS» DUMC 1)
47
EQUI VALENCE (IDUM,IN1)»,(NDUM,NN2)
CLEAR DIM. DART
1 DWMC 1)=0.
DO 20 K=1,10
20 PART(K)=0.0
CALL INPUT ROUTINE
IN1=0
NN2=5
CALL 1ISPAK
CALL CALCULATION ROUTINE
CALL @QSPAK
CALL OUTPUT ROUTINE
CALL RSPAK
CALL PLOT ROUTINE
IPLT=0
PRINT, "ENTER PLOT INCR 1F PLOT 1S DESIRED."



LASL

101

20:08 THUe. FEB 05,1970

INPUT, IPLT

IFCIPLTe GTe 0) CALL DSPAK
GOTO 1

END

ISPAK 20:08 THUe FEB 05,1970

SUBROUTINE ISPAK

€ INPUT ROUTINE

350

355

DIMENSION Z¢C1)

COMMON N»IK»IWMyIB,ITEST>»IDUMs)NDUMsIPRsIFGIMsYTs TESTS
19VAR, SSQ-IDF, DET,ISUWIPLT-ISC-Y(300),XC15300)-W300)-IXC10),
2PGC10)»PC10)s SPC10),YCC300)>DY(300),BMC10,11),ALABCI0)5INTT,
3PARTC10)>NSETS, DUMC 1D
4,2

EQUI VALENCE ¢(IDUM,IN1),(NDUM,NN2)

CALL INPAK(N,IB,IXs»P, TIME,Y)

PRINT, "ENTER NO. OF PARAMS, FIRST PTes LAST PTe» WEIGHT POWER™

PRINT, '"»I1PR=0s152,0R 3 FOR INCRe OUTPUT,IM=2 HOLD CONST."

IFCPC1)) 350, 3555 360

CLBRTR==P( 1)

GO TO 2

CLBRTR=1.0

GO TO 2

360 DET=2.0

201

11

DO 3 I=1,1B

DYCI)=PCI)

WCId=IXCI)

CALL RGRESCDYs W, TESTs CLBRTR» 151Bs Al » DET)
IK=53IN1=15NN2=2555 WEI T=05 1 PR=0

IM=1

INPUT> IKsIN1,NN2s WEIT>»IPRs IM

IX(2)=IK

NSETS=031B=05 I TEST=0;I1K=1K+1

1SW =0

FORMAT( 1X, 1113,8F3.0, 31 3)
IXC1)=IK3IFG=2M=13KK=IK~2}KI =IK=-1
PRINT, "ENTER TAUCSHORT,LONG), COEFF( SHORT,LONG)» CONSTANT"
INPUT, (PG(K) s K=2,KK» 2) » ( PG(J) » J=1,K1 5 2)
PGC(IK)=0.0

PGC(IK~1)=PG(IK=1)++5

PRINT, “CALI BRATIGN I S",CLBRTR» ' NS/CHAN"
DO 11 I=1,N

Al=1-1

X( 1, 1)=AI*CLBRTR

C SET UP W EIGHTS

IFCWEIT«NE«0«0)GO TO 6
D040I=1>N

40 W(1)=1.0
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GOTO8
6 W(1)=1.0
YCONST=0.0
DO 45 J=2,1K,2
45 YCONST=YCONST+PG(J=1)*EXP(~X( 15 1) /PG(J))
DO501=2,N
W(I)=0.0
DO 47 J=2,1K,2
47 WCII=WCIN+PGCJ~1)*EXP(=-X(1,1)/PG(J))
50 W(I)=WCI)/YCONST
IF(WEIT+EQe1+.0)GO TO 8
405 FORMAT("WEIGHT RANGES FROM 140 TO "»F7.3," FOR CHAN "»13)
7 DO 60 I=2,N
60 WCId=WCI)**WEIT
8 TEST=1.0E-08
N=NN2-IN1l+1
PRINT 405, W(N),NN2
DO 55 I=1,N
INIMI=I+IN1-1
55 Y(I)=YCINIMI)
RETURN
1 CALL EXIT
END

QSPAK 20:¢08 THU. FEB 05,1970

SUBROUTINE QSPAK
C CALCULATION ROUTINE

DIMENSION AMC100)5DPC10)5>PC(10),ANC10)

DIMENSION Z(1),MAC10)>MBC10O)

COMMONNL IK»IW, Mb»IByITEST>»IDUM,NDUM»IPRsIFG,IM,Y T, TEST,
1WVAR, SSQsIDF> DET»ISUW,IFLT»1ISC,YC¢300)5%XC15300),WC300),IXC10)>»
2PGC10)5>PC10)»SPC10Y>YCC300),DY(300)sBMC110)5ALABCIO)S»INTTS
3PART(C 10) ,NSETS, DUM( 1)
4y 7

REAL LBDA

EQUI VALENCE (ITEST,LASTIT)

C INITIAL OUTPUT OPTION
IFCIPR«EQe 0)GOTO1
PRINT 400, TEST
400 FORMAT(/8H TEST = »1PE15.7/)
C INITIALIZATION FOR MAIN ITERATION LOOP
1 KFREE=IK=-1IM

KP=KFREE+1

1 DF=N-KFREE

DF=1DF

I1T=051FG=1

LBDA=.0001

DO10K=1,1K
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DPCK)=0¢0
SPCK)=0.0
PCCK) =PG(K)
10 PCK) =PGCK)
LASTIT=0
M25C=0
1 FCKFREE« EQ. 0> GOTO03
C MAIN ITERATION LOOP
2 IT=IT+1
H=1
DO30K=1, KFREE
DO20KK=1,KFREE
JJ=K+(KK=-1)*KFREE
AM¢ JJY =00
20 BM(JJ)=0.
JJ=K+(KP- 1) *KFREE
BMCJJ) =0
JJ=K+K*KFREE
30 BMCJJ) =0
3 VAR=0.0
$S0=0+0
C LOOP TO SET UP NORMAL EQUATIONS
DO90I=1,N
C CALL YP ROUTINE, CALCULATE SUM OF SQUARES
DO40J=1,M
40 ZCJI=KCJs 1)
CALLYPSCI)
YCCI)=YT
DYCI)=YCI)-YCCI)
VAR=VAR+W(I)*DY (I )% 2
SSO=SSQ+DY (1) %*2
I FCKFREE+EQ.0) GOT090
C SET UP AN AS VECTOR OF PARTIAL DERIVATIVES
 K1=0
DO60K=1,1K
IF(IMeEQe ) GOTO4
DOSOKK=1,1M
1F(K+EQ+IXCKK)) GOTO5
50 CONTINUE
4 K2=K-K1
ANCK2)=PART(K)
GOT060
5 Kl=K1+1
60 CONTINUE
C FORM A AND B MATRICES
DO8OK=15KFREE
DO70KK= 1, KFREE
JJ=K+(KK- 1) *KFREE
AMC JJ) =AMC JJI) + ANCK) ¥ ANCKKI %W T )
1J=JJ+KFREE
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70 BMCIJ)=aMCJI)
80 BMCK)=BMCKY+ANCK)*DYCIJI*W(I)
90 CONTINUE
WVAR=VAR
IF(KFREE«EQ.0)YGO TO 23
IFCLASTI TeEQe 1YLBDA=0
CALL LAMBDAC1,PC,LBDA>DPsI Ty AM)
NM=2
OPTIONAL PRINTOUT OF A AND B MATRICES ON LAST ITERATION
IFCLASTITEQe 0YGOTOG6
IFCIPR«LTe3)G0O TO6
PRINT 500
500 FORMAT(C///5s 3Xs 1HK» 19%Xs 6HACKS L) » 28X5 4HB(K) //)
DO110K=1,KFREE
PRINT 600, BMCK)
600 FORMATC//1H+, IPIE67¢5)
JJ=(K~1)*KFREE+1
1 J=K*KFREE
110 PRINT 700,Ks (AMCIID)H»1I=JdJdso1d)
700 FORMATCISs |IPA4EL12e4/C4X5 4E12e4))
SOLVE THE NORMAL EQUATIONS
6 IFCKFREEe«GTe 1) GOTO7
DET=AMC 1)
BM(2)=1.0/78MC 1)
GO TO 8
7 CONTINUE
CALL MINV(BMCKP),KFREEs DET,MA>MB)
IF(DET+EQeQe¢)LASTIT=1
IFCDET«EQe O¢) PRINT» "SINGULAR STSTEM ITER NO *HIT
CALL GMPRD(BM(KP), BMs DPs KFREE, KFREE, 1)
DO 115 1=1,KFREE
I1J=C(I-1)*KFREE+]
SPCIY=DPCI)5DP(1)=DPC(I)/SQGRTC(AMCII))
115 PCCI)=PCI)>+DP(1)
WRITE THE VALUE OF THE DETERMINANT, A INVERSE, AND
NOe OF ITERATIONS
CALL LAMBDA(NM, PC», LBDAs DP»1 T, AM)
IF(NMeEQe2) GO TO 7
8 IFCLASTIT.EQ.0)GOTO11
PRINT 800,1T»DET
800 FORMAT(C16,* ITERATIONSs DETe OF PARTe DERIVe MATRIX ="
1, 1PE14.6)
CALCULATE NEW PARAMETER VALUES AND CHECK FOR SIGN CHANGES
IF NECESSARY
11 K1=0
DO140K=1,1K
IFCIM«EQe D) GOTO12
DO130KK=1,1IM
IF(K«EQeIX(KK)) GOTO16
130 CONTINUE
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12 K2=K=~K1}

13 PCCK)I=P(K)+H*%DP(K)
IF(LASTI T«NE«0) GOTO140
IFCIFG~1)145140515

14 IFCITeGT«S)GOTO140

15 IFCP(KY*PCC(K) «GE«0)GOTO140
H=H/2
IF(H«GEe 1 0E~-10)GOTO11!
PRINTs "PROGe QUIT ITERATING DUE TO PARAMETER'> K, ' CHANGED SIGN®"
H=0.

LASTIT=1
GO TO 8
16 Kl=K1l+1
140 CONTINUE
C OPTIONAL PRINTOUT FOR EACH ITERATION
IFCLASTI TeNE«0)GOTO19
IFCIPR.LT1)GSG TO 17
PRINT 1300,1TsHs VAR
1300 FORMAT(1HQOsI3, 1P2E177)
1400 FORMAT (i{P6El11e3)
IFCIPR.LTe«2YG0O TO 17
PRINT 14005 (PC(K)»K=1,1K)
C TEST FOR CONVERGENCE

17 KK=0
DO160K=1,1K
IF(PC(K) «EQe 0) GOTO18
IFCABSC(C(PC(KY=P(K))/P(K))~TEST) 160,160, 19

18 KK=KK+1 :

160 CONTINUE
IF(KKe EQeIK) GOTO19
M25C=1
C SET PARAMETER VALUES FOR THE NEXT ITERATION
19 DO170K=1,1IK
170 PCKY=PCCK)

AFTER LAST ITERATION GO BACK FOR FINAL CALCULATION OF YC»

IF(LASTIT«EQ.0)GOTO21
KFREE=0
GOTO3
C TEST WHETHER 25 ITERATIONS HAVE BEEN TAKEN
21 IF(M25C+EQ.1)G0TO22
IFCIT.LTe25)GOTO2
C GO BACK FOR LAST ITERATION
22 LASTIT=1
GOTO2
C CALCULATE VEIGHTED VARIANCE, STANDARD DEV. OF THE PARAMS.
23 WVAR=VAR/DF
TEST=SQRT(SSG/DF)
Ki=0
DO190K=1,1K

aaQ
2
)
-3
|
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IF(IM«EQe0) GOTO24
DO180KK=1,1IM
IF(K«EQe IXC(KK))YGOTO25

180 CONTINUE

24 K2=K-K1
K3=K2+K2% (I K=-IM)
K4=K3=-IK+IM
SP(K)=SQRT(BM(K3)* WVAR/AM(K4))
GOTO 190

25 Kil=Kli+1

190 CONTINUE
RETURN
END

RSPAK 20:08 THUe. FEB 05,1970

SUBROUTINE RSPAK
C OUTPUT ROUTINE
DIMENSION ZC( D
COMMON NsIKs»IWsMsIBsITEST»1IDUMsNDUM»IPRsIFGsIMsYTs» TEST,
1WVAR, SSQ, IDF> DET,ISW,IPLTsISCsY(300)5X(1,300),W(300),1X(10)>

2PGC10),PC(10)>SP(10),YC(300),DYC(300),BM(110),ALABC10)»INTT,
3PART( 10) » NSETS» DUM( 1)

DIMENSION TSC40)

C PAGE 1 OF THE STANDARD OUTPUT
I=-1
CALL YPS(I)
PRINT 200, WVAR» TEST, SSQ

200 FORMAT(/26H THE WEIGHTED VARIANCE 1S 1PEl4.7,

1/ THE UNWEIGHTED SIGMA IS "> 1PE14.7,
2/49HAND THE UNWEIGHTED SUM OF SQUARES OF THE DEVS 1S iPE14.7)

300 FORMAT("™ GUESS OF FINAL VaL OF SeDe OF
1 EXACT LST SQRS EQNS*/'" K K-TH PARAM K-TH
2PARAM K-TH PARAM FITTED FCTN INPUT DATA"™

s - g

PRINT 300
KFREE=1K=-1IM
DO 40 K=1,KFREE
2 A=0+0
B=0.0
DO 30 1=1,N
ZC1)=XC1,1)
CALL YPSCI)
A=A+WCI)*YCCIY*PART(K)
30 B=B+W(I)*YCI)Y*¥PART(K)
PRINT 500sKsPGCK)» P(K)»SP(K)»AsB
500 FORMAT(I3s 1P3E12¢4, 3X51P2E12.4)
40 CONTI NUE
C CAL AND RITE CCRR MATRIX
IF(IPR.LT«1)GO TO 70
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PRINT 700
700 FORMAT(/////743H MATRIX OF CORRELATIONS BETWEEN FREE PARAMS,
B
DO 60 K1=1,KFREE
DO 50 K2=1,KFREE
I1J=Ke*KFREE+K!
JJ=K 1¥KFREE+K1
KJ=K2xKFREE+K2
50 TSC(K2)=BM(IJ)/SQRT(BM(JJI*BM(KJ))
851 FORMAT(135s8FB8+3/(F1135F843))
56 PRINT 851,K1,(TSCK) »K=1,KFREE)
60 CONTINUE
70 RETURN
END

YPS 20:08 THU. FEB 05,1970

SUBROUTINE YPS(I)

C FUNCTION AND PARTI AL DERIVATIVE ROUTINE

DIMENSION ZC¢ 1)

COMMON Ny IK»IW,MsIB>ITEST>»I1DUMsNDUMsIPRsIFGsIM»YTs» TESTS
1WVAR» SSQsIDF> DET»ISW>» IPLT»1SC>YC300)5%XC 15300, WC300),IXC10)>
2PG(10),PC10)»SP(10)5YCC300),DY(300),BM(10,11),ALABC10)>INTT,
3PART(10)»NSETS, DUMC 1)

4,7
K=IK=-1
I1F(I)1,3,3

900 FORMAT(//8X, **SUM OF EXPONENTIALS: YCI)=SPC(1)*EXP(=X(I)"

15/P(2)) ¥ eee+P(*"s11s"™)e*//)

1 PRINT 900sK
GOTO4

3 YT=0.0

DO 10 K=2,1K»2

PART(K=~1)=EXP(=Z( 1) /P(K))

FART{R)=P{n=1)*PART{R-1)

YT=YT+PARTCK)

10 PARTCK)=PARTC(KI*Z( 1) /PC(K)*%2
4 RETURN
END
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SUBROUTINE LAMBDA (NM, PCoLBDAs»DP»IT, AN)

DIMENSION PCC10),AM(C110Y5DPC1O)

REAL LBDA,NU

DIMENSION ANC100)

COMMONN,IKsIW, MsIB>ITEST»IDUMsNDUMs» I PRy IFGs IMsYT» TESTS
1VVAR» SSQsIDFs DETsISWs IPLT>ISCoY(300)2sX( 153000, WC300)51IXC10)>
2PGC10Y»PC10Y» SPC10)5YCC300)>,DY(300)>BMC(110), ALABC10)SINTT,
3PARTC10)»NSETS, DUMC 1)

KFREE=IK=IM3NU=103 NI =KFREEx(KFREE+ 1)

H=105NU=10.

GO TO €10, 100) NM

10 DO 20 K=1,KFREE

1J=( K=~ 1)*KFREE+K

BMCK)I=BM{K)/SQRT{(ANCIJ)»)

DO 20 KK=1,KFREE

KJ=(KK= 1) *KFREE+KK

1 =K¥KFREE+KK

BMCI)=BMCI)/SQRTCANCIJ)*ANCKJIY )

20 AMCIY=BM(CI1)
GO TO 500
100 D=0+35GD=0e3G=00
DO 120 J=1,KFREE
G=BM(J)*% 2+ G5 D=SP(J)** 2+D
120 GD=BM(J)Y*SP(J)+GD
GD=GD/SQRT(¢ D% G)
IFCIPReNEe O) PRINT, "™ COSCGAMMA)= ", GD
160 PHI=0.

DO 200 J=15N

YT=0.

IN=IK=~1

DO 150 K=1,IN,2

150 YT=YT+PCCKIXEXP(=X(1,J)/PCC(K+ 1))
200 PHI=WCJI*CYC(J)=YTI)**2+PHI

IF(PHI .LE« WVARYGO TO 600

IFCGDeLTe o707 ANDeLBDA«GT«0)GO TO 400

H=H/2.0:K=0

IFC(I1 PReNEe 0) PRINT 920,H, PHI

DO 220 1=1,KFREE

DPCI)=H%DPCIJY3PC(1)=PCI)+DP(1);5CHK=ABSC(DP(1)/PC(C1))

IFCCHKeLTe TESTYK=K+1

220 CONTINUE
I F(KFREE-K) 600, 600, 160
400 LBDA=LBDA%NU
IFCIPReNE« 0) PRINT 910,LBDA»1 Ts» PHI
1 J=KFREE+1
DO 300 K=IJsNI
300 BM(K)=AM(K)

GO TO 520
S00 IFCLBDA«GT. «0001)LBDA=LBDA/NU
520 1J=KFREE+ 1
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DO 530 K=1JsNis1J

530 BM(K)=AM(K)+LBDA
RETURN

600 NM=1
IFC(IPR«NE« O) PRINT» " PHI= ", PHI
RETURN

900 FORMATC 1P3Elle4d)

910 FORMAT(¢ "LAMBDA= "5 IPE7.1," ITER NOe "5>I12,'" HHI= "
11PE15.9)

920 FORMAT("™ H= ", 1PE8«2,'" PHI= "5 1PE15+9)
END

JERK1 20:08 THUe FEB 05,1970

$NDM
DIMENSION Y(S12),ICHANCDY> TIMC 1) ACLIOD
REAL L11s,L2
PRINT, "READ ID TAPE™
READ 101,L15,L2,DA>XM0OsYRs RN» SAs Vs P
PRINT 200
NTC=15ICHANC1)=1
INPUT» No TIM( 1) 5 AM
TFCTIMCL) «GTe QX TIMC1)==TIMC 1)
PRINT, "NUMBER OF EXPTL+. PARAMSe.»! ST COEFe. 51 ST LIFETIME, "
PRINT» "2 ND COEFes» eee » CONSTANT"
INPUT» IKsCACI)»I=1,1K)
IK=IK+1
ACIK)I=0.0
B=1.0
ASUM=0.0
DO 1 I=1,N
YC(I)=0e.
DO 3 J=1,1K,s2
3 YCDH=YCI)+A(II*EXP(TIMC1)*CI=1)/ACJ*+1))
ANOI SE=AM%x( RNDM( B) =0« 5)% SQRTC(Y(I))
ASUM=ASUM+ ANOI SE** 2
1 YCID=Y(C1)Y+ANOISE

PRINT, "SUM OF NOISE FOR DATA IS ", ASUM
ASUM=SQRT( ASUM/(N-IK+1))
PRINT, **SIGMA FOR DATA IS ' ASUM
TIME=2000+
CALL OPENF( 1, "INPUT'™
WRITEC 1, 101)L1,L2sDAsXMO,YRs RN» SAsUs P
WRITEC15,102)NsNTC»CICHAN(I)»I=1,NTC)
WRITEC 1, 103)CTIMCI)»1I=1,NTC)
WRITEC 1, 104) TIME,»C(YCI)sI=15ND)
CALL CLOSEF(C1,"INPUT"™

101 FORMAT(2A65 A2, A3s04512,065F5¢0,F541)

102 FORMAT(I3,1I1:813)
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103 FORMAT(8F7.2)

104 FORMAT(I6,917)

200 FORMAT("ENTER NUMBER OF CHANNELSC(N)Y.
1,')s MULTIPLIER FOR NOISE'™
END

CALI BRATION

(NS/CHAN"



EXAMPLES OF INPUT DATA FILE AND EXECUTIONS FOR FPLOT,

LASL AND JERK1.

INPUT

22:13

R T THOMPSONSEP

2554 11
6325
3411
4961
2958
2030
1401
1074

848
719
590
530
534
473
400
437
425
393
404
371
357
318
318
333
324
335
294
275

RANS

9090 256650 380435

ACC

APPENDIX B

WEDe MAR 11,1970

1,68 3HELIUM3867.

19 67103
5019 4988
4415 4202
2889 2761
1896 1832
1433 1356
986 953
816 817

703 697
570 596
541 544
495 491
479 448
500 403
423 411
394 428
364 384
406 377
336 371
359 355
324 328
354 321
308 323
338 291
330 325
263 302
278 306
01.3 SECS

4930
4101
2677
1760
1302
1030
769
684
605
574
507
466
443
467
433
394
365
355
362
349
355
343
308
280
307
273

4370
3861
2514
1707
1178
266
788
689
610
549
516
48 6
438
437
415
418
374
348
375
304
366
358
315
317
315
286

111

65

5124
3801
2385
1661
1175
959
755
669
568
531
495
497
448
398
428
372
367
373
385
338
358
326
340
278
303
411

4903
3691
2294
1556
1161
8717
735
596
586
550
479
452
435
383
362
379
385
377
371
360
339
319
331
316
311

5049
3456
2279
1460
1088
895
740
632
594
489
491
451
442
430
409
382
416
384
313
364
376
311
298
303
305

RICH.,

5030
3277
2232
1453
1125
826
725
645
544
519
507
435
427
421
395
398
352
358
380
350
307
329
318
313
283

4866
3232
2128
1442
1094
g28
714
639
557
509
508
457
400
374
411
414
361
366
334
300
336
318
305
305
289
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FPLOT 21:04 ACC WEDe MAR 11,1970

R T THOMPSON DATE-SEP 1,68 RUN # 3
SAMPLE=-HELIUM WAVELENGTH=3867. A PRESSURE= 6.5 MICRONS

CALCULATED AT 21:04 VEDe MAR 11,1970

ENTER PLOT INCREMENT
7 3

ENTER SCALE LIMITS, DEFAULT VALUES ARE 263 5124
?

263, 5124

* A X
S s ke s sk o ok sk sk e ok ok ok sk sk sk sk sk sk ke sk sk sk sk sk sk sk 3 ok st sk ske sk sk ok s sk e sk sk o sk sk s ok e sk sk sk sk sk sk sk sk sk e sk ok sk ok ke ok ok ok ok
0% +
3%
6%
9%

12% +

15% +

18% +

21% +

24% +

27+ +

30% +

33% +

36% +

39% +

42% +

45% +

48 % +

5i% +

S4% +

57% +

60% +

63% +

66% +

69 % +

T2% +

T5% +

78% +

81lx +

8 4% +

87 +

9 0% +

9 3% +

9 6% +

99% +

102% +

105% +

108% +

+ + +
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111% +
114% +
117% +
120% +
123% +
126% +
129% +
132% +
135% +
138% +
141 +
144% +
147% +
150% +

153% +
156% +
159% +
162% +

165% +
168x% +

171% +
174% +
177% +

18 0% +

18 3% +

18 6% +

189% +

19 2% +

19 5% +

198% +

201 +

204% +

207* +

210% +

213% +

216% +

219% +

222% +

NN -
=YX L v

228% +
231* +
234% +
237* +
240%+
243% +
24 6% +
249%+
252%+
e 3 sk b o s ok s e 3 s o ke sk e s She e she sk K she ke s sk s o she ke e 3 e sk ok ke e s ke o ke ke ok ok ske sk ok ok e o ke sfe e sk e 3 sk ok e e e ke sk ok ok

RAN: 07.7 SECS
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RICH 21345 ACC WEDe MAR 11,1970

R T THOMPSON DATE-SEP 1, 68 RUN # 3
SAMPLE-HELIUM WAVELENGTH=3867 A PRESSURE= 6¢5 MICRONS

CALCULATED AT 21:45 WEDe MAR 11,1970

PRINT REGRESe RESULTS? » TABULATE Y? (0-NO 1-YES)
?

ENTER NOe OF PARAMETERS, FIRST POINT»LAST POINT,
REP RATE, BREAK POINT, CONST(IF KNOWN)
?7 559,249,1100

TIME AXIS INTERCEPT = 25039875 NSe» STD DEV = 0« 06672 NS
COUNT RATE= 623
ITERATIONS NOT DISFLAYED
EXP FIT FROM 71 TO 241LINEARITY(R2) IS 9.05383143E~01
EXP FIT FROM 1 TO 6TLINEARITY(R2) IS 985460981E-01
THE UNWEIGHTED SIGMA IS 5¢5275E+01
THE WEIGHTED SIGMA IS 959 78E+01
LIFETIMES (NS) 6053005 52159458
COEFFICIENTS 4231+ 36769 624.43014 162+ 02452
CALIBRATION IS 3.44703 NS/CHAN WITH STD DEV OF0.001786 NS/CHAN
PLOT?(0-NOs PLOT INCR~YES)
?7 5
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4183 41830
Okt ke sk e sk sk ke sk sk s ke sk sk sk skl e sk sk sk skok Ok ok sk stk s sk ke sk ke sk e sk ok sk sk ofesk sk sk sskesk ok ok ok ok
9% c B A
14% c B A
19% C B A

4% C B A
29% c B A
34% C B A
39% c B A
44% C BA
49% c A B
54 c A B
S9% C A B
64% C A B
69% c B
T4% A C B
79% A C B
8 4% A c B
89% A c B
9 4% A C B
99%A C B
104* A c B
109%* A c B
114% A C B
119%A C B
124%A c B
129%A C B
134xA C B
139%A c B
144% 4 C
149%A C
154% A C
159% A c
164%A o B
169*A C B
174%A C B
179% A cC B
18 4% A CB
189%A C B
194%xA C B
199%A c B
204% A BC
209% A CB
214% A BC
219%A CB
224%A CB
229% 4 CB
234% A BC
239% A C
244% A B C
249%A CB
Ovke sk e sk ok sk ok sk ek ke e sk s sl sk ek sk sk otk sk Oskeskook o sk ok ok ok sk s sk sk stk ok ke kol ok sk ok sk e sk e ok sk ok ok ok
RAN¢ 203 SECS

Wwwww
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L ASL 21:58 ACC WEDe MAR 11,1970

R T THOMPSON DATE-SEP 1,68 RUN # 3
SAMPLE-HELIUM WAVELENGTH=3867 A PRESSURE= 65 MICRONS

CALCULATED AT 21:58 WEDe MAR 11,1970

ENTER NOe OF PARAMS, FIRST PTes LAST PTe, VWEIGHT POWER
»IPR=0,15250R 3 FOR INCRe QUTPUT,IM=2 HOLD CONSTe.
?7 5595249,-1,0

ENTER TAUCSHORT,LONG) > COEFF( SHORTsLONG) > CONSTANT
? 60,522,4231, 624, 162

CALIBRATION IS 3¢ 44702509 0E+00 NS/CHAN
WEIGHT RANGES FROM 10 TO 16837 FOR CHAN 249
6 ITERATIONSs, DETe. OF PARTe DERIVe MATRIX = 60 71629E-05

SUM OF EXPONENTIALS: YCID=PCDI4XEXP(=X(I)/P(2))+eoe+P(5)0

THE WEIGHTED VARIANCE IS 5¢160564E+03
THE UNWEIGHTED SIGMA IS 3«214420E+01
AND THE UNWEIGHTED SUM OF SQUARES OF THE DEVS IS 20 438 469 E+ 05

GUESS OF FINAL VaL OF SeDe OF EXACT LST SQRS EQNS
K K-TH PARAM K-TH PARAM K-TH PARAM FITTED FCTN INPUT DATA
1 4.231E+03 44 188E+03 44519E+01 1.871E+00 1.871E+00
2 6+.000E+0! 6+ 198E+01 1.117E+00 1« 687E+03 1. 68 7E+03
3 6+ 240E+02 5.562E+02 2+882E+01 1« 559E+05 1+ 559E+05
4 S5¢ 220E+02 44099 E+02 6¢460E+01 4 268E+05 40 268E+ 05
5 1+ 625E+02 2 249E+02 2+334E+01 1« 172E+06 1« 172E+06
ENTER PLOT INCR IF PLOT IS DESIRED.
? 5
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44185 4185
Oste stk sk ks s ok sk ok ek sk sesiokeok skok sk skeok ok skeok sk Osfskestok ok sk skt skoteoi sk sk skokok ok kokokokok ok ook skokok ok
9% C B A
4% C B A
19% c B A
24% c B A
29% C B A
3ax% C B A
39% C B A
44% C B A
49% C B A
5S4k c AB
99 % c A B
64% C A B
69 % cA B
74% AC B
T9% A C B
8 4% A C B
89* A C B
9 4% A C B
99% A C B
104% A C
109% A CB
114% A C B
119% A C B
124%A C B
129%A C B
134% A C B
139%A C B
144% A CB
149% A CB
154% A BC
159% A B
164%A CB
169%A CB
174%A C B
179% A C
18 4% A BC
i89*A CB
194%4A C B
199%A C B
204% A B C
209% A B C
214% A B C
219%A B C
224%A B C
229%A B C
234% A B C
239%A B c
244% A B c
249%A B C
Qb sk e sk sk ke e s s e e ok s ke s sk sk ok sk sk ok sk sk s ok ke Ok sk sk sk st sk sk feske st ok sk ke s e ok skeoke sk ke sk sk sk ek sk ok ok
RAN? 61.2 SECS
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J ERK1 22:24 ACC WEDe MAR 1151970

READ 1D TAPE
? R T THOMPSONMAR 11,70 3HE SIM3867.000.0

ENTER NUMBER OF CHANNELS(N), CALIBRATION (NS/CHAN), MULTIPLIER FOR NOI SE
? 241:3{447:4003

NUMBER OF EXPTLe. PARAMS«»1 ST COEFe »1 ST LIFETIME,
2 ND COEFes eee 5 CONSTANT
? 5:4188:61(98:556(2:40959:22459

SUM OF NOISE FOR DATA IS 2436121065E+05
SIGMA FOR DATA IS 3.212872062E+01

RAN: 04.0 SECS

DATA FILE "INPUT" GENERATED BY JERKI

R T THOMPSONMAR 11570 3HE SIM3867¢ 0.0

2411 1
=345
2000 4979 4769 4621 4375 4129 39173 3643 3533 3351
3288 3183 2974 29 66 2687 2708 2501 2466 2429 2306
2087 2041 2034 1894 1877 1821 1706 1739 1540 1597
1541 1434 1385 1375 1268 1269 1183 1214 1166 1156
1099 1131 1030 1070 934 926 974 987 916 898

849 870 885 8317 803 732 767 767 728 769
765 761 718 668 702 675 699 622 632 621
640 618 585 649 606 543 616 613 601 527
553 sga 599 516 505 498 539 547 420 524

485 479 500 485 462 536 451 528 476 447
457 502 490 449 466 494 4917 426 485 420

451 426 420 425 415 479 424 447 479 460
408 dzd 4iz 401 423 413 4063 420 385 390
393 447 406 404 422 384 397 402 384 390
425 406 374 432 416 429 412 424 407 347
372 422 412 372 373 340 362 398 406 359
393 394 394 385 397 393 330 378 370 353
322 354 357 323 382 358 363 379 345 373

314 380 329 320 350 309 314 330 374 349
316 341 336 301 354 319 368 306 302 321
311 307 360 352 328 332 344 310 350 317
335 305 321 315 284 290 319 283 312 303
344 315 334 278 333 321 310 282 285 332

308 301 334 310 285 274 298 323 326 323
278 318



APPENDIX C

EXPERIMENTAL OBSERVATIONS FOR HELIUM LIFETIME MEASUREMENTS®

Data
1st 2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Pressure -1st 2nd 1st 2nd
State Energy Energy Duration Time (% of (u-Hg) Lifetime Lifetime Exponential Exponential Constant Identification
(ev) (ev) (ns) (ns) pulse rate) (ns) (ns) Amplitude Amplitude
31s 90 500 2.9 19 57.1x0,7 12320%37 1485+38 11/30/69/2
90 500 2.5 27 64.0 2.2 2253 25 4219 27 11/30/69/3
97+2 500 2.3 90 60.4 0.6 8746 27 1480 23 11/28/69/4
755 500 98 60.0 3.0 4749 47 1325 44 11/28/69/5
70 500 100 61.4 0.5 12880 31 97 31 11/30/69/1
92 4 500 2.7 200 69.3 0.6 10000 26 327726 11/28/59/3
B2 SR A - I 0 X 7 £ TR & 7/ i S 58+2 ~ T T 9/1/8976"
. 10.4 55 105.0 0.6 3472 22 75 2 8/27/68/6
10.9 60 112.4 0.9 2938 11 575 9/2/68/3
11.9 120 85.6-0.6 4044 17 64 4 9/2/68/2
e e e e e e e e m e mmmmm 83325 39.60.8 14026 34825 | 55645 _ 10 0.9 _ _ 9/2/68/1 _
61s 25 184.0%1,2 3700+16 19744 9/1/68/5 o
9.1 44 88.0 1 181%19 1099 530 1957536 105 7 8/29/68/13
4 4 55 64.0 3,0 209 45 1697 78 257 81 122 5 8/27/58/7
9.8 80 39.9 0.7 177 7 5269 52 888 47 82 3 8/26/58/5
9.2 120 129.0 2.3 489 160 3465 49 112 56 107 400 8/29/68/9
9.3 200 93.0 3.0 388 224 3297 86 193 77 74 21 8/29/68/5
9.4 300 20.2 1.6 209 4 676 29 1017 14 40 3 8/29/68/1
o e e ML BB __ 3% _ _44.01.0 19312 _ 30742 _ _ 51840 _ _ _ 703 _ _ _ 8/29/68/4 _
718 500 25 1.8 140 44,224 ,0 19224 2050£174 1925+136 477%53 6/23/70/2
“glsT T T T T T 1357 7 T 75000 T T 500 T T T 5.7 T T T 76 T T59.4+0.7 431227 T Sg8vzal T T T982w47 T T T 5T T T T 9727179/1 T
140-120 500 25 110 55.0 1.0 551 201 3621 45 761 130 0+150 9/17/70/2
814 500 25 140 26.2 0.8 119 4 7217 150 5005 148 281 17 8/24/11/1
814 500 25 140 16.4 2.0 98 8 3352 208 5605 112 45 132 8/24/70/2
T9lsT T T T T T 275-80 5000 T T Iss T T T T T T T TT 1457 7 T46.8#0.% T T T T T T Ts84x27 T T T T T T T T T %e2+13 T T B/24770/% T

a
Stastical uncertainties are given for the fitted exponentlal parameters. Where none are given the parameter was held constant.



APPENDIX C (continued)

Data
1st 2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Pressure 1st 2nd 1lst 2nd
State Energy Energy Duration Time (% of pulse (p-Hg)  Lifetime Lifetimas Exponential Exponential Constant Identificatlon
(ev) _ (ev) (ns)_ (ns) rate) (ns) (ns) Amplitude Amplitude
6lp 5.8 40 33.8+0.6 293225 3978+43 408+18 183+8 8/29/68/12
9.3 120 23,4 0,4 200 7 3754 45 574 18 78 3 8/29/68/10
90/ 80 500 25 135 20,2 0,2 15335 17890 80 5905 74 Q 8/25/70/4
8.9 200 18,0 0.3 214 4 4671 54 1241 17 197 4 8/29/68/6
8.8 300 17.7 0.5 196 4 2743 65 811 14 43 2 8/29/68/2
=pT T T T T T G780 Tso0” "2 T T T T T T T T 135" T T16,8:0.3 T 14823 T T B0G4ES5 T T 3239%k T T T T 0 T T T 0 8/25770/3 7
4.6 150 24,1 1.0 280 24 677 19 162 7 633 = 8/27/68/8
e w2150 4.2 1.4 353 40 228436 43322 12811 8/27/68/10_
8ip 140 500 25 7.3 78 30,5£2,0 4731(>105)168204655 3700(>105) 572(>105) 7/27/70/2
95/82 500 30 120 17.4 0.5 1524 4989 62 3020+54 0 8/25/70/2
110/80 500 30 145 41,9 1.0 67 2241 16 62615 8/24/70/6
96/80 500 25 145 8.5 0.8 67 3 5402 263 12150 176 10 8/19/70/4P
225/80 500 15 150 45.8 0.7 2656 15 333 12 8/24/70/5
- e e m - - 82 __ 500 _ 30 LLLa.s 500_ _ _15.1 0.8 _ 120 11 _ 3326 102 _ 3331 42 _ _ _ 447 110 _ _ 8/25/[70/1 _
WP __ __96/80 _ 500 _ _ 25 _ _ _ ___._.._._ 140 _ _36.0%2.0 _ 259%7 _ _ 1826x30 _ _ 1362:31 _ _ _ 10 _ _ _ _ 8/19/70/3 _
w0 ___96/80 _ 500 _ _ 25 _ ______.. 130_ _ _37.7¢2.0 _ 255:10_ _ 1657+35 _ _ 1158:38 _ _ _ 10 __ _ _ 8/19/70/2 _
13 100 __.S00_ _ _ _ _ _.__26____23 __13.3%0.2_ _ ____ 12630£78 _ . _ _ _ - _ - 1006+20_ _ _11/30/69/3 _
0 S 124/95 _ 500 _ _20_ _ _ L _ .- -aoa 100_ _ _29.7#0.6 _ _83t5 _ _ 7792#196_ _ 1734%211 _ _ _ 0 _ _ _ _ 8/26/70/2 _
51p 124/95 500 20 100 27.9+0.3 114%4 13850120 3385136 0 8/26/70/1
e e - - .90/80 500 _ 25 _ . _ . _ ..o 140_ _ _23.1 0.4 _ 108 4 _ _ 3850 44 _ _ 116950 _ _ _ 0 _ _ _ _ 8/25[10/3 _
1
3D 125 30 15 0.7 25 20.0%1.0 582+20 727%2 1/28/72/2
140 150 30 15 2.0 26 21.4 0.5 281%24 5443 64 2148+39 906 24 1/28/72/1
90 85 90 10 8.0 26 19.2 0.3 385 35 8672 46 1864 47 100 13/20/71/4
380 60 120 30 4.0 30 22.8 0.5 256 17 5054 50 1944 22 423 46 1/7/72/3
380 60 120 30 5.6 31 25.6 0.6 191 9 6444 83 2282 51 0 55 1/7/72/4¢
135 85 110 15 6.7 41 31.3 0.5 235 17 8213 68 2078 34 74 45 1/7/72/1
140 270 40 15 7.6 56 27.8 0.4 124 7 15309 146 2859 147 687 22 1/26/72/1

bThird exponential observed having 356433 ns lifetime and 27112270 amplitude.
c
Third expoaential observed having 1644+372 ns lifetime and 648:67 amplitude.

o
N
o



APPENDIX C (continued)

Data
1st 2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Pressure 1st 2nd lst 2nd
State Energy Energy Duration Time (% of pulse (u-Hg) Lifetime Lifetime Exponential Exponential Constant Identification
(ev) (ev)  (u8) (ns) rate) {ns) (ns) Amplitude Amplitude
3lp 125 60 110 15 5.6 58 25.620.8 107+4 4993+100 2497£103 298+8 1/7]72/2
(cont,) 80 50 90 10 8.0 58 18,0 0.3 141 4 10750 66 3671 74 100 10/20/79/3
170 50 20 15 8.6 60 27.7 0.5 418 57 5707 48 2072 110 269 150 1/25/72/1
150 100 40 15 2,1 61 19,7 0.7 158 12 2848 53 1299 35 1295 24 1/26/72/2
* 95 300 130 5 4.4 70 49.8 2.0 183 38 7556 206 1050 190 100 36 1/8/72/1
320 100 10 6.0 77 44,9 4,0 92 14 5736 107 2773 1075 137 17 12/16/71/3
125 52 20 20 4.6 80 26,2 0.5 1536 5648 57 1794 47 191 13 1/7/72/64
125 52 120 20 6.9 82 28,7 0.4 192 8 13373 109 4358 74 149 42 1/7/72/5
* 60 40 90 10 8.0 90 17.4 0.7 99 3 6361 69 2932 77 100 10/20/72/2
250 110 25 1.1 110 33.3 3.0 89 10 2258 206 1113 214 80 7 12/15/71/3
220 120 25 4,9 110 31.0 2.0 76 5 6135 4185 508 331 10 12/15/71/2
280 100 10 5.3 195 20.9 0.6 89 4 5224 100 2317 102 461 9 12/16/71/2
________ 166_ _ _ 100 _ _10_ _ _ _ 2.9 _ _ _ 195 _ 56.40.6 _ 372215 _ 8999 78 _ _ _ 458 60_ _ _ _ O _ _ _ _12/16/71/1 _
s5lp 11.3 55 51.2#1,0 272%32 5163+55 499247 18919 927/68/5
e o e e e e e 10.7 _ _ _ 120_ _ _47.4+3.0 _ 158 39_ _ 4783 358_ _ 1378 332 _ _ 128 49_ _ _ 9/2/68/6_ _
61D 8.1 15 71.4%4,0 1882+652 450+11 31576 0+80 8/27/68/11
9.0 40 53.2 2.0 323 0 3828 51 623 35 93 12 8/29/68/11
8.3 110 45,9 2.0 297 19 2256 39 790 30 162 10 8/29/68/8
29.5 200 28.7 1.0 240 6 2531 45 1730 27 235 7 8/29/68/7
e e e — .89 __ 325 _ 23.71.0_19 3_ _ 175042 _ _ 1910 24_ _ _ 1033 _ _ _ 8/29/68/3 _
7D 20,0 80 41.022,0 50172 3404169 1662453 352+101 8/26/68/3
8.7 80 41,0 2.0 625 100 1119 24 524 23 120 37 8/26/68/4
14.4 150 50.0 2.0 376 40 2819 35 532 20 55 15 8/27/68/9
____________________________ 450_ _ 19.0 3.0 _ 200 & _ _ 48732 _ _ 117316 _ _ 1113 _ _ _ 8/26/68/1 _
8lp 100-90 500 20 7.1 100 27.0#1.0 2862 851467 5667+36 0 8/26/70/5
________ 20383 500 _ 30 _ _ 41 _ __ 110 _ 33.00.6 _ 57713 _ 322029 _ _ 210020 _ _ _Q _ _ _ _ 9/17/70/1 _
91D_ _ _100-84 500 _ 20_ _ _ _ 7.1 _ _ _ _110 _ _55.5%0.7 _ 298%6 _ _11140+78 _ 402190 _ _ _ 0 _ _ - - §/g6/7g/é
ToT™>™ = 7 7 T T1B0=8% T "s00 T T 20 3.5 110 69.5:1.0 = 305:16 ~ 14940%141 4649162 0 8/16770/3

dThis measurement was made with V15 gauss axial magnetic field applied.



APPENDIX C (continued)

Data
1st "2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Pressure 1st 2nd 1st 2nd
State Energy Energy Duratioa Time (% of pulse (u-Hg) Lifetime Lifetime Exponential Exponential Constant Identification
(ev) (ev) (ns)  (ns) rate) (ns) (ns) Amplitude Amplitude
33s 84/76 500 1.3 33 55.80,7 565927 1179121 11/20/69/5
38 60.7 2.0. 2796 19 1719 18 11/28/69/2
45 49.4 0.5 4512 16 958 11 11/20/69/4
b 30 51.4 0.4 7926 25 604 17 11/20/69/3
500 6.4 100 42,1 0.5 202+22 41200 340 55473297 552 140 6/18/70/2
150-100 500 10,1 110 43,2 1,0 18030 41 855 10 6/22/170/2
100 100 90 125 52.0 1.9 9779 42 215 4 10/20/70/1
500 12.6 130 29.3 3.0 145 273 3898 547 730 103 0 520 6/23/70/1
95-70 500 4.0 180 52.9 0.6 10670 38 2014 36 11/28/69/1
200 42,6 0.4 3650 15 306 8 11/20/69/1
150-50 500 7.6 200 47.0 0.4 13870 34 561 43 6/22/70/1
_____________________________ 240_ _ 414 0.3 _ _ __ _ _ 179228 _ _ __ _ ____ 811l _ _11/20/63/2 _
53s 9.7 35 108.5+1,0 413423 1852 8/28/68/7
e —ee 80270 _ 500 20 _ _ _______ 170_ _ 59.01.0 _ _ ____ 13220036 _ _ _ _ _____ 1207 36_ _ _ 9/2/70/3_ _
63s 0.7 65 62,2+2 0 41272 4189+48 55629 224227 9/1/68/3
7.1 10 72,0 2.0 289 72 2788 64 273 64 122 10 8/28/ 8/3a
7.4 10 72.0 2.0 359 85 4512 63 378 57 180 18 8/28/68/3b
9.8 35 77.0 6,0 208 31 1726 173 660 179 105 6 8/28/68/6
e e e e e B3 S _L__267736_ __ ______162___8/28/58/6 _
73s 13.4 10 129,013 494324  1308+190 396140 28160 8/28/68/2
5.7 13 63.0 4.0 602 154 933 35 537 25 272 57 8/28/68/4
6.4 35 112.0 13 563 261 2173 342 1903 225 0 356 9/1/68/2
o e e e o e — e 9e___ 110 _ _84.0 4.0 _ 356 44_ _ 2646 131 _ _1409 109 _ _ 68 35_ _ _ 9/1/68/1_ _
83s 140-120 500 25 115 33.0#1.0 577+13 322029 210020 0 9/17/70/3
90-70 500 20 145 84.5 3.0 463 38 8980 307 4964 332 100 9/10/70/1
90-70 500 20 155 87.0 2,0 7703 30 587+39 9/2/70/1
e e e e e e e e e m e m e — e ———— - - 170_ _ _50.0 2.0 _ 2035 _ _ 6956_156_ _ _6001 174 _ _ 10 _ _ _ _ 9/2/i0/2_ _
93s 115-80 500 20 105 26.0+2.0 171426 950%55 84129 127+39 8/26/70/6
e m— = . 8c-70 _ 500 _ 20 _ _ _____ 170_ _ _36.0 2.0 2385 _ _ 2234 46 _ _ 2591 49 _ _ 10 _ _ _ _9/2/10/4_ _



APPENDIX C {continued)

Data
1st 2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Pressure 1st 2nd 1st 2nd
State Energy Energy Duration Time of pulse (p~Hg) Lifetime Lifetime Exponential Exponential Constant Identification
(ev) (ev) {ns) (ns) rate) (ns) (ns) Amplitude Amplitude
23p 40 30 500 <20 16.5 25 12429 727%40 106748 6/20/69/3
46 30 500 5.6 33 13 2 5183 22 2214 14 2/27/69/3b
46 30 500 11.1 33 136 0.3 2716 19 1114 11 2/27/69/3
. 40 22 500 10.0 43 124 1 4004 20 520 6 12/28/67/2
95 500 60 126 2 3511 21 2763 13 9/13/69/6
110 00 9.4 60 114 2 579 22 2091 12 9/13/69/5
50 22 500 7.9 74 118 3 992 11 3735 2/25/69/3
38 26 500 10.2 74 143 2 319¢ 17 771 9 2/25/69/4
100 500 5.4 92 126 1 3739 3 3362 1 1/6/69/1
53 30 500 17.0 100 133 3 1633 13 422 7 2/25/69/1
51 . 30 500 10.8 100 135 3 1739 18 393 6 2/25/69/2
90 500 13.6 115 130 2 4579 23 1065 10 9/13/69/1
135 500 10.6 115 132 2 8483 51 706 13 9/11/69/4
120 500 9.7 115 1331 6650 28 740 10 9/13/69/4
150 500 9.8 115 136 2 3711 24 263 8 9/13/69/3
90 500 9.0 115 138 2 7354 38 2209 17 9/11/69/2
41 28 500 16.5 150 120 2 5861 30 1873 14 6/20/69/2
44 26 500 17.5 150 132 4 4929 63 1798 33 6/20/69/1
36 24 500 13.8 330 122 1 5274 17 1543 12 2/27/69/16
36 24 500 13.5 330 123 2 4652 20 1081 9 2/27/69/1
_____ 33__26_ ___500_ _ _x___ 148 __ _ 625 _ 1232 _ _ _ __ _ 6429 42 _ _ _ _ _ __ _ 95112 _ _6/20/69/4 _
43p 150 500 30 5.5 74 105,120,5 904626 204+8 7/30/70/8
e m = - - 2074 _ 500 __20_ _ _ _ 6.6 __ _ _200_ _ _ _76.7 3.0 16710 _ 10200 676 _ _4156*700 _ _ _ O _ _ _ _ 8/12/70/2 _
53p 120 500 30 3.6 67 14822 6473+18 547+15 7/11/70/2
150 500 30 4.2 74 116 1 7751 21 367 11 7/30/70/7
100-80 500 20 6.5 135 73 4 164356 6709 568 62971588 0 8/18/170/5
90-74 500 20 6.6 200 72 4 158 5 7046 685 8953 708 0 8/12/70/3
________________________________ lirn o __lms20033) o _l4233l L
63p 115 500 30 2,3 70 754 57767 2318+82 1323492 0 7/11/70/3
150 500 30 6.4 75 78 18 254 134 3506 1713 3919 1254 732490 7/30/70/5
100-80 500 20 7.3 135 7€ 3 193 5 12520 525 9394 265 100 8/18/70/4
90-74 500 20 6.6 210 67 10 159 16 5809 2031 12040 1942 227 121 8/12/70/4% _

€21



APPENDIX C {(continued)

Dat:a
1st 2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Pressure 1st 2nd 1st 2nd
State Energy Energy Duration Time (% of pulse (u1-Hg) Lifetime Lifetime Exponential Exponential Constant Identification
(ev) (ev) (ns) (ns) rate) (ns) (ns) Ampli tude Amplitude
73p 150 500 30 5.9 73 86+5 414%38 3769+219 27154234 0 7/30/70/5
70 500 30 3.6 100 41 1 - 528 26 3098 28 780 21 5 7/11/70/4
100-80 500 20 6.5 135 79 3 278 17 5713 243 3007 260 0 8/18/70/3
* 90-74 500 20 6.6 210 86 4 237 11 6848 396 4803 415 0 " 8/12/70/5
_____________ 500 _ _ _ _ ___%40 __ _ 250 _ _ 82 _ _73380_ _ 3540 56__ _ 106964 __ _Q _ __ _ 6/18/70/1 _
83p 150 500 30 3.4 78 4242 29111 1507+46 1654%51 0 7/30/70/4
100-80 500 20 2.3 135 43 2 241 4 4043 74 4822 84 0 8/18/70/2
___.._-__20:7.‘:__590___.2.0____é-é___-zlo____5_‘:3__3222___4_77él°§__$3§2_1l8___9-__-§/.1.2£79/9..
93p 100-80 500 20 1.2 135 563 30918 2339285 1731195 0 8/18/70/1
-____..__20:7é__59°___30____.6.-5____230____‘*é2__.2.4§§_-_3.Z3§§0___l9§7_6_7___9__-_§/12179/Z_
33p 70 125 90 10 4.9 15 18+1 31245 4442%5) 2257420 500 10/21/70/5
70 120 S0 10 5.8 29 16 1 246 2 4971 58 3590 23 500 10/21/70/4
70 120 90 10 5.8 40 15 1 249 2 4062 78 4582 27 500 16/21/70/3
70 60 90 10 7.8 61 14 1 203 2 10460 168 5911 30 500 10/21/70/2
60 48 90 10 11.0 90 131 168 1 8495 172 4601 27 500 /21/70/1
_____ 40 _ _70_ _ _ _90_ _ _10_ _ _ _10.5__ __18__ _ _ 52 _ _1681 _ _ _ 649 110 __ 538425 _ _ 100 _ _ _ _10/20/70/5 _
43p 125 80 15 9.2 65 402 3016 400071 525052 803+18 1/25/72/2
170 50 15 2,0 86 24 1 200 13 1902 47 1566 25 220 29 1/25/72/3
__.._-..-_______-_-20____2-‘_3___-23____2él__209§_....‘*199§°__-£*.690_‘*§__199§§__..l/§°i72/l_
S oL 132-100_ _S500_ _ _ 25_ _ _ _ 8.1 _ _ _ _l40_ _ _132e1  _ _ _ _ _ _13650%24_ _ _ _ _ _ _ _ _ 3AA20_ _ _ 6/23[70/3 _
6 . 132-100_ 500_ _ _25_ _ _ _ 7.0 _ _ _ _140_ _ _1sexl _ _ _ _ _ _ _ l25s50£26_ _ _ _ _ _ _ _ _ 12326 _ _ 6/23/70/4 _
73D 150 145 90 15 11.0 37 3105 5423+24 1458+29 10/16/70/6
150 80 90 15 45 297 6 2368 13 494 16 10/16/70/5
150 500 25 7.7 80 168 2 7559 21 814 25 7/27/170/3
150 500 25 7.5 82 154 4 772£314 14300 427 25104212 0 370 7/27/70/4
132-100 500 25 6.2 140 158 1 11050 22 822 22 6/23/70/5
100-80 90 20 6.8 150 170 2 11080 25 478 28 8/11/70/3
80 60 90 15 7.2 160 220 2 9277 459 13 10/16/70/1
90-74 500 20 6.6 200 148 1 10960 20 - 441 17 8/12/70/1
90 60 500 15 7.1 230 232 2 10520 21 936 15 10/16/70/3




APPENDIX C (continued)

Data
Ist 2nd 2nd Pulse Acquisition
Upper Pulse Pulse Pulse Fall Rate Prassure lat 2nd lst 2nd
State Energy Energy Duration Time (% of pulse (p-lig) Lifetime Lifetime .Exponential Exponential Constant Identification
(ev) (ev) (ns) ___ (ns) rate) (ns) (ns) ° Amplitude " Amplitude
73D 48 29 500 25 8.5 270 32544 : 6022421 548:26 10/16/70/2
Ceone.) 50 _ _ 30_ _ _ _50_ _ _50_ _ _ .5 _ __ 300 _ 2662 _ _____ 49015 ____._..38612 _ 100167071
83p 190 500 30 5.3 30 57+7 624429 745+49 © 2562:56 0 6/27/70/3
125 500 50 6.3 33 52 2 798 34 2670 41 2704 43 50 6/27/70/%
125 500 30 8.0 36 49 2 675 24 3162 46 3224 49 0 6/27/70/5
150 500 30 5.6 76 241 6 4127 37 887+46 7/27/10/5
150 sSeo 30 6.9 76 172 10 542 23 3957 286 4413 301 500 7/27/70/6
132-88 500 25 7.5 140 87 7 266 12 5345 S72 7934 594 100 6/23/70/6
__.._....__190239.._590__-20___-§-§_---1§°___l8§3-_____...1.°§".QZ7___-_-_..-.5.3?.2“---§/11179_/%_
93D 200 500 30 5.8 24 125+16 1707+505 14193177 23034187 4] 6/27/70/1
200 500 30 7.3 28 56 3 951 70 2165 56 2881 64 0 6/27/70/2
%0 15 5.0 40 60 4 1492 697 2124 71 3677 1185 041261  10/16/70/7
150 500 30 2.5 70 333 6 2313 11 489 12 7/30/70/2
150 500 30 8.2 77 73 11 287 11 1762 275 7941 254 1320 44 772777077
: 115 500 30 7.3 80 520 9 4639 31 714 38 7/30/710/1
85 85 20 - 15 6.7 85 368 9 5385 4?2 1469 53 10/16/70/10
104~-34 500 20 6.6 125 182 2 10500 32 602 40 8/13/70/1
112-80 500 25 7.7 140 536 275 44 3674 551 8350 156 500 471 6/23/70/7
100-80 500 20 7.1 150 189 2 9227 29 420 37 8/11/70/1
100~-80 500 20 6.5 150 79 3 261 11 8189 390 6380 415 0 8/18/70/7
65 55 90 15 6.8 160 302 4 7078 24 1621 28 10/16/70/9
100-80 500 20 6.9 19¢ 159 1 21060 33 1127 35 8/10/70/3
96 500 4.4 194 24 2 75 4 7962 481 6698 509 1286 11/30/69/4
_____ 60 _ _ 55 _ _ _9%___35___._88__._ 220_ _ _ 2833 _ _ _ ____.81;82 _ _____..101] 22_ _ _10/16/72/8
103D 150 500 30 7.5 74 56111 287+8 10142132 7114+124 1376432 7/30/70/3
100-80 500 20 4.8 135 64 3 251 6 6839 188 6573 222 0 8/18/70/6
o __ __100-8) _ 500_ _ _20_ _ _ _ 6.4 _ __ 190 _ _ 1691 ____ ___20703%6 _______. 957 43 _ _ B/10/70/2 _
113p 80 85 90 15 . 190 6§3+2 494418 1805429 929+29 100 10/17/70/2

2,2
60 55 90 20 - 1.9 300 1n9 3 722 102 2899 50 903 56 0454 10/17/70/1




