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ABSTRACT 

A time-of-flight technique has been used to measure the radia­

tive lifetime of the 2l S0 state of helium. After passing from a cooled 

. source, helium atoms are excited to the 2l S0 state by a pulsed electron 

gun. The atomic beam then contains primarily ground state helium atoms 

and metastable atoms in both the 23S1 and the 21S0 excited states. The 

time-of-flight spectrum for the metastable 2l S0 state can be separated 

from the 23Sl state by using an rf-discharge helium lamp: The 2l S0 

state is quenched by absorption of a 20,581 A photon, raising the atom 

to the 2lp 1 state, which then decays preferentially to the ISO ground 

state; the 23Sl state remains unaffected because it is the ground state 

for the triplet system. The time-of-flight spectrum for the 2l S0 atoms 

is therefore obtained from the difference between the full beam and the 

quenched beam. 

The metastable atoms are then detected at two positions ~ 
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dl = 1.9 meters and d2 = 6.7 meters from the electron gun- by Auger 

ejection of an electron from a copper target, tlle first of which is a 

60% transmitting mesh. Neutral helium atoms cannot cause an electron 

to be ejected and are not detected. A comparison of the number of meta­

stables within a given velocity interval at the two detectors determines 

the number which decay in flight and yields a value for the two-photon 

radiative lifetime T. 

The final value for the singlet lifetime, 

20.2 ± 1.0 msec, 

is consistent with a previous lower limit (STE 69) and agrees with the 

calculated value of 19.5 msec (DRA 69), but disagrees with the value 

T = 38 ± 8 msec reported by Pearl using a movable detector (PEA 70). 

The 1.0 msec error is one standard deviation determined primarily from 

the uncertainty arising from the sensitivity of the analysis program to 

small errors in dl and d2, and includes an estimate of the remaining 

systematic error in the experiment. 

• 
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hole 0.25 inch in diameter, used for vacuum separation and beam collima­

tion. This first buffer chamber contains the lamp re-entrant port and 

also the electric field deflection plates which can be used to learn if 

the beam contains fast ions. Above this chamber is the separation valve 

which allows one vacuum system to remain pumping while the other is 

opened to atmospheric pressure. Next there is a tube 23 inches long 

and 4 inches in diameter which can be replaced by a similar 2-inch 

diameter tube containing Stern-Gerlach magnet pole tips. The last cham­

ber, containing separation plates above and below, is the second buffer 

chamber, providing the final vacuum isolation for the drift region. 

This lower section of the machine is 77.5 inches long from the 

source chamber to the third collimator, and is ales made entirely of 

stainless steel except for the brass adapting flanges on the separation 

valve. All ports and flanges above the source chamber are of Varian­

type with copper O-rings to allow for mild baking, except at the valve 

and at throats of all pumps, which have viton O-rings. Each chamber has 

its own oil diffusion pump, and the magnet chamber and second buffer 

cllarnber each have a liquid nitrogen cryo-trap. 

A Varian ionization gauge for measuring pressure is included 

with each diffusion pump of both sections. 

B. Vacuum System 

The vacuum system is divided into two separate parts by the sep­

aration valve. The lower vacuum system contains the source cl1amber and 

the first buffer chamber. The upper vacuum system contains the magnet 
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I. INTRODUCTION 

This thesis describes an experiment designed to measure the 

lifetime T of the long-lived 2150 metastable state of helium. Origi­

nally it was hoped that this experiment would become a test of the theo­

retical prediction of 19.5 msec (DRA 69). But, because of the diffi-

cu1ty with systematic errors, it is only possible to determine T consis-

tent with the calculated value. The experimental apparatus used is 

presently the most accurate available for measuring atomic lifetimes of 

the order of tens of milliseconds. 

The primary reason for measuring lifetimes of metastable states 

is to increase our ftmdamental understanding of the properties of matter 

in these various electronic states. In particular the lifetime of the 

metastable state in question is very sensitive to the exact waveftmc-

tions describing states that can be reached from the metastable state by 

means of electric dipole radiation. Such will be true of any metastable 

state which decays pr~dominant1y by tw~ photons. 

Metastable helitun is also of interest to astrophysicists (SPI 

51). In particular, metastable he1itun is quite abundant in the atmos-

pheres, of certain Be stars and can be used for studying various proper­

ties of these stars (ALL 54, pp. 144-148). In general, metastable ~ 

states of atoms provide for much of the light emitted from planetary 

nebulae, where the density of matter is very tenuous (~lOOO atoms/cm3). 

Atoms can travel a long time before making collisions and, provided the 

radiation density is not too large, will live long ~nough to decay spon-

.,', 
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taneously, giving off forbidden radiation. Measuring the intensity of 

these forbidden lines yields information concerning the density, temper­

ature, chemical composition, and other important properties of these 

non-terrestrial bodies. For instance, the two-photon decay of the 
2 2 51/ 2 metastable state of hydrogen is used to explain the continuous 

emission spectra of the planetary nebulae (SPI 51). 

In the past, experimenters have tried to measure metastable 

lifetimes using a bulb with a few microns of gas, just enough to sustain 

a pulsed discharge. By looking at either the electron density or the 

resonant absorption of light by the metastable state as a function of 

time after the discharge is turned off, it was hoped that one could 

deduce the lifetime after taking account of all possible means of losing 

metastable atoms in the gaseous atmosphere. This usually consists of 

fitting a formula of the form (GIB 63) 

where T is the time it takes for the metastables to decay. The first 

tenn represents the diffusion of metastables to the walls; the second 

tenn is the three-body collision rate for losing metastables; the third 

tenn is the normal two-body collision rate for the loss of metastables; 

and the fourth term is the twO-body collision rate for producing meta­

stables. The last term represents the natural radiative lifetime. 

The more that people learned about bulb experiments, the less 

they tried to measure metastable lifetimes. In particular, Blevis found 
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. " 3 . 
that in an experiment on Ne( P2) he could fit his data to yield a natu-

ral lifetime of 8 msec (BLE 57), but Phelps found that he could fit sim-

ilar data with the inclusion of a three-body collision rate, without 

considering any radiative lifetime (PHE 59). In conclusion, bulb exper­

iments are not capable of measuring the radiative lifetime of a long-

lived metastable atom. 

The first beam experiment on metastable helilnn was performed by 

Pearl in 1968, in which he found that T (2150) > 1.3 rnsec, (PEA 68). But 

as early as 1965, Steinberg had begun building an atomic beam machine 

which had two fixed, spatially separated detectors and utilized the 

time-of-flight method for determining lifetimes (STE 68). When comple-

ted, this metastable beam machine was found to be severely pressure­

limited and was only capable of measuring a lower limit to the helium 

lifetime T(2
l S0) > 9 msec. In early 1970, Pearl had completed building 

his second metastable beam machine in which a single traveling detector 

was used (PEA 70). His experiment was done in two parts: First, he 

measured the total attenuation of a dc beam over a distance of 1 meter . 

using a cooled source; then he measured the average time of flight for a 

pulsed beam. With these two separate experiments, 'he calculated that 

(2) 

wi th a lower limit of 30 msec. The experiment discussed in this thesis 

used a beam machine very similar to that built by Steinberg, and it also 

utilized the time-of-flight technique. The final lifetime obtained is 
'fJ: 

" •. : '-.Ii '. .~ 
'r.~ :, 

(3) 
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in satisfactory agreement with theory. 

The thesis is organized with the theory for the experiment im­

mediately following this section. Within the theory section is a brief 

history of calculations made on two-photon decay modes, especially em­

phasizing those for helium. Also contained in the theory section are 

the basic principles of the experiment and the analysis theory. Section 

III contains a complete description of the experimental apparatus, in­

cluding the experimental teclmique of data-taking. Section IV discusses 

the results of checks on systematic errors and parameter dependences. 

The final error is calculated and conclusions given. 



.~ 
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II. lliEORY 

A. History 

A metastable state of an excited atom was once thought capable 

of existing for a very long-time, only being able to change state by 

means of collisions of the first and second kind, absorption of radia­

tion, or perturbation by external fields. The appearance of forbidden 

lines, once thought to belong to unidentified elements, initiated a 

large amount of research and theory on the many secondary mechanisms by 

which an ex~ited state could decay. The early pioneering work was done 

on the unidentified lines from planetary nebulae, the sun's corona, and 

the polar aurora. For instance, Bowen found that some unidentified 

lines from nebulae were the forbidden lines of the atonric 0 I, N I I, and 

o III, while the lines in the aurora were forbidden lines of 0 I 

(BOW 28). Today most of the "forbidden" lines have been examined and 

found to be the difference between two term values of known atoms or 

their multiply-ionized states. These observations provided scientists 

with solid evidence for the existence of second-order multipole radia-

tion (electric quadrupole and magnetic dipmle), where before, they had 

devoted all their attention to electric dipole radiation. 

With this new attention on secondary decay mechanisms, Maria 

Goeppert-Mayer developed her theory of multiple quanta radiation ~Y 

31). In 1940, Breit and Teller predicted the lifetime of the metastable 
2 

(2s) Sl/2 state of hydrogen, based on a two-photon decay process, to be 

143 msec (BRE 40). Because of the similarity with the (ls2s) ISO meta­

stable state of helium, they also predicted the lifetime of this state 
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to be of the order of magnitude of l43msec, being JIUlch shorter than 
3 .. 

the other, (ls2s) Sl metastable state of helium. 

Next it was the astrophysicists who took interest in the two­

photon decay mode. In 1951, Spitzer and Greenstein seized upon the 

theoretical prediction of two-photon decay for the hydrogen metastable 

to explain the continuous emission spectra observed in planetary nebu-

lae (SPI 51, SEA 55). They also calculated the two-photon transition 

probability which was later found to agree with the rate 

(8.226 ± 001)Z6 sec- l calculated by shapiro and Breit in 1959 (SHA 59). 

The first laboratory evidence to support the two-photon emission process 

was provided by Novick in 1965 with his celebrated He+ experiment 

(LIP 65). Using a coincidence countingteclmique, he showed that coin­

cidence counts collected by two independent counters were correlated 

with the angular dependence of the counters according to 1 + cos2e, 

wheree = angle between counters. This is the exact dependence expected 

for this two-photon decay (HAM 40). 

Until the last five years, most interest in the two-photon decay 

process for metastable atoms centered arotmd hydrogen. Then, in 1966, 

Dalgarno made his first prediction of the lifetime of the 2l S0 meta­

stable state of helium, utilizing sum rules of oscillator strengths 

experimentally and theoretically determined (DAL 66). The lifetime 

obtained for T(ZlSo) was 22 msec. Later the same year, Dalgarno and 

Victor calculated the lifetime to be 12 msec, using a special sum rule 

with initial and final state wavefunctions obtained from the time-

dependent, uncoupled Hartree Fock approximation (terms in the pertur-
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bation expansion are approximated as uncoupled) which is a simpler but 

less accurate method of calculation (VAL 66a). In 1967, Victor calcu­

lated that T(2l S0) = 20 msec using wavefunctions obtained from the time­

dependent, coupled Hartree Fock approximation, which is tedious but 

accurate (VIC 67) . .The most recent and most accurate calculation, made 
. 1 . . 

by Drake, Victor, and Dalgarno, gives T(2 SO) = 19.5 msec (DRA 69). In 

this calculation, correlation-type wavefunctions are used, in which the 

positions of the two electrons are correlated by including a dependence 

on the distance between electrons. 

These authors also predict that the two-photon decay mode for 

the 23S1 he1ium metastable state should have a lifetime of 2.5.108 sec 

(DRA 69). But much skepticism has developed concerning two-photon 

emission as the most probable mode of decay for this state. Schwartz 

claims that this state can also decay by relativistically allowed mag­

netic dipole radiation with an expected lifetime of 105 sec (SCH 69). 

B. Terminology 

The metastable state of a given atomic electron configuration is 

defined as one which is very long-lived and can only be connected by a 

transition to a lower energy state by emitting forbidden radiation (or 

highly improbable electric dipole radiation). There have been many 

definitions of forbidden radiation since its discovery. 

(a) All spectral lines are divided into two groups: those which 

satisfy all selection rules are called permitted lines and all others 

are forbidden (BAT 62). 
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(b) Forbidden radiation has low transition probability, 102sec -lor 

less (BOW 36). 

(c) Forbidden radiation has very small transition probability as 

compared with the probability of the strongest lines in levels with 

siIililar quantum numbers, their ratio being 10-3 to 10 -4 (MRO 44). 

(d) All transit'ions which violate rigorous electric dipole selec­

tion rules iIi free atoms are forbidden (BAT 62). 

(e) All transitions which violate any electric dipole selection rule 

for free atoms are forbidden (HER 44). 

Definition (a) does not include higher-order multipole radiation 

as forbidden. Definition (b) does not make allowance for change in 

transition probability with quantum numbers. 1nough definition' (c) 

makes up for . this shortcoming, it still leads to a classifiCation system 

involving certain difficulties (lack of precision, for instance). Def-

inition (d) is commonly used by spectroscopists who do not want to 

include intercombination lines as being forbidden. Definition (e) is 

another commonly used definition which does include intercombination 

lines; and this is the definition used in this thesis. 

c. Selection Rules 

Selection rules are derived from the evaluation of the matrix 

elements appearing in the expressions of transition probability A. Any 

condition which predicts that the transition probability for a given 

, type of radiation shall vanish leads to a selection rule. TIle more 

commonmultipole radiations have the following transition probabilities: 
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64n4v3 
I I (alplb) 12 

3hc3 a,b 
El Type 

64n4v3 
I I (aIMlb) 12 

3hc3 a,b 
Ml Type 

32n6vs 
I I (aIQlb) 12 

shcs a,b 
E2 Type 

P = -e L + r. 
. 1 
1 

+ I (t. + is'.) M :c: llB 
i 1 1 

o Q = -31 I e.(3x. X. Q - r? 0 a) 
'a~ i 1 la 1~ 1 a~ 

(4) 

Pm energy level in the initial state is represented by the eigenvector 

la), and an energy level in the final state is represented by the eigen­

vector Ib). The frequency of the transition is v. 

These matrix elements were first computed by Rubinowicz et al. 

in 1932 (RUB 32), and since then by many authors. Table 1 gives a sum­

mary of the selection rules for the common types of radiation encoun~ 

tered irt atomic spectroscopy as well as some rules for arbitrary multi­

poles. These rules are divided into three groups. The first group 

consists of rules (1), (2), and (3), which are called rigorous or 

general selection rules. They always hold in the absence of nuclear 

perturbations or the two-photon process. The second group consists of 

rules (4) and (5), which hold only for the LS coupling s91e.me. Hence, 
-.\~?;~~.> ~~~';.~. -~~~.. . . ;.';~~ , 

they hold only in degrees, since LS·coupling is an approximation to all 

'-:;..' .".f..,p.":,., 



Table 1. Selection rules. 

Electric Dipole eEl) Magnetic Dipole (Ml) Electric Quadrupole eE2) 

(-1) ilJ = 0, ±l hl = 0, :tl . hl = 0, :tl,:t2 
not ()e() not ()e() . not ()e(), ~, ~l 

(2) !J.M = 0, :tl !J.M = O,:tl !J.M = 0, :tl, t2 

(3) Parity change No parity change No parity change 

(4) !J.S = a !J.S =0 !J.S = a 

(5) M. = 0, ±l M. =0 M. = 0, tl, t2 
not ()e() . not ()e(), ~l 

(6) One electron jump No electron jump One or no electron jump 

M, = tl M. = ° 6.£ = 0, t2 
M = 0 

., '0( 

k General 2 -pole, 
Mk = magnetic, 
Ek = electric 

!J.J = a + 1 +2 . .. +k ,-,-.. , .'-
Ji+.Jf~k 

!J.M.= 0, tl, t2, ±k 

,Parity for k: 

even odd 

Mk Change No change 
Ek No change Change 

!J.S = ° 
Ek: M.=0,±1,t2,··· ,tk 

Li + Lf ~ k 

Mk' M.=O +1 +2 ... +(k-l) . ,- ,- ,. ,-
Li + Lf~ k-l 

( ;. 

I 
r-o 
0 
I 
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real cases of electron coupling. The third group consists on rule (6) 

and it holds only when configuration interaction can be neglected, which 

is again an approximation of degree. 

D. Lifetimes and Decay Mechanisms 

Consider an initial energy level i which may consist of w. 
1 

degenerate sublevels and similarly a final state f which may have wf 
degenerate sublevel~.·· If \un is the probability for spontaneous emis­

sion from the nth sublevel of level i to the mth sublevel of level f, 

then 

1 
T. 

1 

Wi 

L L 
final n=l 

states f 

and, in the case that all A = A .. for n = 1, nm 1J 

1 -= wf T· 
1 

In general, 

.L A .. 
fInal IJ 

states f 

w. and m = 1, 
1 

(5) 

(6) 

(7) 

where k is a representative index running through all decay mechanisms 

available for spontaneous emission. Besides the allowed El radiation, 

there are (1) radiation of the pure E2 or pure Ml types, (2) radiation­

violatingLS coupling rules, (3) enforced dipole radiation due· to 
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external fields, (4) radiation due to electron coupling with nuclear 

spin, and (5) two-photon· decay radiation. Ak for the types El, MI, 
run 

~. \" : 

and E2 are listed in Eq. 4. A good discussion of each can be found in 

Atomic and Molecular Processes by Bates (BAT 62). It is primarily the 

last mechanism which concerns the remainder of this thesis. 

E.HeliumMetastable States 

The lowest-lying energy levels of helium are shown in Fig. 1. 

In the orthohelium system (triplets) the (ls2s) 3Sl state is the effec­

tive ground state. The only transition possib.le is the intercornbination 

of 23Sl ~ llso.For many years after the discovery of forbidden lines, 

it was thought that this transition could occur only by two-photon 

emission with a transition probability betWeen 10-8 and 10-9 sec-I. 

Since parity does not change,the transition cannot occur by emitting 

electric dipole radiation. And since this isa J = 1 ~ J = 0 transition 

it cannot be accomplished by emitting electric quadrupole radiation. 

The transition does satisfy all the rigorous selection rules for mag­

netlc dipole radiation, but since LS coupling is an excellent approxi­

mation for helium, the selection rule 6S = 0 would be violated for pure 

M1 radiation. The selection rule requiring no electron jump would also 

be violated. The rule ~S = 0 can be bypassed by considering the 23Sl 
nrultiplet of the (ls2s) configuration to be weakly mixed with the 3Pl 

nrultiplet of the (2p3p) configuration by the very small spin orbit 

interaction (coefficients s:::; 10-5). A.lso, the (ls2)lSO has a weak admix­

ture of (2P3P)3PO ' Thus the ratio of this M1 transition probability to 

~, 

'. 
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25 
Ionization 24.59 eV 

24 

23 

22 

-~21 - 2'5 

19 

o 
XB L 7011 - 6 9 51 

Fig. 1. Energy level diagram for helium showing the lowest~lying states 
of both the singlet system and the triplet system. 
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that for El radiation with a typical unit oscillator strength is about 

10- 24 ; hence T ~ 1016 sec if this were the only decay mode. The rule 

~ = 0 is weakly violated by considering relativistic wavefunctions. 

The calcuiation using relativistic operators was made for the hydrogen 
2 metastable state 2 Sl/2 decaying to the ground state giving off relativ-

istic Ml radiation and was found to have a transition probability 
-6 -1 = 5·10 sec (BRE 40). Recently, Schwartz demonstrated that there are 

spin-dependent relativistic correction operators to the magnetic dipole 

operator which allows a non-zero relativistic magnetic dipole transition 

to exist directly between the 23Sl state and the llso ground state of 

helium. He found that the corresponding transition probability 
-5 -1 3 = 10 sec (SCH 69). Hence the 2 Sl metastable state decays by 

relativistic M1 radiation with mean life approximately 105 sec. 

The (ls2s) ISO state lies above both (ls2s) 3Sl and (ls2) Iso 
. .3 11 3 

states. The same arguments g1ven for 2 Sl + 1 So apply to 2 So + 2 Sl 

intercornbination which is subsequently very improbable also (actually 

having p~obabilities 10-5 smaller due to smaller energy differences). 

The only other possibility is the 2l S0 + llsO transition. Since this is 

a J = 0 + J = 0 transition, it is rigorously forbidden for all orders of 

single-photon multipole radiation. The next most probable decay mech-

anism available is the emission of two El photons (hence, no total 

parity change). The best calculation for this transition is 19.5 msec, 

which is much shorter than the lifetime of the triplet metastable atom. 

Hence, relative to the singlet lifetime, the triplet lifetime is 

essentially infinite. 
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F. 2l S0 Helitun Lifetime 

As discussed in the previous section, the 2l S0 state of helitun 

must decay by two photons. Thus the expression for the probability of 

emitting two photons spontaneously, with one photon having a frequency 

between vI and VI + dvl , is the following (see Appendix A): 

where, by conservation of energy, 

E = hVl + hV2 

= Ei - Ef • 

(8) 

(9) 

The average must be taken over the directions of propagation and over 

the directions of polarization £, independently for both photons. The 

expression for the large matrix element Mfi is 

(10) 

where subscript f refers to the final llso state and the subscript i 

refers to the initial 2l S0 state. Energy hvniis the difference between 

intermediate and initial state energies (Appendix A). The summation 

over n is carried out over all possible real intermediate states of the 

atom, including states in the continuum. Since matrix elements repre­

senting allowed electric dipole transitions will usually be far greater 

in magnitude than those representing any other decay modes, the inter-
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mediate states must be only those which can be reached from the 2l S0 

state (and also the lISa) by absorption of a single photon with one unit 

of angular momentum. This criterion is well satisfied by the nIp states 

in helium which are, therefore the ones to enter into the summation over 

n. Thus, terms like (£l·~)fn are the Usual electric dipole matrix ele­

ments in which:;: is the vector sum of the position vectors representing 

eadl of the two electrons in the helium atom. 

To arrive at the total emission probability, the expression in 

Eq. 8 must be integrated over frequency v, since one does not measure 

this frequency in a lifetime experiment. Thus 

E/h 

Ar = ~ I A(vl)dvl 
o 

(11) 

where the 1/2 faction comes from counting photon-I twice in the fre­

quency interval [O,E/h]. And, since two-photon emission is the most 

predominant decay mode for the 2l S0 state, all. other factors in Eq. 7 

can be ignored; thus, from Eq.6: 

(12) 

1 In applying Eq. 8to the 2 So state, fine structure and hyper-

fine structure were ignored since nuclear and electronic spin both equal 

zero. But even if the experiment were carried out on He3 (I = 1/2), 

hyper fine structure could still be ignored, since the opeYator :;: is 

diagonal with respect to nuclear spin (and also electronic spin). Thus, 

each nlpl level is only triply degenerate and one usually represents 
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each of the three linearly independent states by eigenfunctions ~, n, 
~ . 

and r,; (nonnaiiy called P-ftmctions), which have the trans fonnat ion prop-

erties of the x, y, and z cartesian coordinates respectively (FAL 67). 

Now, one carries out the summation in Eq. 10 in two parts. First, the 

summation over the three degenerate energy levels of a given nIp state 

contributes terms like 

Now expand the dot products and multiply out all expressions, to give a 

total of 27 terms. Because of the choice of basis eigenftmctions and 

the fact that all directions are equivalent, it follows that 

x = x . fn fr,; = ••• = O. (14) 

Then Eq. 13 collapses to the following: 

(15) 

Now, Eq. 10 can be simplified to 

Mfl' = (~1·€2l L zfn znl' ( 1 + _1-,-_ ) 
n=2 vni+v2 vni+vl 

(16) 

where the index n refers only to the principle quantum number of the 
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intennediate lp state and zfn refers. to the matrix element 

< f I Z In, type 1;) 

and similarly for Z ".' . . nl 

The expression £1-£2 shows the statistical relationship between 

the directions of polarization of the two photons. Thus the emission 

probabiti ty is proportional to the square of the cosine of the angle 

between the polarization directions. The necessary average over polar-

ization directions is given by the integral 

I cos
2e t.; 

all 
directions 

whose value. is 1/3. Thus Eq. 8 becomes 

where the summation extending into the continuum is understood. 

(17) 

Equation 17 provides the starting point for most theoretical 

calculations of the 21S0 lifetime. It is possible to follow the proce­

dure of Breit and Teller (BRE 40) and evaluate each matrix element zni 

and zfn with known or approximate wavefunctions, carrying out the sum­

mation into the continuum. Or one could follow the method of Dalgarno's 

first calculation (DAL 66) in which the matrix elements of z are ob-

tained from electric dipole oscillator strengths fIn and fzn for txansi-
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tions from the ground state and metastable state, respectively: 

(ZlSlalnlp) 
f 1 

= [ Zn ]'2 
E - E Z n 

fIn (nlp,zlllS) = [ E ]~ (18) 
En 1 

Subscripts 1 and 2 now refer to the initial and final states respec~ 

ti vely • In latter calculations, Dalgarno used stun rules to get around 

having to calculate the wavefunctions for the intennediate states. 

Define the stun T(w) , with En as the eigenvalue of the intermediate state 

and {Wn} constituting a complete set of eigenfunctions for the two­

electron Hamiltonian Xas follows: 

(wzlzlwn>(wnlzlwl> 
ttw) = L ------

n E + W n 

(19) 

where it is arranged that (wllzlwl > ~ (wzlzlwz> = O. Then Eq. 19 can be 

evaluated using an elementary sum rule (DAL 63) of the fonn 

where 

or a similar set of fornrulas with index 1 and Z interchanged. Eq. ZO 

is solved by finding the stationary value of the functional 

(21) 

with respect to a trial fonn of XZ. 
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The wavefunctions VJl and VJ2 are then detennined using either the 

uncoupled Hartree-Fock Approximation (DAL66a) or the coupled Hartree­

Fock Approximation (VIC 67). With reference to Eq. 17, w is replaced by 

-El + hVl or -E2 - hvl . All equations are solved using variational 

methods and the integral in Eq. 11 is evaluated numerically. 

The best calculation to date is that by Drake, Victor, and 

Dalgarno (DRA 69), in which the infinite slUlllTlation over intennediate 

states m Eq. 17 is perfonned by replacing the true eigenftmctions by' a 

discrete set of correlation-type variational fun:ctions, where each 

function of the set has the fonn: 

LstvL . N M.. 
", --L (n) = (2) ~ (l'P ) \' LS ( ) ",LS (-+- -+-) y: 1.. (A A), 
'I' + 12 L a, 'k n 'I";k r1 ,r2 LR. R. r l ,r2 ijk 1J 1J 1 .2 . 

(22) 

'forn = 1, N where 

and quantities (R.l m1£2IDz'LML) with subscripts 1 and 2 referring to 

individual electrons, are vector coupling coefficients. The operator 

P12 generates, interchange of electrons ,1 and 2 and the quantities 

a~~k(n)are the expansion coefficients. The parameters ex and 8 are 1J . 

chosen to minimize the energy of the second root of each symmetry. All 

necessary integrals are evaluated analytically in closed fonn. 
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G.Princip1eof the Experiment 

The experiment designed to measure this 2150 lifetime of heliwn 

is illustrated schematically in Fig •. 2. The detectors must he able to 

detect only metastable atoms, and discriminate against neutrals. Thus , 

it is asswned that only metastable atoms exist in the beam and that uv­

light photons, which can also be detected, are absent. The first detec­

tor nrust be partially transmitting in such a way that a random sample of 

atoms in the beam is detected at each position. An electron gtUl is used 

to pulse the beam, subsequently giving both a singlet and a triplet 

speed distribution of metastable helium atoms. In order to separate the 

effects of the two components, a helium rf-discharge lamp is turned on 

and off for alternate collection cycles. When the lamp is on, the 2l S0 

metastable atoms are quenched, leaving the triplets tmaffected (FRY 69). 

By taking the difference between the two collections, only the singlets 

will be analyzed. 

The formalism for the analysis theory is first outlined for the 

general case o£apulse containing many aifferent types of metastable 

atoms created instantaneously by the electron gtm ata single point at 

time t = o. Then, the theory will be _ applied to the case of helium, 

showing how the lifetime T of the 2l So state can be determined. 

1. General Formalism 

.. Define t. = d. Iv as _ the time at which an atom of speed v arrives 
1 1 -_ 

at detector i, ata distanced. from the source where i = 1,2 stands for 
1 

the lower and upper detectors respectively. It will be necessary to 

examine only L~ose atoms whose speed lies between v and v+ 6v at each 
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Fig. 2. Schematic diagram of the time-of-flight apparatus .. Helium 
atoms effusing from a cooled source are metastabilized by an anti­
parallel electron beam, collimated, and then detected at detectors 
1 and 2; the discharge lamp allows the separation of the 21So and 
the 23S1 metastable states. A determination of the number of 21So 
atoms decaying between the two detectors gives the radiative life­
time. 
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detector and the size of Iv will be determined later. Thus only the 

counts which arrive between t. and t. + ot. are considered where 
1 . 1 1 

oti = (di /v2)ov. In order to include the possibility of scattering from 

the initial beam during flight to detector i, define the nonscattered 

fraction of the beam with speed v to be stev) for the kth type of meta­

stable atom. Let N~(V) be the initial speed distribution of the kth 

type of metastable atoms at t = O. Then the munber of the kth type 

which have survived to reach detector 1 in the speed interval ov is 

where the simple decay formula 

dn _ n 
at: - T 

(23) 

(24) 

provides for the experiment~ldecay factor with mean life Tk (a single 

factor being associated with each type of metastable). Also, it is 

assumed that the first detector intercepts a fraction r l of the beam 

randomly', leaving the fraction r 2 to be transmitted to the second 

detector, where 

(25) 

Then, multiplying the expression (23) by 1-1 gives those metastable atoms 

of the k th type capable of being seen at detector 1, and a similar 

expression exists for detector 2. 

In general, the efficiency per unit area for a metastable atom 

of type k with speed v to eject an electron from the point (x,y) of the 
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copper target i (Fig. 2), and subsequently have this electron collected 

by the detector i to become a single pulse, is defined to be £~(x,y,v). 

The usual number of electrons per incident Inetastable atom of type k 

falling on an increment of area dxdy is £~dxdy. Thus the mmlber of 
1 

metastable atoms of the type k counted at detector i with speed between 

v and v + cv is 

I r.s~(v) 1 1. 
S. 

1 (Z6) 

k where No may also be explicitly a function of position on the detector 

if each point, for some reason, does not see the same speed distribu-

tion. S. is the beam's entire cross-sectional area intersected by 
1 

target i. Then, each detector registers a count rate ni at detector i 

and at time t. given by 
1 

. . .. k di n. (t.) = LN. (t.) -.r .. 
11k 1 1. t7 

1 

(Z7) 

where the size 'oiov, andl thus ct., nrust be small enough that the var-
. 1. 

ious factors in Eq. Z6 can be taken as constant for any speed v between 

v and v· + cv. Then, by fitting the function 

nz(tz) 
=--- (Z8) 

n l (tl ) 

where tZ/tl = dZ/dl , to expernnental data collected at many sets of 

times (tl,tZ)' the lifetime can be obtained for the metastable atoms of 
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type k. 

2. Helium 

Let f(v) be the probability of quenching a 2l S0 metastable atom 

(k = 1) with speed v. Then, with the quench lamp on, the number of 21S0 

atoms arriving at detector i in OV becomes 

Thus, from Eq. 26, 

1 [N. (v)] ov '" 
1. on 

(29) 

1 E.(x,y,v)dxdy. 
1 

(30) 

Since it is-desirable for as many ftmctions of v to cancel in 

Eq. 28, some assumptions must be made about the various factors in 

Eq. 30. The most tffiportant assumption is that the speed distribution 

N~ be uniform across the metastable beam; that is, 

(31) 

There is eXperimental evidence, though, that this assumption is not 

entirely valid, as will be discussed in Section IV. This position 

dependence arises because of the excitation process occurring in the 

electron gun. A review of this excitation mechanism can be found in 

Appendix B.Essentially, the speed v of atoms excited along a given 

observation angle depends directly upon the angle of 

incidence of the neutral atom, before collision with an energetic 

electron. And, since a different area of the gun can have a 
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different set of angles of incidence, a different speed distribution 
.1 • -

arises. Then, because different positionS on the target surface c.an see 

different portions of the gun (an extended source), each position will 

see a slightly different speed distribution. 

When the assumption leading to Eq. 31 is valid, it is very 

reasonable that £~ will be independent of speed. 
1 

k Indeed, €. would 
1 

depend implicitly on v if each position on the detector has a different 

set of beam speeds associated with it. It need, however, only be 

assumed that the exact mechanism for electron ejection from the target 

be independent of the speed of the metastable atom approaching the sur­

face, which does appear to be the case for the range of thermal speeds 

detected. Now, defining £~ as the integral of £~(x,y) over the beam 

cross section, it follows that 

has a similar expression with f = O. Using Eq. 27, 

d. 1 d. 3 
[n . (v)]. = ~ [N . tv) ] + ~ N . (v) 

1 o~ t7 1 on t7 1 
1. 1 

(32) 

(33) 

where, as (J)riginally assumed, the triplets (k = 3) are unaffected by the 

quench lamp. Upon taking the difference between the lamp··off count rate 

and the lamp-on count rate, the resulting effective rateOni(ti ) at 

0" 



detectori and at time t. is 
1 

where, as usual, v ~. di/ti. 

Now applying Eq. 28: 
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S~(\t) 

Si(V) 
-tIT e 

(34) 

(35) 

where T- ~ 1:1 and t= t2 - t l , usually referred to as the time of flight 

between detectors for atoms of speed v. The important result here is 

that the ratio is independent of the modified speed distribution 
1 . 

f (v) No (v) , which therefore can have any form. 

The factor S~(v) is equal to the expression 
1 . 

exp[ -J n(x) crk(v,x) dx] 
L. 

1 

where n(x) is a continuously defined density of scattering centers along 

the beam path Li to the detector i and, similarly, crk(v,x) is the scat­

tering cross section as a ftmction of x along the path Li for a meta­

stable atOm of type k with speed v. Thus, 

Ll 

= exp ( -J ncrdx) 
o 

= S~(v)· Sk(v) 

L2 

exp( -J ncrdx) 
'L 1 

(36) 
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where the second factor represents the nonscattered fraction· surviving 

the flight between detectors. 

Thus Eq. 35 simplifies to 

(37) 

where 

To force a1(v) + 1, oneroust reduce the density of scattering centers to 

zero. This can be effectively acccmplished by lowering the pressure to 

a value such that 

for 
1 . 

1.0. ~ a ~ 0.999 . 

If one takes o~ 100 A2 (which may be realistic since 0(3S1) = l4S-A2 

[MUS 66]), then n must be ~ 2.108 atoms/cc or the pressure 

~ 5.10-9 torr, a condition which is bCiSic to the time-of-flight prin­

ciple which assumes that only radiative decay can occur for an atom of 

speed v drifting between the two fixed detectors. The problem of a 

pressure effect on the lifetime T will also be analyzed in Section IV. 

In sununary, by counting all atoms with speed between v and 

v + QV arriving at each detector and taking their ratio, Eq. 37 for 

Sl = 1 then provides a curve of points where the speed v is incremented 

by a small amount from point to point .. The slope of the log of the 

r 

• 
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above-defined. cUrVe 'is$en'~llr~ 

~. " 
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I II. EXPERIMENT 

A. General Description 

Displaying all essential components, Fig. 3a and 3b give an 

overall view of the entire beam machine. Fig. 4 is a photograph of the 

actual equipment. Basically, the machine is divided into two function­

ally different sections by the third collimator. The vacuum system is 

separated into two independent systems by the 2-inch gate valve, shown 

in Fig. 3b. The machine is also oriented vertically such that the 

atomic beam· experiences negligible deflection due to gravity over the 

entire flight path. 

The upper section of the machine shown in Fig. 3a constitutes 

the free drift region above the third collimator and is entirely bake­

able. A detector chamber is located at each end of the flight tube, 

whiCh is totally 197 inches in length and 4 inches iri diameter, is made 

of stainless steel and has Varian-type flanges with copper O-rings for 

making vacuum seals. The drift tube is evacuated by three oil diffusion 

pumps, each with a liquid nitrogen cryo-trap. 

The lower section of the machine shown in Fig. 3b contains the 

source, the metastabilizer, the lamp, the separation gate valve, and the 

buffering chambers. A support stand is attached to the lowest chamber 

which effectively holds the entire machine. Cross-supports assure that 

the machine remains vertical. Contained within the lowest chamber are 

both the electron gun assembly and the source assembly. Separating the 

source chamber from the buffer chamber above is a'plate with a center 
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Fig. 3a. Schematic of the upper section of the metastable beam machine, 
consisting of drift tube and detector chambers. 
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Fig. 3b. Schematic of the lower section of the metas table beam machine, 
consisting of buffer chambers, magnet chamber, source chamber, and 
source assembly. 
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XBB 7010-4704 

Fig. 4. Photograph o f the actual metastable beam machine. 
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hole 0.25 inch in diameter, used for vacuum separation and beam collima­

tion. This first buffer chamber contains the lamp re-entrant port and 

also the elec.tric field deflection plates which can be used to learn if 

the beam contains fast ions. Above this chamber is the separation valve 

which allows one vacuum system to remain ptunping while the other is 

opened to atmospheric pressure. Next there is a tube 23 inches long 

and 4 inches in diameter which can be replaced by a similar 2-inch 

diameter tube containing Stern-Gerlach magnet pole tips. The last cham­

ber, containing separation plates above and belOW, is the second buffer 

chamber, providing the final vacuum isolation for the drift region. 

This lower section of the machine is 77.5 inches long from the 

source chamber to the third collimator, and is alse made entirely of 

stainless steel except for the brass adapting flanges on the separation 

valve. All ports and flanges above the source chamber are of Varian­

type with copper O-rings to allow for mild baking, except at the valve 

and at throats of all Pl.IDIps, which have vi ton O-rings. Each chamber has 

its own oil diffusion Pl.IDlp, and the magnet chamber and second buffer 

cllamber each have a liquid nitrogen cryo-trap. 

A Varian ionization gauge for measuring pressure is included 

with each diffusion Pl.IDlp of both sections. 

B. Vacuum System 

The vacuum system is divided into two separate parts by the sep­

aration valve. The lower vacuum system contains the source chamber and 

the first buffer chamber. The upper vacUlUll system contains the magnet' 

.. 
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chamber, the second buffer chamber, and the drift tube. Each VaCUlDn 

system consists of forept.unps, manifold 'and foreline, diffusion pumps, Te 

and ionization gauges, and vacuum chambers. 

The central foreline manifold is shown in Fig. S. The two 

vacuum systems usually are totally isolated if the separation gate valve 

is closed, but may be joined together at the foreline manifold via the 

central ball valve if more pumping speed is needed for one system or 

the other. A venting ball valve may be selectively opened to allow one 

of the vacuum systems to attain atmospheric pressure, but, in the early 

stages of construction, the vent was also used to connect a helium leak 

detector into the system. 

The manifold consists basically of 2-inch diameter copper tubing 

connecting the many ball valves in the system. The lower Te gauges are 

used to monitor the pressure below the system ball valves and the Te 

gauges above are used with the interlock system. Generally only two 

Model 1402 Welch DuoSeal mechanical pumps are connected to each sys tern. 

The forelines from the manifolds to the diffusion pumps also 

consist of 2-inch diameter copper tubing, but the upper foreline system 

contains flexible bellows sections at points of greatest stress (which 

exist when this system is baking). Before these bellows were added, the 

fore line would break when the drift tube expanded during a bake. Both 

forelines have a bellows to isolate the manifold vibrations from the 

beam machine itself. Also, all diffusion pumps on a given system have a 

connnon foreline. 

Since it is well known that mechanical pumps can reduce pressure 
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-3 only to ~10 torr, oil diffusion pumps are used to further reduce pres-

sures to 10-8 torr. The drift tube has three NRC MOdel VHS-4 high-speed 

diffusion pumps, each attaChed to an NRC Series '0316 4-inch cryo-trap, 
. . 

thus giving 600 liters/sec of helium ptmtping speed. A copper crush ring 

is used for sealing the trap to the main tube. This precaution allows 

IIRlch higher baking temperatures than those possible with connnon vi ton 

O-rings over the entire drift region. The other two chambers on the 

upper vacm.un system have evc Model PMC-nO diffusion pumps, each also 

with an NRC 4-inch cryo-trap. The lower system has two NRC Model VHS-6 

oil diffusion pumps connected to the vacm.un system without traps. Trap-

ping does occur in the source chamber, though, when liquid nitrogen is 

placed in the source assembly. Thus, without traps, the full benefit of 

the pump's 3000 liters/sec pumping speed for helium can be realized. 

All the VHS diffusion ptmtps were specially ordered with 208-volt heat­

ers, and the older PMC-720 diffusion ptmtps were rewired for 208-volt 

operation. Thus all diffusion ptmtps are able to run on a single 25-amp, 

three-phase circuit. Likewise, all mechanical pumps are connected to a 

separate 25-amp three-phase circuit to insure that they would continue 

to operate ,even if power failed on the diffusion pump circuit. 

The interlock system consists of a Hastings Dual Vacm.un Inter-

lock controller which normally sends current into a large relay. When 

pressure becomes high (>100 microns) in the foreline system, the con­

troller deactivates the large relay, which then cuts the power to the 

diffusion pumps, An interlock system is connected to each separate 

vacuum system. 
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Pressures greater than 10-3 microns are measured by Hastings 

Thennocouple gauges. For pressures between 10-3 and 10-11 torr, Varian 

Model UlN-Z4 ion gauges must be used. These gauges are also bakeable, 

and project directly into the vacuum system. They always read lower 

values after first baking the walls nearest to the gauges, even after 

the system is opened to atmospheric pressure and then pumped down again. 

The problem is that these gauges must be kept as far from the surround­

ing walls as possible since they tend to read the local pressure of 

gas coming from the walls, being heated by the gauge filament itself, 

and not the equilibrium pressure far from the walls. 

In order to obtain pressures less than 10-8 torr, the system is 

baked by means of many 300 ..;watt heating tapes, all connected electri­

cally in parallel and wrapped around the outside of the entire drift 

tube. Typical baking temperatures are 150 to zoooe and the duration of 

the bake is typically 48 hours. Pressures start at 1.10 -6 torr, but 

decrease finally to about 2 or 3 '10 - ~ torr. Often a factor of 10 can be 

. gained in lower pressures after turning the bake off. Even lower pres­

sures can be realized with longer, hotter bakes. Varian conflat flanges 

with copper O-rings are used at all joints in order to stand tempera­

turesgreater than 100°C. Preliminary to assembly, the various vacuum 

parts are electropolished and assembled with clean plastic gloves, after 

cleaning parts in ethyl alcohol. 

The buffer chambers are very important in isolating the high 

pressure of the source from the very low pressure of the drift region. 

The evidence for the high quality of this isolation is that·no detect-
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able rise in pressure in the drift region occurs when the separation 

vaive" is opened" even with very high source chamber pressure (~lO-3 torr) 

or while running an intense collimated beam.' For a list of typical vac­

uum pressures for the various chambers in the two systems, see Table 2 . 

. C. Gas Handling System 

This system produces a variable flow rate into the source assem-
, ' 

bly with a high degree of stability over long periods of time (hours to 

days, depending on magnitude of flow rate). Originally three S-liter 

storage bulbs were used to produce the constant atmosphere backpressure 

at the metering valve, as' shown schematically in Fig. 6. But when one 

bulb became broken it was found that 10 liters of storage was quite 

sufficient. A photograph of the present system is shown in Fig. 7. An 

open-end mercury manometer monitors the quantity of stored gas, since 

density is proportional to pressure when volume and temperature are 

constant. Normally the operating pressure is 10-20% above atmospheric 

pressure, but when this pressure decreases 10-20% below 1 atmosphere, 

the bulbs are flushed out and refilled to their original pressure by 

manipulating stopcocks Nos. 1, 2, and 3. When very pure gas samples are 

needed, the final fill is done with liquid nitrogen surrounding the cold 

trap. 

The open-end manometer acts as a safety valve when pressure gets 

too high in the storage bulbs, as may happen if the pressure regulator 

accidentally gives a burst of gas into the system. This feature was 

once found to be very useful when it ,was necessary to run gas contin-
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Table 2_ Typical pressures (in torr)_ 

Drift tube unbaked 

Drift tube baked 

2nd buffer chamber 

Magnet chamber 

Is tbuffer chamber 

Source chamber 
(no LNand uncorrected 
for helium) . 

Untrapped 

1.10-7 

1.10-8 

1-10- 7 

1-10- 7 

No Beam 

Trapped 

2-4-10 -8 

2.10-9 

1-10-8 

1-10-8 

With Beam 
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Thermocouple 
gauoe 

5 Liter 
Storage Bulb 

Va Ive ____ Ir"""",-------' L...-.. __ --..,. Source .---11 .. _ 

No.1 
5 Liter 

Storage Bulb 

Veeco 
Valve --___ ~I 

Stopcock No.3 

I Meter 
Long--.-I 

Open End Mercury 
Manometer 

Stopcock 
No.2 

~ 
Mechanical 
Pump 

NO.3 
5 Liter 

Storage Bulb 

Assembly 

Source 
-----:-~ Gas 

XBL 7011-6966 

Fig. 6. Schematic illustration of the gas handling system. Total ca­
pacity is approximately 16 liters at one atmosphere. 
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Fig. 7. Photogr aph of the present gas handling system. Total 
capacity is approximately 11 liters at one atmosphere. 
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uously from the large storage tank into the bulbs for need of very hi~l 

flow rates. On, this occasion, the high-pressure regulator malfunc­

tioned, produC:1ng a large overpressure in the bulbs. The mercury over­

flowed and the gas was subsequently vented harmlessly into the room, 

preventing damage to the glassware. 

The gas system as illustrated in Fig. 6 is of all-glass con­

struction up to the Vee co valve which provides complete shutoff when 

necessary. The valve used to adjust the final flow rate in this exper­

iment is a Vacoa Model MV-'25-XL precision gas metering valve and could 

be very acqurate1y adjusted to give almost any desired count rate. 

Typical running conditions might give a source chamber pressure of 

1.10-6 torr for helium (uncorrected) with the metering valve open to 

7 turns. Since VHS-6 plUllping speed is 3000 liters/sec (at STP) for 

helium, the flow rate is Rl2.1Q-2 cc/sec for a corrected helium pressure 

of 6.10-6 torr (VAR 65). As can be seen from the graph in Fig. 8, seven 

turns is to be expected for this flow rate. Viewed in a different way, 

the flow rate is 0.09 liters/hr; hence it would take approximately 

11 hrs of continuous running to use 10% of the stored gas. The storage 

volume is thus sufficient for many runs, 'each laSting between 1 and 

2 hours. The adjusted flow rate is usually the highest that can be tol­

erated (which is desirable for obtaining large signal-to-noise) in order 

to keep the count rate 'less than 10% of that which would saturate the 

output amplifiers. 

'Following the metering valve is a thermocouple gauge used to 

monitor the source line pressure, mainly to assure that the source line 
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TYPICAL LEAK RATEvs. NO. OFTURNS 

2 

Leak rote. for following gases lies within 
bond for one atmosphere differential; 
neon, argon, air; and krypton. 

4 6 81.0 15 
Number of Turns 

20 

XBL 7011-6949 

Fig. 8:. Graph of leak rate versus number of turns on the precision 
metering valve for various gases according to manufacturers' spec­
ifications. 

.. 
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does not leak. Copper tubing with 3/8-inch O.D. and total length of 

11 feet is used to connect the metering valve to the 4-foot-long, 

liB-inch O.D. stainless steel tubing in the source assembly. These 

lengths and diameters obviously create a sizeable impedance to the 

source gas flow. Thus a long delay usually ensues after any change of . 

the metering valve. In the past, not only helilDll but HZ' NZ' Kr, and 

Ne have been used as source gases, and all can be made to have reason­

able flow rates. 

D.Source Assembly 

In order to measure the decay of the beam over an appreciable 

fraction of the mean lifeo£ the singlet state, a cold beam is needed. 

Originally the goal was to obtain a liquid-helilDll-cooled beam. The 

source assembly thus designed and built is shown in Fig. 9. The inner 

dewar can be filled with either liquid nitrogen or liquid helilDll and the 

outer jacket nonnally contains liquid nitrogen. The source gas is first 

cooled to liquid nitrogen temperature by having the liB-inch O.D. stain-

less steel tubing wind around inside this outer jacket before passing 

ihto the heat exchanger (copper block) attached to the bottom of the 

inner dewar. A long copper tube with 3/l6-inch O.D. is attached to this 

heat exchanger to bring the:coole4 gas onto the axis of the beam 

machine.' In order to allow for shrinkage and minor line-up, the top two 

plates of the somrce assembly chamber slide upon each other at right 

angles to give the source slit at the end of the long copper tube a two­

dimensional transverse movement across the beam axis. Usually, movement 
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Fig. 9.. Source assembly. Allows the neutral beam to be cooled by a " I, 

coolant placed in the central dewar. Heat radiation from the elec-
tron gun is transferred by a long copper tube to the heat ~ 
exchanger. 
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is.limitedtotO.15 inch in either dir~ction. When liquid helilDll is put 

into the inner dewar, a radiation shield is placed over the long copper 

. tube. The slit at the end of this tube is oriented parallel to the long 

direction of the tube and is approximately 0.15 inch in length. The 

pressurePs in the long copper tube depends on ,the flow rate desired or, 

equlvaiently, the pressure Psc in the source chamber. At Psc 

= 2'10-6 torr,P = 37 microns for a liquid-nitrogen-cooled source (see s 

Appendix C). 

In general, the full benefit of this elaborate source has never 

been realized, since it was found that the electron gun modifies the 

thermal speed distribution emanating from the source. 

E. Metastabilizer 

. . . ,1 
The task of raising atoms from the grOlmd state to the 2 So 

metastable energy level was one of the most important experimental prob­

lemsto solve. Of the two conmon possibilities, rf discharge and elec­

tron bombardment, the latter choice was settled upon. A discharge can 

give very large metastable populations but does not always turn off as 

cleanly as the electron gun. Also, in the final experimental arrange-

ment, it was possible to produce all the metastable atoms that the 

counting equipment could handle, using electron bombardment. 

Basically, the me tas tab il izer , placed immediately after the 

source slit, is a type of sheath electrode gun designed by Lamb and 

Retherford (LAM 51). Fig. 10 sluNs the first versim of this gun, having two 

side electrodes 100 mils apart, each of which is 1.0 inch high, 5/8 inch 
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Fig. 10. Exploded view of the sheath electrode gun described by Lamb 
and Retherford (LAM 51). A lO'-mil thoriated tungsten filament is 
spot-welded to stainless steel tabs and kept taut by a spring­
loaded tension plate. The filament is located lengthwise in the 
100-mil gap, flush with the depressed region of the side electrodes. 
The helium beam passes between the sheath electrodes, parallel to 
the filament. The entire stainless steel assembly is placed in a 
uniform magnetic field, aligned perpendicular to the filament 
wi thin the gap. 
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wide, and 1/2 inch thick ... Both electrodes, together with the collector 

plate attached to the back of .the side. electrodes, constitute the sheath 

and each carries the same positive potential to attract electrons into 

the 100-mil gap. For this purpose, a hot 10-mil thoriated tungsten 

filament is held near ground potential and centered lengthwise in the 

gap. The electrons are guided onto the collector, 1 em from the fila­

ment, by a permanent Alnico magnet with 2-inch-square pole faces, 

I-inch gap, and afiitld strength of about 1500 G. The atomic beam then 

passes through the centeY·of the gap between the electrodes and parallel 

to the hot filament. In order to keep the filament taut, one end is 

attached to a bar that slides in parallel holes bored into each side 

electrode. A stainless steel spring placed in each hole provides the 

necessary tension. Sections of mica are used to provide the electrical 

inSulation where necessary. The collector is also electrically isolated 

from the side electrodes to allow emission current reaching the collec­

tor to be monitored independently from that which strays to the side 

electrodes. Externally adjusting the position of the permanent magnet 

allows this collector current to be maximized, thus requiring most elec­

trons to travel the full length of the gap, and increasing the probabil­

ity of creating useful metastable atoms in the collimated atomic beam. 

This particular arrangement of the electron gun led to a serious 

systematic error in the lifetime measured, by creating a dependence on 

the type and position of the source exit. The elimination of most of 

this pnwanted source dependence was accomplished by rotating the gun by 

90 degrees so that the fiUunent is oriented parallel to the source slit. 
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A photograph showing the final fonn of the gun is found in Fig. 11. The 

gun is essentially the same as the first version except that the collec~ 

tor is almost entirely'eliminated by cutting a slot 'in it for the beam 

to pass through the gun, perpendicular to the filament. Now, all elec­

trons must eventually strike, the sheath. Also, a solenoid is used to 

obtain a focusing magnetic field oriented parallel to the beam axis, 

constructed by wrapping many layers of 3.0-inch wide, 3-mil-thick strip 

aluminum between layers of3.25-inch mylar upon a 2-inch diameter Pyrex 

tube. 

The gun support system is illustrated in Fig. l2a and l2b. The 

system in Fig. l2a was sufficient for the first version of the gun, but 

the piece shown in Fig. l2b was necessary in the final version in order 

to support the gun in the center of the solenoid. This support system 

also allows a one-dimensional movement from outside the vacuum via a 

micrometer whose rotational motion is changed into longitudinal in-and­

out motion~ This movement is perpendicular to the less critical source 

slit direction, and is used basically for initial lineup of the machine, 

and to check that the gun's position gives the maxinn.nn collimated meta-

stable beam. Electrical isolation at the point of connection to the gun 

is again achieved with mica. 

The circuit which supplies the power to the gun filament is 

shown in Fig. 13. In order to keep the filament from shortingtto the 

sheath because of the focusing magnetic field, the power circuit must 

supply a large audio frequency (f:::j3 kc) current to the filament. A vari­

able clock on a digital Flip Chip circuit board, foliowed by a flip flop 
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Fig. 11. Photograph of the electron gun in the final configura­
tion, with collector plate eliITlinated for the atoITlic beaITl to 
pass between the sheath electrodes, perpendicular to the 
filaITlent. 
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Fig. 12. Part (a) shows the movable gun support system which converts 
rotational motion to longitudinal motion. This system was suffi­
cient for the first version of the electron gun. Part (b) shows 
the additional section needed to support the final version of the 
electron gun in the center of the solenoid. 
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Fig. 13. Filament heater circuit. This power switch supplies a large 
plus-minus square wave current to the electron gtm filament, with a 
frequency of approximately 3000 cps in order to prevent the fila­
ment from shorting to the sheath because of the focusing magnetic 
field. 
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and a voltage converter, provides a ±10 V audiofrequency, low-current 

input signal for the~high-current plus-minus power switch. Note that 

the filament is able to float. above grolllld, which is necessary in order 

to pulse the emission current during regular operation. Under normal 

conditions, the filament r~ceives 7.5 amps at 6 volts, thus giving 

approximately 20 rna of emission current with SO volts applied to the 

sheath. 

The pulsing circuit for the emission current is shown in Fig. 14 

with input signal controlled by a PDP-8 computer. When no pulse arrives 

the filament is biased +5 volts, preventing any electrons from leaving 

the filament. When a pulse arrives, the filament is grounded and elec­

trons are accelerated toward the positive sheath. Normally the emission 

flows only for 80 to 100 ~sec and remains off for 30 to 35 msec, during 

which time data are cQl1ected. 

By varying the voltage to the sheath it was fOlllld that SO V 

gives the greatest number of metastables. The actual accelerating po,.. 

tential is less than SO V, though, because of the effect of space charge 

in the gap (HAE 39). As can be seen from the plots of 23S1 and 2l S0 

excitation fllllctions in Fig. 15, the probability of producing metastable 

helium by electron impact maximizes near 30 V. Estimatlon of the frac­

tion of 2l S0 atoms in the collimated beam is treated in Appendix D. 

When a solenoid was substituted for the permanent magnet, it was 

fOlllld that a large ainOllllt of power was needed to energize the magnet and 

to maximize the number of metastable atoms in the beam. Thus, it was 

decided to pulse the magnet on a few milliseconds before the/electron 
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Fig. 15. Excitation ftDlctions for the 23S1 and 2I Sa metastable atoms by 
electron impact versus electron energy. Also, the total excitation 
fWlction is shown as the sum of the excitation functions for the 
individual metastable states (DUG 67). 
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gun is turned on in order to let the field rise to a stable value of 

approximately 200 G, and then turn the magnet off when' the gun is turned 

off. With such a small duty cycle, the magnet coils are prevented from 

overheating. The circuitry for pulsing the solenoid is shown in Fig. 

16. The PDP-8 computer again supplies the properly-timed input pulses 

to the power switch, capable of providing 15 to 20 amps through the coil 

windings when on. 

The method for activating the thoriated filaments, found to give 

high emission current and long filament life, is to start at 2 V and 

slowly increase audio frequency voltage, each time allowing the emission 

to rise and level off before further increasing the voltage .. Finally, a 

p.oint is reached beyond which further increases do not increase emis-

sion, as expected from a space charge limited situation. Final emis-

sions of 40 rna at8 V (with sheath potential = SO V) have been attained, 

but filament temperatures never reach more than 2000°C, much less than 

the 2800°C reconunended for the "flash" type of activation procedure 

(LAN 23). 

F • Discharge L§I!IlP 

The electron gun must excite the 23Sl metastable state in order 

to produce the 2l S0 metastable state, because of the higher onset poten­

tial for exciting the 2l S0 state. And, since the detection system is 

unable to differentiate directly between the singlet and the triplet 

metastable atoms, the following method was devised to effectively sepa-

rate the two components. 

A discharge is created in a small amount of helium gas contained 
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in a thin Pyrex tube during alternate data coilection cycles. Data col­

lected with the lamp on are stored in a different memory location in the 

PDP-8 computer than data col~ected with the lamp off. Now, referring to 

Fig. 17, it can be seen that, when 20581 A radiation falls on an atom'in 

the 2l S0 state, the atom can make a transition to the ZlPl state, where­

upon the atom may irrunediately decay by highly allowed electric dipole 

radiation to the llso ground state. 

transition back to the zlso and the 

The branching ratio between the 

transition down to the llsostate is 

1:1000 (FRY 69a). Hence, by shining an intense beam of 20581 A light on 

the metastable beam, most of the singlet component will be quenched. 

The probability for quenching depends on the time spent in the area of 

the radiation, and thus directly upon the velocity of the atom. In con­

trast, the 23S1 state will be raised to higher triplet states, but will 

immediately return to the 23Sl grOund state for the orthohelium triplet 

system. There are some intercombination lines (Z3Pl ~ 11SO' A = 591 A; 

33DZ ~ ZlPl , A = 6680 A; and 23Pl ~ 3
l DZ' A = 5874 A), but they are 

extremely weak (HER 58). Thus, with the lamp on, the resulting meta­

stable beam contains triplets almost entirely. The difference between 

these two beams is effectively a pure singlet beam, with a slightly mod­

ified velocity distribution. 

Fig. 18 is a photograph of the lamp and its tuning circuit, all 

of which is kept outside the vacuum where air can be continuously ap­

plied to the discharge tube to prevent it from overheating and changing 

the quality of the light emitted. The tube is brought to within 3/4 in. 

of the metastable beam by way of a vacuum re-entrant port with 5-1/2 in. 
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Fig. 17 .. Illustration of the quenching mechanism. The 20581 A radiation 
raises the 2150 state to the 21Pl state, which ilTDIlediately decays 
to the ground state. But any radiation which raises the atom from 
the 2351 state does not affect the final triplet population, as all 
triplet states decay back to the triplet metastable state imme­
diately. 
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Fig. 18. Photograph of the helium discharge lamp and tuning circuit. 
Facility is made for cooling the lamp by continuously applying a 
stream of air directly to the discharge tube. 
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LD. A Pyrex glass window allows the discharge light to pass into the 

vacuum region. In general, the lamp is positioned as close to the elec-

tron gun as possible, so that uv-quench photons have a small probability 

of reaching the detectors. 

The circuit which drives the discharge lamp is shoWn in Fig. 19. 

The input modulation is supplied by the PDP-8 computer, as usual. 

The lamps are made from a 2. 25-inch long, 6 rnm capillary tube 

with a small bulb at each end, and are prepared with special emphasis on 

cleanliness and purity of gas sample. These lamps are first baked at 

approximately 200°C and then allowed to cool while one end is attached 
. -5 

to a clean vacuum system with pressure less than 10 torr. When the 

tubes are clean, pure helium gas is passed through a liquid nitrogen 

cold trap into the tubes Until the pressure is approximately 3 microns. 

Then the tubes are sealed off and are ready for use. 

These specially prepared lamps are then able to separate the 

singlets from the triplets, as described above. In this way, it is 

found that the singlet metastable component constitutes at least 20% of 

the total metastable beam. 

G. Collimation 

The main purpose of the collimation and subsequent lineup of the . 

source slit,electron gun, and collimators is to assure that any atom 

that can be seen by the lower detector can also be seen by the upper de-

tector. Collimation is achieved by use of the stainless steel separa­

tion plates between the various chambers. Each plate has a 1- inch-
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Fig. 19. Discharge lamp circuit. The input modulation consists of a 
-3-volt potential for tumingthe lamp on and a ground potential 
for turning the lamp off. The oscillator tube and the discharge 
lamp may be separately tuned by a variable capacitor in each tank 
circuit. 
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square hole in the center, over which. is placed a 2-inch-square; 

1/16-inch thick copper plate with a 1/4-inch diameter hole counter bored 

from above to present a knife edge to the beam. This combination, as 

shown in Fig. 20, allows the 1/4-inch hole to be moved until centered on 

the beam axis (which is not necessarily the exact center axis of each 

individual charnberL 

To determine how good the collimation is, one takes the worst 

possible situation. Assume the source area is detennined by the colli­

mator directly above the electron gun. From Fig. 21, it can easily be 

found that the linear dimension sub tended across the lower detector is 

0.29 inches and the corresponding dimension on the upper detector is 

1.75 inch. This case roughly approximates the projection of the long 

dimension of the slit in the source tube upon the detectors; the narrow 

source dimension will project smaller linear dimensions. Since each de­

tector target is approximately 3.5 inches in diameter, both detectors 

necessarily seethe same metastable beam, And the maximum solid angle 

sub tended by the beam will be 5.10-5 steradians. 

DIDstance measurements are made by drawing a steel wire through 

the entire machine, cutting the wire at the appropriate places, and 

finally measuring the piece of wire outside the machine with a steel 

tape which is more accurate than 1/16 inch in 20 feet. Lineup mdi the 

machine is similarly done by drawing a thread through the machine and 

attaching a plumb bob to the end. 

,0,' .. 
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Fig. 20. Collimator - separation plate. A small 2-inch-square copper 
plate is moved around on the large separation plate for aligning 
the collimator hole ,with the beam axis. 
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H. DeflectianPlates 

The deflection plates, 1 em apart and 14 em high, located in the 

first buffer chi:unber, are not used during an actual run since they pro­

duced no obs~rvab1e effect. As shown in Appendix E, room temperature 
.. 

ions are unable to pass through all collimators and subsequently reach 

the first detector, because of the earth's magnetic field. Asst.U1ling a 
. . 

field of 0.5 G, perpendicular to the beam axis, an ion with velocity 
. 4 . . . 

less than 7.7·10 m/sec cannot pass through both the first and last co1-

1imators. For this experiment on he1it.U1l, atoms with velocities greater 

than 2000m/sec are not analyzed primarily because there are so few of 

them. Nevertheless, the plates are useful with other gas samples, such 

as H2• Also, in Appendix E, 'it is shown that, if a potential of 500 V 

is applied to the plates, any helium ion with velocity less than 

2'106 m/sec is bert out of the beam. In this way, it was found that the 

present helium beam does not contain any detectable ground state ions 

that might be seen at the lower detector (hydrogen-like metastable he­

lium ions would be easily quenched to the ground state). 

I. Magnet 

An inhomogeneous magnet of the usual two-wire type was construc-

ted (but not used) with an especially high magnetic field gradient. A 

cross section of this magnet is displayed in Fig. 22. The convex sur-

face (the bead) has a radius of 0.575 inch and the concave surface has a 

radius of 0.325 inch. The gap between these two surfaces is 0.250 inch. 

The magnet is totally 12 inches long and is spaced inside a 2-inch O.D. 
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Fig. 22. Magnet cross section of the typical 2-wire type. 
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stainless steel tube. The pole tips are made of high-saturation Hiperco 

35 magnetic steel with an expected field of 20,000 G in the gap. 

Dimensions and gradients are such that, with only 10,000 G in 

the gap, all atoms with non-zero magnetic substates and velocities less 

than 2000 m/~c would be deflected from the beam and thus not reach the 

first detector. This is partly due to the large distance between the 

last collimator and the exit end of the magnet. The original purpose 

for the magnet was to change the relative populations of singlet and 

triplet metastable atoms in the beam in order to separate the effects of 

l ' the two. The 2 So state does not have a magnetic moment, whereas the 
3 ' " 3 

2 Sl state does. Hence the M = tlsubstates of the 2 Sl metastable 

atoms would be deflected from the beam, leaving only 2
l S0 M = 0 and 

23Sl M = 0 atoms. Analysis of the decay patterns should then allow the 
3 ' 

two components to be separated "because the 2 Sl atoms have a much 

longer lifetime. But, after'discovering-that a helium discharge lamp 

could do the same thing more easily and more completely, any plans to 

use the magnet were abandoned. 

However, information can be gained from using the magnet. It 

can determine the ratio of singlets to triplets in the beam, providing 

equal populations among magnetic substates exist. Magnet-on would give 

Non = NClS
O) + 1/3 N(3S1), whereas magnet-off would give Noff 

= NC1S0) + NC3S1). Hence 

NClSOJ 

NC3S
1) 

'N 2 N 
on - '3 off = ------.;~--
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Also, N(lSO) =~ Non - Noff ' 

Mor~ importantly, the magnet;..on would allow singlet data to be 

collected nearly twice as fast. By throwing away 2/3 of the triplets, 

one throws away approximately 1/2 the JOOtastable counts, but only trip-

let counts. Since higher count rate presently might produce uncertainty 

from dead-time correction for the amplifiers, eliminating a large number 

of triplets would allow increasing the source pressure, hence singlet 

count rate, without the necessity of any dead-time corrections. 

J. Detection System 

The basic goals of the detection system are: (a) to detect the 

2l S0 metastable atoms (23Sl atoms are also seen), ca) not to detect any 

ground state helium atoms, (0) to differentiate between lamp~on data and 

lamp-off data, and (d) to gate off light pulses occurring during excita­

tion. The system consists of: (1) the targets to convert He*·to elec­

trons, (2) the electrostatic electron nrultipliers to collect these elec-

trons, (3) the high-rate linear amplifiers and 10 MHz discriminators to 

amplify the signal and discrimate against low-level noise, and (4) the 

computer network which properly stores the signal and synchronizes the 

lamp, the electron gun, and the solenoid with the data collection 

channels. 

1. Targets 

Originally, the targets were designed to intersect the atomic 

beam at a 45° angle and still appear circular when viewed along the beam 

axis. Thus the targets, cut from a 1/16-inch thick oxygen-free copper 

.. 
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plate, are elliptically shaped with a 3-1/2-inch minor diameter. This 

allowed the detector target to fill most of the area across the 4-inch 

a.D. drift tube, which is most important at the upper detector where 

the beam has a I'. 75- inch diameter. At the lower detector, where the 

beam diameter is 0.29 inch, a l-inch-square hole is cut in the target, 

over which is attached a 60%-transparent Buckbee Mears electroformed 

copper mesh. After it was found that distance (even changes as small as 

0.25 em) was very critical to the analysis of the data, the targets were 

placed horizontal ,hence perpendicular to the atomic'beam, in order to 

eliminate the 0~75-cm difference in height existing across the tilted 

detector surface. 

The targets are mounted on ceramic stand-off insulators connec-

ted to 1/2-inch diameter aluminum rods in order to bias the targets 

positive (~+10 V) with respect to the ground potential of the drift 

tube's stainless steel surfaces. The electrons ejected from the target 

come off with 5 to 15 eV and, if it were not for the bias, many would be 

lost to the walls. In this respect, a more positively biased focus ring 

(~20 to 50 V above ground) with an approximate 3-l/2-inc,h a.D., sur­

rounds the first dynode of the electron mul tiplier.~d4et];>s guide the 

ejected electrons toward the highly positive first dyn94~ (~500 to 

700 V above ground). Potentials applied to these elements are varied to 

give a maximum count rate. 

The principle by which metastab1es are detected by ejection of 

an electron from a metal surface was first discovered by Webb iIi 1924 

with mercury metastables (WEB 24). In 1929, aliph~t showed that helium 
< 
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metastables would also eject electrons from metal surfaces (OLI 29). 

The theory is based on the Auger process, in which an atom in an excited 

state of energy I above the ground state approaches the potential well 

of the metal, with work function ¢ (see Fig. 23). If I > ¢, then a con­

duction electron can be captured from the metal into the ground state of 

the helium atom and the excited electron will be ejected, without radia­

tion. Excess energy I - ¢is taken up in kinetic energy of recoil of 

the helium atom and of the freed electron. Wi th I = 20.6 eV and ¢ 

= 4.46 eV for a copper surface QHOD 55), Auger ejection of electrons can 
.. . . .. * I 

readily occur near the copper surface for He , but not for He(l SO). 

Conceivably, some auto-ionization could also occur, however, because 

1> (ionization) - I [= 4.0 eV] is less than the metal's work function. 
. . 

An excited atomic electron could be captured by the metal, resulting in 

a helium ion being evaporated from the surface. Actually, oxygen-free 

copper probably has a work function less than 4.46 eV, and conceivably 

lower than 4.0 eV, because of surface contaminates. Success of the 

present detection system is proof that sufficient Auger electrons are 

ejected for metastable helium on a copper surface. 

The efficiency of this electron ejection process from copper has 

+ apparently not been measured, though He . on tantalum and molybdenum has 

an efficiency of 0.22 (HAG 53). Since each has a work function of 4.20 

which might be close to that of our targets, it is reasonable to expect 

that He+ on copper also has an efficiency of about 0.22. Also, the 

theory of this Auger ejection process suggests that neutrals and ions 

have identical efficiencies on the same target (HAG 54). Thus, a good 
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estimate of the efficiency for electron ejection on copper by He* is 

0.22 1: O. 03, which represents a. reasonable electron yield from copper. 

2. Electron Multiplier 

Originally, a Bendix Model 310 bakeable magnetic electron multi­

plier (MEM) was used to collect the ej ected electrons. The detector was 

shielded with mu-metal in hopes of quenching the fringing magnetic 

fields. Unforttmately, the entrance window still contained fringing 

fields too large to allow many electrons to be collected. Thus the MEM 
* . 

was abandoned, though it could count neutral He very efficiently. Sub-

stituting an ordinary electrostatic electron multiplier for the MEM gave 

very good success. The multiplier, purchased from PMI with 24 venetian­

blind-type dynodes, was adapted for use in the bakeable drift tube, with 

the first dynode parallel and 2 inches from the atomic beam, as illus­

trated in Fig. 24. The gain for these tubes is typically 106 , depending 

on prior history • When the gain is too low, the tube can be partly re-

. activated by baking the drift tube or by placing the multiplier in an 

oxygen discharge for 15 to 30 min. Typically, 10 to 100 nsec wide nega­

ti ve pulses a few mv high are obtained, but after activation it is pos­

sible to have SO to 100 mV high pulses. One-megohm resistors, used in 

the resistor chain, are spot-welded directly onto the dynodes, as can be 

seen in the photograph in Fig. 25, where both front and back views are 

shown with the transmitting target attached. Typically, 3000 V occurs 

across the resistor chain, giving a 1.5-rnA current through each resis-

tor. This current is nruch greater than typical ~ currents produced by 

electrons absorbed into the dynodes. The anode potential is usually 
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Fig. 24. Detection system, consisting of a target, an electron nrulti­
plier, a potential divider, and a capacitive output to the ampli­
fier. 
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XBB 7010-4703 

Fig. 25. Photograph, front and back views, of the electron multiplier 
and target with a 60 % transmitting copper mesh. 



200 volts higher than the last dynode's potential. 

3. . Amplifiers and Discriminators 

. A high-rate linear amplifier , Model l1X550l, with a SO-ohm input 

load to ground, is uSed to amplify the negative input pulses,giving out 

positive, 100 nsec-wide, 0.25-volt-high pulses on l25-ohm cable. Hence, 

two input pulses must not come closer than 100 nsec;otherwise they will 

appear as one pulse in the output of the amplifier. Theoretically, 

10 MHz counting rates could be handled as a maXimum if all pulses were 

equally spaced. Because real pulses are not equally spaced but actually 

arrive completely at random about any instant in time, the Poisson dis­

tribution IIU.lSt be invoked (EVA 55). That is, if the count rate observed 
. ' .. . -NAP 
1S No and the actual count rate 1S NA, then No = NAe where 

p.~ minimum resolution time (100 nsec). Hence, 

N . 0 
N =-10 MHz.8n IT""" • 
A l'IA 

(38) 

Thus, 99% of the real counts will be observed if the count rate is 

.~100 kHz, and 99.9% will be detected if this count rate is ~10 kHz. A 

further limitation occurs becaUSe the registers in the PDP-8 interface 

overflow if IOOre than 64 counts arrive per channel time (~O llsec). In 

this experiment, the 100 kHz maxinn.unis subsequently imposed in all 

runs. Actually, the integrated' pulse count rate is ~10 kHz, though, the 

count rate for some peak channels may become as high as 70 kHz. 

The output pulses from the lO-MHz discriminators OModel 3X9994) 

are given a rectangular shape of 40 nsec width and +6 volts height. The 
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only reqUirement on the pulse height is that it' be greater than +3 V, 

necessary to trigger the PDP-8 interface logic circuitry. The discrim­

inationlevel is set for the minimum 0.1 V to cut off only low-level 

noise pulses. 

4. Computer Network 

A block diagram of the total collection network is shown in 

Fig. 26. The central component of this network is thePDP-8 digital 

computer, progranuned to control the solenoid and gun-pulsing circuits, 

the lamp oscillator circuit, the output keypunch, and the data collec­

tion system. The interface network properly gates and registers the 

count rate for lamp-an and lamp-off, gating out light pulses received 

when the electron gun is on. The time base circuitry is shown in Fig. 

27 and consists of a series of flipfl()ps to diVide a standard 100 kc 

frequency', supplied by a· Hewlett-Packard electronic counter, in mul­

tiples of 2. Thus, channel widths of 10, 20, 40, 80, and 160 ~sec (or 

of 100, 200, 400, 800, and 1600 }tsec if a standard 10 kc frequency is 

used) are available to the experiment. The time base circuit automati­

cally shapes the standard input signal to give a ~3 volt-to-ground 

square wave following the flipflops. This signal then triggers another. 

pulse amplifier to produce uniform -3 vol t-to-ground channel advance 

pulses used by the PDP-8 interface circuits. 

The timing aspects of the experiment are shown in Fig. 28. The 

computer is programmed to determine this sequence of events, but the 

frequency of events is determined by the time base circuit. Channel 0 

corresponds to the. duration of the emission pulse. created when the elec-
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Fig. 27. Time base circuit. A standard frequency is divided by nrul­
tiples of 2 to produce the basic channel advance pulses. 
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Fig. 28. Timing scheme, used to obtain the time-of-flight spectrum of 
the metastable helium atoms. 'Timing and data'collection are con­
trolled by the PDP-8 computer. 
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tron gun is pulsed on. Time t = 0 is marked by the center of Channel O. 

The focusing solenoid is pulsed on a few milliseconds before Channel O. 

In order to be stable when data cOW1ts are collected, the lamp is turned 

on (and off) only at the beginning of the waiting period - 16 msec-, 

at which time the computer is adding data collected in buffer registers 

to that already stored from previous sweeps and preparing for the next 

sweep. The .critical timing provided by the channel advance pulses from 

the time base circuit is also shown in Fig. 28. 

K. Experimental Procedures 

The running procedure is a very simple one. When needed, traps 

are inunediately filled with liquid nitrogen, since they can take up to 

an hour to cool down. Then instruments are turned on and valves are 

opened to let pressures equalize. 

The count rate need not be maximized before each run, since the 

rate desired can be controlled through the precision metering valve. 

The gain on the nrultipliers and amplifiers is also set only once, to 

give maxinrum count rate without increasing the background noise .. The 

system is also aligned only once by maximizing the count rate, to insure 

that all active components, besides the lamp, are positioned on the beam 

axis. Usually the electron gun filament remains on continuously in or­

der to eliminate burn-out, since filaments usually break only when turn­

ing them on. Also, the emission likewise remains very stable. 

When the electronics was first assembled, checks were made with 

a fast Tektronics oscilloscope to be sure that small timing errors did 
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not exist. During a run, only the lamp timing is monitored by the 

oscilloscope, through the use of a light-sensitive diode, thus allowing 

gross errors (such as factors of 2) to be detected easily if they exist, 

and providing a simpl~ check to ·see if the lamp is turning on and off 

correctly. The drift. tube pressure is usually checked before or after a 
. " . . 

run but never while a run is being taken, except in the source chamber, 

because· the ion gauges can tlrrow many counts into the detectors. Much 

care is usually taken not to introduce any spurious counts into the sys­

tem, even those from turning on a light switch. Also, the PDP computer 

was found to very sensitive to any sparks accidentally created in the 

lab, tending to cause the computer to malfunction. 

The following is a list of all the parameters which needed to be 

varied to check for effects on the lifetime T(lSO). Also stated is the 

way these parameters are varied and the range of each. 

(a) Source pressure: This pressure is varied· by changing the flow 

rate through the precision metering valve starting from a base pressure 

of 5.10- 8 torr (with LN), increasing to a maximum of 3.10-5 torr, at 

which point the diffusion pump foreline pressure would reach about 

50 microns. The usual operating pressure is (1 to 2).10-6 torr. The 

only criterion is that the amplifiers should not saturate, as discussed 

in Section III-J(3) . 

(b) Source position: The source assembly can be moved in two direc­

tions, but only the direction parallel to the slit is important. The 

center position is 300 mils, _ with movement possible from 150 mils to 

450 mils. 
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(c) Source slit-to-gun distance: This can be varied only by remov-

ing the source assembly and changing the length of the tube which comes 

up to the gun. The distance ranges from 1/8 inch to 2 inches below the 

gun. Normally this distance is made as small as possible for obtaining 

the highest count rate, but a decrease by a factor of 10 can easily be 

obtained by increasing the distance to' 2 . inches. 

(d) Beam temperature: This is changed by running with the source 

assembly's inner dewar at room temperature, filled with liquid nitrogen 

or filled wi th liquid helitun. Usually, liquid nitrogen is kept in the 

center ,dewar. Unfortunately, the beam temperature never becomes the 
, 

temperature of the sourc~ because of the effect of the colliding elec-

. trons and the heat radiation due to the filament . 

.( e) Gun voltage: Acceleration voltage can' be varied from 0 to 

300 V, though the best count rate is obtained at +50 V. These are not 
. . ~ 

the voltages felt by the electrons, though, because of space charge 

effects. 

(f) Lamp intensity: It can be lowered either by JIl(JVing the lamp 

,further away or by placing a screen mesh between the lamp and the re­

entry port. Normally the lamp is as close as possible for maxirrnnn in-

tensity. Care is taken not to put too nruch power into the lamp since 

that would change the quality of the light by broadening the wings of 

the spectrrnn and possibly self-reversing the needed central frequency 

(KUH 62). 

(g) Target and focus vq1tage: Target voltage is char"tged from 0 to 

+15 V but is normally set for maxirrnnn count rate (about +10 V). Focus 
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voltage can beset from +15 V to +500 V, but usually is placed at +15 V 

to maximuze 'the signal. 

(h) Background pressure: This pressure depends on whether or not 

the drift tube is baked and the traps filled with LN. The pressures 

obtained are given in Table 2. Usually, runs are made after a bake, 

since there is a small pressure effect. 

(i) Channel Width: This width may be 20, 40, 60, 80, 100, 160, 200, 

400, 800, or 1600 llsec, but it was fOl.md that 80 llsec/channel gives the 

greatest number of useful points and still assures that almost all the 

slow atoms of the previous pulse have passed before the next pulse ar­

rives at the upper detector. With the 16 -msec wai dng period and 

200 charuiels of collection, the resulting 32 msec/sweep was fOl.md suf-

ficient to prevent this overlap. 

(j) Duration of run: AI though the computer memory holds 16 '106 

cOtmts/channel, the punch-out phase was designed to output data up to 

6 digits only • Overflow rarely occurs, though, because it usually takes 

between 4 and 8 hours to collect 106 cotmts/channel. The usual run time 

is between 1 and 2 hours, with an integrated count rate of 4000 counts/ 

sec. When ,a run is finished, the data counts collected are punched out 

on IBM cards, which' are then analyzed by a CDC 6600 computer as required 

according to the analysis program. 
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IV. ANALYSIS AND CONCLUSIONS 

A. Analysis Program ANALZ 

As displayed by the interface oscilloscope, a typical example of 

the data collected and stored by the PDP-8 computer is shown in Fig. 29. 

Essentially, pulses from both detectors have been collected as counts 

into equally wide time-sequenced channels (~ = 80 ~sec). These data are 

punched onto 1MB cards and analyzed by a larger computer. A program 

called ANALZ, designed to analyze these data, carefully matches the data 

from detector 1 with the data from detector 2. 

Two means of approaching the analysis have been considered. The 

first possibility allows one to decide upon the.size of 6t at time t in 

the time-of~flight domain such that Eq. 28 remains valid. Then ·one 

determines the number of channels 6t./~ at time t. which corresponds to 
1 1 

6t for detector i. . The advantage of this method is that 6t maybe var-

ied in size, but the important disadvantage is that a time distribution 

of metastable atoms must be determined from the integrations that have 

occurred naturally by the collection "process for each detector. This is 

easy to do at the upper detector because of the excellent resolution of 

the curve. Unfortunately, the spectrum is too sharp and narrow at the 

lower detector to obtain a reasonable distribution. Hence the problem 

is turned around and the program takes advantage of the natural integra­

tions by the collection process at the lower detector. Thus 6t
1 

= ~, 

which then determines 6t in the time-of-flight domain as well as 6t2 at 

the upper detector. 
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Fig. 29. Oscilloscope photograph of typical data collected. The tall 
narrow peaks are the time distributions for the lower detector; the 
small broad peaks are those for the upper detector. The left two 
distributions are lamp-off data, containing counts from both triplet 
and singlet metastable atoms. The right two distributions are 
lamp -on data, containing counts primarily from the triplet metastable s. 
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In Appendix F, the size of atl is investigated and is found to 

be sufficiently small as required by Eq. Z8 if tl > lZ~ for a Maxwellian 

distribution. 

The only other significant problem is to make sure that the atans 

collected in atz at time t z correspond exactly to atoms of the same speed 

at tl in atl • This task is controlled by subroutine SUMv1AT. A five­

point Lagrange ~nterpolation method (ABR 64) is used by subroutine ENfGRL 

to determine a good approximation of the integral of the time distribu­

tion between t z and t z + atZ• A seven-point Lagrange interpolation 

method was also tried with no detectable increase in accuracy. 

The first thing program ANALZ does is to analyze the lamp-on 

data, which should consist of triplets only. The lifetime obtained is 

greater than one second, but because of the flatness of the . curve , the 

error is often as large as the value of T obtained. This analysis is 

important, though, because the triplets with their long lifetime provide 

a good indication of when something is not correct. For instance, the 

slope of the resulting plot is very sensitive to the exact distances dl 

amd dZ• These triplet plots were also used early in the experiment to 

see that scattering from the beam was insignificant within 10% accuracy. 

Next, program ANALZ subtracts the lamp-on data from the lamp-off 

data. A typical singlet spectrum as a ftmction of the time of flight 

for the upper detector, arising from this difference, is shown in 

Fig. 30. The program then analyzes the singlet data, taking the proper 

ratio of detector Z to detector 1 data, and then fitting the resulting 
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Fig. 30. Metastable singlet time-of-flight spectrum for detector 2 
arising from the atoms quenched when the lamp is on. 
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log R(t) to a straight line between certain limits, giving the slope of 

this line as -1fT. Figure 31 is a typical logarithmic plot of R(t) and 

the resulting fitted straight line for a 2l S0 time-of-flight spectrum. 

The entire program can be fotmd listed in Appendix G. The f01-

lowing is a series of tests and checks which pertain only to the effec­

tiveness of the program ANALZ. 

(a) Accuracy of ENTGRL: This subroutine was tested on the discon­

tinuous step function F(x) = 1 for 0 ~ x ~ 1, and zero even,Avhere else. 

The integral 

1 

f F(x)dx 
o 

should have the value of unity,but was found instead to equal 1.00986, 

giving rise to an error of 1% resulting from the discontinuities at the 

endpoints. A more significant test of the subroutine was made using 

F(x) = sin x. Then, in intervals between x and x + 2~ , the result is 

good to 9 significant decimal places. 

(b) Dependence on speed distribution: Test data were produced using 

a Maxwell distribution and assuming a decay lifetime of 10.00 msec. The 

resulting fit by program ANALZ gives T = 10.05 msec, giving rise to a 

0.5% error. Similar test data were constructed us ing a 5 :i.mp1e triangle 

distribution and similar accuracy was obtained. 

(c) Time/channel: This was changed in the program from the true 

values by 1%, 10%, and 100.% for various runs, and in each case T scaled 

by the same percentages. 
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Cd) Background subtraction: It is assumed that detector i has the 

same backgrotmd whether the lamp is on or off. The only mechanism that· 
, . ,",: 

might increase the background for the lamp-on data would be the exis-

tence of some uv-quench photons in the beam. Because of the collimation 

of the machine, this effect has been minimized as nruch as possible. 

Also, the actual separate determinations of backgrotmd have always sug­

gested that they should be equal to within 5% at my one det~ctor.Thus 

the difference data should always be independent of backgrotmd, which 

may not be exactly uniform, because of shot noise. One test in which it 

was assumed that the upper detector had a backgrotmd 20% higher for 

lamp-on data than lamp-off data indicated that T would increase on the 

~verage by 0.35 msec. Since the backgrotmds are probably not more than 

5% different, the measured lifetime will not be increased more than 

0.10 msec above the actual lifetime because of this effect. 

(e) Limits for the straight-line fit: After the data have been 

analyzed, and the log of the ratio plotted, one then determines how nruch 

of the curve to fit to a straight line. The initial few points corres­

pond to very few counts and should be neglected. There are, however, 

about 6 points on the time-of-flight plot beyond those first few which 

do not lie on the straight line, within their statistical errors. These 

are the points in which the size of otl is too large for Eq. 28 to be 

valid and they too nrust be neglected. The points on the tail have large 

errors and may also be susceptible to low-velocity scattering. Table 3 

summarizes a systematic check of the effect of the length of fit in the 

time-of-flight domain where 
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Table 3. Check on limits of straight-line fit. 

: Limits" of K Rtm T (ISO) 

(Eq. 3Q} (msec) 

12-40 199 20.05(1.06) 
202 20.19 (0.95) 
233 19.60 (1.13) 

Average = 19.98(0.17) 

12-50 199 19.74(0.95) 
202 19.51 (0.78) 

." 233 19.80(0.90) 

Average = 19.66(0.09) 

6-40 199 20.67(1.12) 
202 20. 76 (1. 02) 
233 20.22 (1.15) 

Average = 20.57(0.16) 

, 12-26 199 21.66(2.46) 
202 19.58 (1. 85) 
233 24.13(3.48) 

Average = 20.91(1.17) 

26-40 199 15.27(1.79) 
202 17.27(2.11) 
233 17,38(2.68) 

Average = 16.37(0.72) 

19-33 199 20.10(2.42) 
202 25.59(2.47) 
233 17.71(2.02) 

\ ',' Average = 20.64(2.31) 
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t K at + constant (39) 

with at determined from at! = 6. The table shows that, on the average, 

adding points too far into the tailor too soon at the beginning can 

cause an error of ~. 5 msec in the lifetime. And any attempt to use 

fewer points simply increases the uncertainty in the fitted value. 

(f) Convolution: In general, the spectrum obtained for detector i 

is not the true distribution involved in Eq. 28, but isa composite of 

those distributions created at any time during wnich the electron gun is 

on and anywhere in the electron gun region. Also, the integration which 

occurs because of the finite channel width as discussed in the first 

part of Appendix F is 'a convolution effect. These problems are studied 

in depth in the second part of Appendix F, where it is shown that, for a 

Maxwell distribution, convolution is not important beyond channel 12 of 

the lower detector. 

(g) Distances to detectors: The distances which are used in program 

ANALZ must be known as accurately as possible. The sensitivity to dis-

tance can be seen by examining Table 4. There are two main: reasons for 

this dependence: (1) changing the distances changes the size of ot2 . 

over which the integration is performed, and (2) the entire integration, 

taken at t 2, is shifted in position; hence, the wrong part of the curve 

is used for integration as well as the wrong size of ot2 at t 2" Upon 

examining the weighted averages of the three runs in Table 4 for each 
O{T) . 

change of the distances, and assuming that aT' = \TT IS linear in od i' 

the following derivatives are found to fit the data: 
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Table 4. Check on sensitivity to distance measurement. 

od1 od2 'Run T(lS0) 
3 

T( Sl) 

(an) (an) (msec) (msec) 

0.0 0.0 199 20.05 (1.06) -467(139) 
0.0 0.0 202 20.19(0.95) -228(38) . 
0.0 0.0 233 19.60 (1.13) -222(42) 

Average = 19.98(0.17) 

0 •. 5 0.0 199 21.53(1.22) -172(25) 
0.5 0.0 202 21.66(1.08) -123(15) 
0.5 0.0 233 20.98(1.32) -119 (17) 

Average = 21.43(0.20) 

-0.5 0.0 199 18.76(0.92) 952(516) 
-0.5 0.0 202 18.93(0.86) -955 (514) 
-0.5 0.0 233 18.41(0.97) -969 (543) 

Average = 18.72(0.15) 

0.0 0.5 199 19.67(1.02) -723(307) 
0.0 0.5 202 19.81(0.92) -282 (53) 
0.0 0.5 233 19.25(1.08) -274 (57) 

. Average = 19.61(0.16) 

0.0 0.0 239 21.17 (0.99) -2539 (>1000) 
0.0 0.0 250 19.54 (1.14) -206(31) 
0.0 0.0 254 16.54(1. 02) -767(367) 

Average = 19.10(1.40) 

0.75 0.75 239 22.43(1.07) -285 (71) 
0.75 0.75 . 250 20.71 (1. 37) -126 (16) 
0.75 0.75 254 17.50(1.23) -226(45) 

Average :::i 20.41(1.49) 

-0.75 -0.75 239 19.12(0.77) 396(64) 
-0.75 -0.75 250 17.87(0.93) -507(114) 
-0.75 -0.75 254 15.70 (0.87) 638 (175) 

Average = 17.69(1.02) 
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aT ~ 
ad

l 
= 0.134/an 

at' 
ad = 0.039/an . 

2 
(40) 

thUs, to find the actual change aT for a computed change aT', it is 

necessary to multiply this normalized change by the average lifetime. 

These formulas will be useful in Section IV -C .. for calculating the error 

in T(lSO) due to distance lDlcertainty. 

The triplet "lifetimes" are also listed in Table 4 for each 

change of di . Very large changes can occur in this lifetime for small 

changes in the slope of the Rm [R(t)] curve because the slope is very 

close to zero. 

B. Data 

1. Helitnn 

In total, 169 runs were taken using heliurnas a source gas, 

starting at number 100. . Because of instn.nnental errors, rlDlS 100 to 

126 had to be discarded. After run 116, it was discovered that the 

cOlDlting system was saturating and had to be redesigned. Then, after 

run 126, it was fOlDld that the channel advance pulses were jittering. 

All rtmS taken after these conditions were corrected are listed in 

Table 5. The standard conditions for a run, after making final appara­

tus alterations to decrease systematic errors, consists of the follow-

ing: 

(a) Source pressure Ps = 2.10-6 torr representing R4000 cps inte-
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Table Sa. . First set of variable changes. 

Run '[(ISO) 3 '[( Sl) Changes * 
(msec) . (msec) 

. PD(torr) 

127 18.69(0.78) 106 (5) 5.10-8 Reduced lamp intensity 
128 18.32(0.73) 151(10) 5.10-8 
129 17.29(0.99) 99 (5) 1.10-7 Far source hole 
130 17.10(0.84) 107(7) 1.10- 7 Far source hole 
131 18.43(0.96) 100(7) 1.10-7 Far source hole 
132 18.54(0.98) 93(5) 5.10-8 Far source hole 
133 17.98(1. 21) 101(10) 5.10- 8 Far source hole 
134 17~58(1.02) 103(6) 5.10-8 Far source hole 
135 18.80 (0 .66) 263(52) 1.10-7 Ts = 4°K Far source hole 
136 18.31(1.07) 282(78) 5.10-8 Ts = 4°K Far source hole 
137 21.05(1.10) 176(25) 5.10-8 Ts = 4°K Far source hole 
138 18.73(0.97) 203(34) 5.10-8 T = 4°K Far source hole s 

* The exceptions to standard conditions ue: 
1. Cross electron beam 
2. Hole-type source 
3. 6. = 100-~lec 
4. d1 = 1.918 meters; d2 = 6.712 meters 0 

5. Target angle to beam = 45° 
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* The exceptions to standard conditions are the same as those in 
Table IV-3a, with the addition of: 

6. Source hole close to gun 
7. PD ~ ~.lO-8 torr 



Run 

150 
151 
152 
153 
154 
155 

·15fiJ 
157 
158 
159 
160 
161 
162 
163 
164 
165 
166 

Table 5c. 

17.04(0.57) 
16.79(0.58) 
21.17(0.87) 
19. 4.jb,(0. 82) 
17.62(0.65) 
15.88eO.59) 
16.82(0.69) 
19.00(0.86) 
20.64(1.16) 
14.92(0.84) 
19.53(1.05) 
21.01(1.86) 
19.14{1.39) 
19.13(0.66) 
16.50(0.71) 
19.82 (0.88) 
19.39 (0 .86) 
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Second set of variable changes. 

884(438) 
523(123) 
288(44) 
214(24} 
548(134) 
993(418) 
357(71) 

2599 (> 1000) 
-489(147) 
2469(>1000) 
146(109) 

. 927(508), 
398(106) 
224(30) 
277(46) 
514(120) 
527(125) 

Pn (torr) 

5.10-8 
5'10-8 
5.10-8 
5.10-8 
5.10-8 
1.10-7 
1.10-7 
5.10-8 
5.10-8 
5.10-8 
5.10-8 
5.10-8 
5.10-8 
1.10-7 
1.10-7 
5.10-8 
5,10-8 

* Changes 

. . . . . . Xs = 200 mils 
Xs = 400 mils 
VT = 0.0 turns 

Xs = 400 mils 
Xs = 200 mils 

Xs = 400 mils 
Xs = 200 mils 

* Connnon exceptions to standard conditions are: 

1. Hole-type source 
2. !1 = 100 ~sec 
3. d 1 = 1. 895 meters; d2 = 6.676 meters 
4. Target angle to beam = 45° 
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Table 5d. Third set of variable changes. 

1 
1: (3S1) * Run 1:( SO) Changes 

(msec) (rnsec) 
' .. 

167 20.57(1.19) 780(356) Xs = 400 mils 
168 20.55(1.05) 907(332) Xs = 400 mils 
169 20.78(1.11) -3491(>1000) 
170 18.71(0.87) >10,000 Xs = 200 mils 
171 21. 42 (0.85) 700 (254) Ts = 4°K 
172 21. 36 (0.90) 488(87) Ts = 4°K 
173 20.52 (0 • 71) 863(340) 
174 20.39 (1. 56) 1316(957) 
175 19.74(0.76) 1926(>1000) Ts = 4°K 
176 19.75(0.84) 1557(>1000) Ts = 4°K 
177 19.85(0.82) 2255(>1000) 
178 20. 70 (0 • 87) 546(120) 

-I 179 19.60(0.93) -8902(>1000) Xs = 200 mils 
180 21. 24 (0.60) 573(199) Vg = 75 volts 
181 17.75(0.96) 1978(>1000} 
182 23.42 (1. 62) -1083(654) V = 35 volts 
183 21. 4,9 (0.79) 2480(>1000) pg = 1.10-6 torr 
184 16.97(0.62) -647(221) Solenoia current divided by 2 
185 20.42(1.02) 312(38) I 

186 23.47(1.07) 2838(>1000) II = 200 ~sec 
187 18.98(0.70) 573(140) 
188 19.72(1.16) 403(71) VT = 0 turns 
189 17.87(1.02) 299(52) Reduced lamp intensity 
190 17.93(1.17) 349(54) Reduced lamp intensity 
191 21. 55 (1. 09) 608(160) Xs = 200 mils 

Source far from gun 
21.80 (0.64) 192 -1226(>1000) T . = 4°K s . 

. x = 200 fills 
Source far from gun 

* Exceptions to standard conditions are: 
1. Pn'~ 5.10-8 torr 
'2'. " II = 100 ~sec 
3. Target angle to beam = 45° ., I 4. dl = 1.895 meters; d2 = 6.676 meters 

I 
'I 
i 
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Table "5e~ Pressure dependency check. 

Rtm TC
1
S0) T(3S1} Run 1 

"T( SO) 
3 

T( Sl) 

(rnsec) (rnsec) (rnsec) (rnsec) 

PD = 1.10- 7 torr P
D 

= 2.10-9 torr 

193 18.61(0.79) 274 (35) 213 " 20.41(1.10) -274(52) 
194 20.01(2.13) 828(449) 214 22.51 (1.13) -310(66) 
195 22.32(1.69) 1526 (>1000) 215 22.35(1.26) -329 (70) 
196 20.49 (1.04) -890(442) " 216 21.28(1.05) -390 (81) 
197 18.82(0.99) -1245(598) 217 18.87(0.85) -293(58) 
198 18.82(1.03) -569(181) ". 218 19.71(1.04) -342(81) 
199 20.05(1.06) -1022 (578) 219 20.63(0.92) -335(58) 
200 18.94 (1.07) -550 (153) 220 20.35(0.84) -289(45) 

-8 221 22.12(1.03} -337(71) 
PD = 4·10 torr 222 20.05(0.99) -297(53) 

223 21.60 (1.07) -280 (49) 
201 20.95(0.91) -382(76) 224 18.84(0.81) -340(61) 
202 20.19(0.95) ~319(61) 225 19.33(0.75) -411(97) 
203 21. 88 (0.82) -451(101) 226 19.35(0.92) -319(64) 
204 19.79 (1. 60) ---442 (87) 227 20.17(1.10) -342(64) 
205 . 19.28(1.42) -434(120) 228 19.29(1.01) -371 (78) 
206 21. 72(1.64) -295 (37) 229 19.23(1.19) -322(65) 
207 20.90(1.28) -367 (61) 230 20.43(1.00) -339(59) 
208 20.88(1.20) -439 (111) 231 20.33(0.82) -308(59) 
209 . 19.27(1.12) -354 (66) 232 20.63(0.92) -265 (44) 
210 20.39(0.97) -419 (81) 233 19.60 (1.13) -299(55) 
211 22.17(0.97) -331(51) 234 21.58(1.26) -292 (49) 
212 22.84 (1. 20) -432(100) 235 19.93(1.02) -296(49) 

236 23.16(1.39) -380(81) 
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Table 5f. Second source dependency check. 

T(lS0) 
3 <. 

Run T( Sl) Changes 

(msec) (rnsec) 

237 21.28(1.16) -1279(907) Xs = 300 mils VT = 0 turns 
238 21.21(1.06) . -1316(970) .300 0 
239 21.17 (0.99) -2539(>1000) 300 0 
240 18.73(0.98) -837(434) 300 0 
241 19.13 (0.81) -1369(>1000) 300 0 
242 21. 40 (1.16) -9327(>1000) 300 0 
243 . 22.26(1.56) -1503(>1000) 300 0 
244 19.98(1.24) -880(544~ 300 ·0 
245 18.97(1.06) -512(133) 150 
246 18.05 (0 .92) -281(36) 150 
247 19.53(1.24) -259(37) 150 
248 18.69(1.03) -263(45) 150 
249, .24.41(1.40) -271(53) 150 
250 19.54 (1.14) -206(31) 150 
251 20.60(0.90) -233(44) 150 
252 21.11(1.14) -251(43) 150 
261 20.67 (1. 30) -294(70) 400 
262 21. 73 (1. 38) ,.265(52) 400 
263 20 ~ 54(0.78) -251(55) 400 
264 24. 21 (1. 77) -265(56) 400 
265 22.50 (1. 49) -' 226 (42) 400 
266 22.55 (1. 37) -238(42) 400 
267 19.60(1.09) -204(32) 400 
268 21. 55 (1. 06) -222(39) 400 

-. 
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Table 5g. Reduced lamp intensity check. 

253 18.93(1;35) 
254 16.54(1.02) 
255 21.84(1.44) 
256 20.07(1.60) 
257 20.74(1.32) 
258. 20.53(1.42) 
259 20.03(1.97) 
260 21.98(1.43) 

6710(>1000) 
-767(367) 
-976(546) 

-1155(791) 
-841(503) 
-607(229) 
-524 (185) 

-1319(>1000) 

Changes 

Reduced lamp intensity 
Reduced lamp intensity. 
Reduced lamp intensity 
Reduced lamp intensity 
Reduced lamp intensity 
Reduced lamp intensity 
Reduced lamp intens i ty 
Reduced lamp intensity 
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grated count rate at the upper detector. 

(b) Type of source = slit. 

(c) Source-to-gun distance = minimum possible. 

(d) Source position x = 300 mils. s 

(e) Electron beam direction = antiparallel. 

(f) Source assembly temperature T = 77°K. s 

(g) GUn voltage Vg = SO volts. 

(h) Lamp intensity = maximum possible. 

(:i..) Target angle to beam = 90 0
• 

(j) Target and focus voltages (turns on helipot) at upper detector 

V T = 6. 3 turns and V F = 0.0 turns. 

(k) Detector distances dl = 1.9275 meters and d2 = 6.7075 meters. 
-9 ' (1) Background pressure in drift tube PD = 2·10 torr. 

(m) Channel width ~ = 80 ~sec. 

(n) Duration of. run = 1.5 hrs. 

When conditions are different from these standard conditions, they will 

be indicated in the tables by the syrnbolsdefined above; all lifetimes 

are measured in milliseconds. 

The triplet lifetimes of runs listed in Table Sa reflect inaccu­

rate distance measurements which have been refined for latter runs upon 

discovery of the sens i ti vi ty of program ANALZ to dl and d2. But some 

information can still be obtained from these runs. For instance, 

-7 t 0.41 msec for PD ~ 1·10 torr 

1 -8 
(T( SO) = 18.05 t 0.29 msec for PD ~ 5·10 torr. (41) 
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This is only weak evidence for the existence of a pressure effect, 

though runs taken later verify its existence.' Also, 

(42) 

and this was the first evidence ofa possible sou~ce dependence, since 

the slower beam of atoms created the. effect of the off-centered source 

hole dependence (for positions Xs > 300 mils) found in nms listed in 
. . 

Tab1esb. The explanation for this effect as explained in Section 

II-G(2) depends on the electron impact excitation process discussed in 

Appendix B. The quench lamp intensity may also affect the lifetime by a 

small amount since 

1 ( '( ( SO) = 18.49 ± 0.19 msec for reduced lamp intens ity , (43) 

though later runs will prove there is no detectable effect. 

The runs in Table sb are listed in order of increasing xs ' such 
. . 1 

tilat the general lncrease of t( SO) from 16 msec at Xs = 200 mils to 

38 msec at Xs = 450 mils is readily visible. Also clear from thi~; or­

dering is a shift towards more slow-speed atoms being excited into the 

metastable beam as the source hole moves away from the gun filament. 

This is evidenced by the. shift in the ISO peak channel of the time dis­

tribution to longer times,and this effect is consistent with that shift 

in '((ISO) predicted from the Ts = 4°K runs listed in Table Sa. 

An attempt to remedy this condition by making the electron beam 

pass antiparal1el to the atomic beam is evidenced by the runs in 

Table sc. The relevant averages are: 
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1 16.50 ± 0.87 msec 200 mils (T( SO» = at x = s 
1 18.30 ± 0.49 msec mils (T{ SO) = at x = 300 s 
1 20.98 0.53 msec mils. (44) (T( SO» = ± at x = 400 s 

Clearly, a sizeable source dependence still remains. Also, 

1 -7 (T( SO) = 17.03 ± 0.72 msec for PD f':;1 1·10 torr, (45) 

which now gives much stronger evidence of a pressure effect. Initially 

it was found that varying detector voltages also reflected the source 

dependence, but a VT = 0 run now gives only weak evidence of this ef­

fect. 

In hopes of further reducing the source dependence, a slit-type 

source is introduced, with the long direction parallel to the 'gun fila-

ment. Preliminary evidence for the reduction of the source effect can 

be found in Table Sd, from which it follows that: 

1 
(T( SO) = 19.13 ± for x 0.44 msec s = 200 mils 

, (T(lSO) = 19.84 ± 0.36 msec for Xs = 300 mils 

1 20.56 0.40 msec for Xs (T( SO» = ± = 400 mils 

1 20.49 0.47 msec for Ts = 4°K . (46) (T( SO» = + 

Other changes in variables such as source-to-gun distance, V , and VT, 
, g 

are related to this source dependence, and are expected to affect T(lSo) 

indirectly. 

Because so few runs were taken for each variable change up to 

.'i-. 
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this point, the results cannot be considered very conclusive. Hence the 

runs listed in Tables 5e-g are meant to remedy this deficiency. These 

runs were all taken using horizontal detectors, in hope of further re­

ducing the source dependency effect. In Table se,·· only drift pressure 

is varied, with the result that: 

1 
(T( SO) = 19.39 ± 0.39 msec for PD = 1.10-7 torr 

(T(lSo) ) = 20.96 ± 0.31 msec for PD = 4.10-8 torr 

<T(lSO) 
\ . -9 = 20.22 ± 0.22 msec for P = 2·10 torr. (47) D 

For the last two pressures, there is no clear evidence of a remaining 

pressure effect. The runs in Table Sf do show a remaining source depen­

dencyeffect, though, as shown by the following averages: 

1 (T( SO) = 19.45 ± 0.42 msec for Xs = 150 mils 

1 (T( SO) = 21.04 ± 0.39 msec for Xs = 400 mils, (48) 

where the mean of these two averages is near that expected for the 

standard source position. And, because 

(49) 

it follows that the singlet lifetime is no longer sensitive to target 

voltage of the upper detector (use of Vr at detector 2 for monitoring 

purposes follows from the larger target area employed in detection) . 

From Table Sg it follows that 

(50) 
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when lamp intensity is reduced .. Thus, the singlet lifetime is not de­

pendent on the speed distribution of the singlets as determined by the 

. quenching factor f(v). 

, When pecessary, runs in Tables 5e-g which differ by more than 

3 msec (Le., IIRlch greater than' 3 standard deviation.s) from the computed 

average are rejected as having contained some anomalous fluctuation of 

the experimental conditions.' The runs rejected' are numbers 236 

(>3 msec) , 249 (>5 msec) , 264 (>3 msec) , and 254 «4 msec). 

Finally, it· can be concluded that· further simple modifications 

of 'the existing apparatUS carmot eliminate the remaining systematic 

error. Since the electron gun is the' direct cause of the source depend-

ence, a major revision of that component will be necessary. 

2. Helium Lifetimes 

The best data available for determining a final value for '[(lS0) 

is found in Table 5e for Pn = 2·10 -9 torr. These. runs were generally 
. .' 1 

fit between limits K = 12 and K = 40 in program ANALZ, and gave <t( SO) 

= 20.22 :t 0.22 msec, according to Eq. 47. To understand further the 

experiment, the same runs were fit between limits K = 18 and K = 38 and 

limits K = 25 and K= 55, The results of the first refitting are found 

in Table 6a, giving an average lifetime of 

1 ('[( SO) = 19.34 ± 0.32 msec (51) .' 

and for every run, the triplet lifetime becomes a larger negative num­

ber. The second refitting is found in Table 6b and gives 
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Table 6a. Helium data fitted between 
K = 18 and K = 38. 

Run 

213 
214 . 
215 
216 
217 
218 
219 
220 
221 
222. 
223 
224 
225 
226 
227 
228 
229 
230 
231 
232 
233 
234 
235 
236 

T(lS) ··msec .. 0 . 

22.56(2.02) 
22.36(1.92) 
21.35(1.91) 
20.24(1.40) 
18.89 (1. 51) 
22.07(1.97) 
21.09 (1. 45) 
19.57 (1. 22) 
21. 36 (1. 23) 
19.37 (1. 39) 
21.36(1. 76) 
17.50(1.07) 
18.21(0.99) .. 
18.28(1.27) 
18.93(1.27) 
17.35(0.90) 
20.38(1.94) 
19.81(1.56) 
19.64(1.22) 
20.13(1. 26) 
19.92 (1. 38) 
20.32 (1. 55) 
17.79(1.02) 
22.12(1.95) 

3 
T( Sl) rnsec 

-1031(721) 
-465(160) 

-1127(842) 
-387(101) 
-347(104) 

-1930(3281) 
-399 (125) 
-632(226) 
-638(220) 
-715(348) 
-439 (155) 
~514(129) 

-1172(868) 
-833(369) 
-876 (482) 
-540(266) 
-596(237) 
-748(416) 
-502 (145) 
-823(299) 
-545(205) 
-773(420) 
-275(52) 
-793(400) 
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'~ 

Table 6b. Helium data fittedbeuveen 
K = 25 and K = 55. - , 

Run 1 3 
T( SO) msec , T( Sl) msec 

213 19.85 (1. 39) -1181 (1028) 
214 20.70 (1. 36) 2665 (5986) 
215 19.95 (1. 83) -1100 (939) , 
216 22.50 (1. 77) 1926 (2203) 
217 19.22(1.61) -843 (677) 
218 20.86 (1. 87) -2232 (4603) 
219 18.54(1.18) ,-593 (270) 
220 17.42(1.03) -430 (1l5) 
221 19.81 (1. 58) -1536(1534) 
222 18.36(1.24) -791 (498) 
223 20.25 (1. 49) -1226 (1188) 
224 21. 34 (2.00) -1345(1464) 
225 21.10 (1.22) 34,708(>10,000) 
226 19.01(1.55) -1084(823) 
227 18.98(1.21) -1099 (938) 
228 17.51(1.08) -999 (915) 
229 21. 66 (2.41) 1683(2391) 
230 18.73(1.15) -876 (534) 
231 18.05(1.28) -1163(1146) 
232 18.22(0.91) , -1802 (1414) 
233 19.36(1.57) -1343(1530) 
234 17.65(1.13) -519 (213) 
235 20.83(1.41) 18,339(>10,000) 
236 20.65 (1. 53) -5768(>10,000) 

, 
j .... i 
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(52) 

where some triplet lifetimes now have very large positive values. 

a. Triplets. A small convolution effect still disturbs the near­

zero slope of the ~R(t) curve even beyond point K : 12, causing these 

initial points to lie below the straight 'horizontal line. Distance and 

background uncertainties account for the existence of the remaining neg­

ative values of T(3S1) in Table 6b. A reasonable lower limit for the 

triplet lifetime, therefore, would· be 

(53) 

b. Singlets. It is possible thqt a lingering pressure effect still 

exists for very slow singlet metastables. That is, the scattering cross 

section might increase with decreasing speed for a beam atom, thus in­

creasing the probability of scattering from a residual helhun gas atom; 

the effective lifetime therefore becomes shorter • Fitting the first and 

second halves of the data, shown in Table 3, also verifies the shorter 

lifetimes for slower atoms. Because of this additional complication, 

the data points fitted between K = 12 and K = 40, emphasizing fast 

atoms ,are used to extract the true radiative lifetime. 

3. Neon 

Neon has two long-lived metastable states. Since j -j coupling 

applies to neon (though equivalent LS notation is used), only the gen­

eral selection rules in Table I apply. The usual order of states above 

133 3 the 2 So ground state is 3 P2, 3 PI' and 3 PO' respectively. Thus, the 
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3PO state can decay either by Ml radiation to the 3P1 state or by EZ 

radiation to the 3PO state. Classical arguments (STE 68, p.7) show: ilie 

lifetime of the 3PO state decaying by the above mechanisms is approxi­

mately 1000 seconds. Similarly, the 3PZ state, decaying byMZ radia­

tlon, has a lifetime of approximately 77 seconds. In both cases, two­

photon decay is impossible because of parity conservation. 

Preliminary experimentation suggests that neon has a single de-

tectable lifetime (within the limits of investigation of the present 

apparatus) with a lower limit of l/Z second. Because of its almost con-

stant metastable beam, neon was useful as a source gas during the early 

testing of the machine, when little was known about the systematic 

effects. All early neon runs were devoted to understanding the extent 

of systematic errors, and only those runs taken with the antiparal1el 

electron beam are listed in Table 7. The standard neon run consists of 

the following: 

(a) Integrated count rate ~ ZOOO counts/sec at the upper detector. 

(b) Electron beam direction = antiparallel. 

(c) Source-to-gun distance Zs = mininrum possible. 

(d).Type of source = slit. 

(e) Source position x = 300 mils. s 

(f) Gun voltage V g = 50 volts. 

(g) Target and focus voltages at upper detector: 

Vp = 43 volts. 

(h) Source assembly temperature T = 77°K. s 

VT = 17 volts and 

(i) Background pressure in drift tube PD = 1.10- 7 torr. 

" 

. ... I 
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Table 7. Neon data with antipara11e1 electron beam. 

Lower Peak 
Run T (msec) Channel Changes 

xs(rni1s~ 

157 480 (68) 19 200 large Zs 
158 681 (107) 19 300 large Zs 
159 545 (87) 18.5 200 large Zs VT = 0 V 
160 1743(874) 18 200 large Zs VF = 150 V 
161 547(81) 18 200 large Zs 
162 1567(760) 19.5 400 large Zs 
163 2763(2821) 18.5 300 hole source no magnet 

current 
164 504(66) 19.5 300 hole source 
165 456(52) 19 200 hole source 
166 533(91) 19.5 400 hole source 
167 687(124) 19.5 300 hole source VT = 0 V 
168 465 (47) 19.5 300 hole source 
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(j) Channel width 6 = 200 ~sec. 

(k) Detector distances dl = 1.895 meters and dZ = 6.676 meters. 

The usual weighted average with standard deviation of all runs 

listed in Table 7 is 

T = 507 ± 23 msec . (54) 

This value is stated as a lower limit, . since it is very difficult to 

determine any lifetime greater than one second with any accuracy using 

only the attenuation measured in the ini tial15milliseconds of the 

beam's time of flight. Such limits of the machine will be discussed in 

Section IV-D(2). The effect on the speed distribution ofchangin~ the 

source position is indicated by the shift in the peak of the distribu­

tion as listed in Table 7. 

c. Error Analysis 

The three main sources of error in the experiment are: 

(1) statistical error associated with the total number of counts per 

channel, (2) experimental uncertainty in measured parameters, and 

(3) systematic errors introduced by the basic design of some parts of 

the beam machine. The statistical error arises from the. deviations of 

the individual lifetimes about the average, calculated for a series of 

23 runs taken under the best of conditions. ,The experimental uncer­

tainty results principally from the measured error in the detector dis­

tances dl and d2, and the systematic error arises principally from the 

source dependency effect discussed in the previous section. 
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1. Statistical Error 

Assuming a Poisson distribution of the number of counts about 

the average, the standard deviation a for each channel is equal to n~ n . 

where n is the total number of counts collected in the given channel 

(YOU ·62, pp. 51'-64). Then the error in the jmR(t) is 

(55) 

where, by Eq. 28, R= nzlnl (yOO 62, p. 98). For 'the triplet analysis, 

anum. = [nZ(lamp on)]~ 

aden = [nl(lamp on)]~ • 

And for the singlet analysis, 

a = den [nl(larnp off) 

1 

+ n2(lamp on)]~ 

+ nl(larnp on)]~ • 

(56) 

(57) 

The values of aV computed usingEq. 55, are then inserted into 

the straight line fitting program tocampute the error aT for the life-

time measured in a given YUh. The value of a according to Appendix H 
. T 

is 

(LW. j (LW. [y. - Y1. (fitted) ]2) ~ 
. 1 .. 1 1 
1 1 

. . . 2 .. 2 
N{Lw·)(Lw.X.) - N(LW.X.) 

.1·11 .. 11 
1 1 . 1 

(58) 
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where N is the number of fitted points or observations and (y. ,x.) is a 
1 1 

particular observati~n of the parameters ~R(t) and t, respectively. 

The weights wi are the inverses of the uncertainties aL
2 for the obser­

vation in question. All TIm errors are obtained in this way. 

The average and uncertainty for a given set. of runs are obtained 

from the usual statistical formulas fora weighted mean and its corres-

ponding standard deviation of the mean (TOP 65). If a particular run is 

designated by the index i, then 

and 

where 

Iw. T. 
.11 

(T) = _1_-,--, 
Iw. 
. 1 
1 

2 ~ Iw1· ( T) - T.) 
. 1 
1 

eN' - 1) Lw. 
. 1 
1 

(59) 

a is given by Eq. 58, and N' is the number of runs being averaged. 
Ti 

These formulae were used to calculate all the averages and uncertainties 

appearing in the previous two sections. 

2. Experimental Uncertainty 

The uncertainty in d l and d2, as the main source of experimental 

error, arises for two reasons. First, each distance separately measured 



-117-

is accurate to tl/16 inch, or equivalently, ±0.16 em. Secondly, all 

'distances are measured to the center of the electron gtll\ which need not 

be the center of the excitation region; that is, no precaution was taken 

to confine the electrons totally within the limits of the gun. Since 

. the gun height is 1 OIl,and since electrons probably do not stray more 

than O. Scm from either .the collector . end or the filament end of the 

. gun, . a reasonable upper limit on the certainty of the central position 

for excitation is to.25 em. Taken in quadrature, these two errors give. 

an uncertainty of to.30 OIl. Now, one applies the derivatives defined in 

Eq. 40 to this uncertainty by means of the fOrniula (YOU 62, p. 98) 

a' = T,d 

Assuming that cdl = od2 == 0.30 OIl, it follows that, if (T) = 

aT,d =(T)a~,d = 0.85 msec . 

(60) 

20.22 msec, 

(61) 

There is some reason to believe that the derivatives defined in Eq. 40 

overestimate the distance effect, because a refitting similar to that 

listed in Table 6b, for odl = od2 = -0.25 em and K = 25 to K = 55, 

decreases (T(lSO) by only 0.18 msec. The distance effect should be 

smaller, though, for slower atoms, because the distribution changes more 

slowly as time increases. 

3. Systematic Error 

The following facts have been established concerning the effect 

1 on T( SO) by the source-dependency effect: 
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(a) As x increases, T increases; s 
(b) As increases, the speed distribution includes slow x more s 

atoms; 

(c) T = 4°K for xs = 300 mils s affects T in the same way that Ts 

= 77°K does for x = 400 mils. . s 

The conclusion is that a colder, slower source gas is affected more by 

the source dependency than a fast beam. This is shoWn by facts (b) and 

(c) ,where slow atoms have a higher probability of being excited into 

the collimated metastable beam than fast atoms. Then, to minimize the 

source dependency problem, a shift towards faster atoms should be taken. 

Because of fact (a), the claim is that the lifetime measured at the cen-

tral position, x = 300 mils, is too long and should be corrected by s 

subtracting a small amount cST from < T}for x = 300 mils. Since OT is s 

is unknown, but would probably make < T}fall between the values of < T) 

for positions x . = 300 mils and x = 150 mils; it is reasonable to as-
s . s 

sign one-half the difference between these two averages as the error due 

to the source-dependency effect, that is, to.37 msec. 

One can also use the following argument to find this uncertainty. 

Since the slit is approximately 150 mils long, Xs = 225 mils represents 

the position for atoms coming from the edge of the slit farthest from 

the source assembly, and Xs = 375 mils represents the position for atoms 

coming from the nearest edge. By linear extrapolation, the average 

change in T from either position istO.50 msec; using Eq. 48. 

By assuming the larger of the two possible errors d.iscussed, 

a = 0.50 msec . 
T,S 

(62) 

". 
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If this value happens to be somewhat small, it will be compensated for 

by the fact that cr d is somewhat large. 
T, 

4. Total Error 

From Eq. 47, the calculated statistical error is 0.22 msec for 

(T) = 20.22 msec. Taken together in quadrature with errors defined by 

Eq. 61 and Eq. 62, .the total error becomes 

(63) 

D. Conclusions 

1. Improvements 

This experiment can be vastly improved by building a new elec­

tron gun which confines the electrons wi thin the bounds of the gun and 

has electrons traveling only parallel or anti parallel to the atomic beam 

axis. By confining the electrons, one detennines accurately the center 

of the excitation region. And by restricting the electron motion per­

pendicular to the beam axis, the source d~pendency should be eliminated. 

The present gun cannot prevent all transverse motion, mainly because the 

focusing magnetic field produces helical electron motion. Also, the new 

gun should not allow atoms to strike a hot surface and then be excited 

into the beam. A system of fine mesh grids, used in the place of solid 

surfaces, would probably reduce the nunber of fast excited atoms; and an 

accelerating grid structure surrounding an equipotential region would 

restrict most perpendicular electron motion. 

Another improvement of the experiment would have the incoming 
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cold beam directed parallel to the beam a.xi~ to help reduce the source­

dependency effect, and also to 'eliminate most of the beam which has 

little chance of entering the collimated metastable beam. Thus it 

would be possible to run a more intense beam without increasing the 

source chamber pressure. 

Lastly, the analysis program could be improved by including a 

program which deconvolved the data. This program would simply calculate 

the convolved count total in a given channel for a given distribution 

and compare this sum with the actual total count collected. When the 

correct distribution is found, the two count totals must agree, channel 

for channel.. In this way, more data points would be available for de-· 

terminingT. Also, slight errors would not e~ist in the straight-line 

analysis as they presently do for the helium triplets. 

2. Measurable Lifetimes 

It is important to know the range of lifetimes that can be rea­

sonably measured by this atomic beam. machine. Then one can detennine if 

a particular metastable lifetime of a given source gas is measurable 

wi th reasonable accuracy. The necessary assumptionS are that the meta­

stable atom will cause an electron to be ejected from a target and that 

.the metastable state can be isolated by quenching, appearance potential, 

·or other.IIieans. 

First determine the channel width ~ such that an appreciable 

fraction of the time distribution lies between say, tl = lO~ and tl 

= so~ at the lower detector. Generally, if K. is the first usable 
1n 

channel and Kfin is the final usable channel at detector 1, then nl (tl ) 
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nrust be greater. than 5% of the peak value for tl between Kin~ and Kfin~' 

At the very minirnLun, Kfin .,;. Kin = 20, since fewer points no longer give 

a reasonable statistIcal error to the measured lifet~e. 

Then the following two criteria must be met: 

(a) The loWer limit of T is defined by 

where, if Kp is the peak chann~l for detector 1, 

d2 
TL = <II ~ Kp 

(b) The upper l~i t on T is determined from 

where 

T;S;T ~ 
U 

d2 - dl Tu = 10 d (Kf ·· - K. ) . 1 1n 1n 

(64) 

(65) 

Eq. 64 assures that a sufficient number of metastable atoms 

reach detector 2 before decaying. Since ~ = 1.5 ~sec is the minimum 

that could be programmed ·for the present apparatus, and since Kp is 

usually made to. be ~20, T mus t be greater than 0.1 msec. 1fT is 

greater than this limit, Eq. 64 may be turned arotmd to determine pos­

sible values of ~ which can be used. 

Eq. 6S assures that at least 10% of T will be observed in the 

t~e-of-flight domain, which is necessary if T is to be measured with. 

reasonable accuracy. Thisupper limit can be approximated for T s = 77°K 

if one again assumes that Kp= 20 for detector 1. Then ~ ~ dl /20a where 
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ex. is the most probable speed; and if Kfin Kin ~ 60, it follows that 

T ~ 50 0 (msec). (66) 

where M is the molecular weight of the source gas and ex. ~ 1500 m/sec for 

helium at Ts = 77°K. For helium, Eq.66 implies that a lifetime greater 

than 100 msec cannot be reasonably measured. 

It may be possible to realize both conditions 64 and 65 simply 

by cooling the beam down. 

3. Sunnnary 

From data collected for helium and neon, it can be determined 

that T(neon) ~ 0.5 sec and T(helium 23Sl ) ~ 1.0 sec. The final lifetime 

obtained for the helium singlet metastable is, from Eqs. 47 and 63: 

(3) 

which is well within the lwts of measurable lifetimes defined by 

Eqs. 64 and 65. This value readily agrees with the theoretical lifetime 

of 19.5 msec (DRA 69). Table 8 sunnnarizesall the theoretical predic­

tions and previous experimental measurements of the singlet lifetime. 

The experimental lower limits are all in agreement (STE 69, PEA 68), but 

the last. experimental value by Pearl disagrees by a factor of 2 (PEA 70). 

Though this experiment did not verify the theory, it did prove 

to be consistent. This is the best that could be hoped for because of 

the large experimental and systematic errors still remaining in the 

experiment. These individual errors are also listed in Table 8. 
. i 
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APPENDICES 

A. Transition Probability 

The starting point for all transition probability computations 

is Fermi's Golden Rule (GOT 66, p. 444): 

2rr, ,2 dn W = -r- Mf . eft'!" , 
11 1 av uc. 

(1) 

where W is the transition probability per second, Mfi is the matrix ele­

ment for the interaction energy H', dn/dE is the density of accessible 

final states per unit energy, and the average is taken over photon di-

rections and polarizations. 

To observe two-photon emission from 'an electron in a bound stat~ 

which is necessarily a second-order process, the first-order interaction 

matrix element must be zero. The general perturbation expansion for the 

energy of interaction between an atom in state i wi thenergy E~andthe 

electromagnetic field created by the emitted ,photons, resuiting in the 

mak . 0 
atom's ing a transition to state f with energy Ef , is (SLA 60, p.124) 

H' + \ [Hin H~i. + (Interchange)] + (higher order terms) (2) 
fi ~ E _ Ee;> of photons 

n 1 . 

where n represents the intermediate state with energy Errand the term 

requiring interchange of photons is necessary because one cannot differ-

entiate between the photons.· The expression (2) replaces the matrix 

element Mfi in Eq. (1)" and since it is asstnned that state i and state f 

cannot be connected by a single photon (Hfi = 0), Eq. (1) becomes 

.. 
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2 
H' H'. 

W = ~ L fn nl + L (Interchange) 
Jl . n E _ E~ n of photons 

n 1 

(3) 

av 

where one photon accompanies each interaction tern in the energy matrix 

element. In particular, with reference to the first summation, let pho­

ton 1 with frequency vI be associated with tern H~i' and photon 2 with 

frequencyv2 be associated with tern Htn. Since the intennediate state 

consists of photon 1 and one real state of the atom with energy E~ (see 

Fig. 32), 

E = EO + hv
l
· • ( 4) n :n . 

(Remember, energy is not conserved in the intennediate states.) Define 

the frequency vni by 

(5) 

Thus the energy denominator for the first summation in Eq. (3) becomes 

hv . + hv. • nl 1 
(6) 

The interaction operator which is treated as a perturbation is' (GOT 66, 

p. 465) 

. H' = -.!.. peA(-;) mc .• (7) 

As usual, time is not considered in this operator since it would only 

produce the phase factor 
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Fig .32 . Two-photon decay process. Photons 1 and 2 , with frequency 
. VI and v 2 , respectively, are emitted simultaneously with total 

energy equal to Ei -Ef.-
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(8) 

which will be common to every term in 'both summations, and will disap­

pear when the matrix element is squared. 

To evaluate the individual matrix terms in the first summation, 

such as 

(9) 

H' will be considered a small perturbation between eigenstates of the 

unperturbed Hamiltonian Hy + HA, where Hy and HA are the Hamiltonians of 

the free electromagnetic field and the atom,respectively. The combined 

eigenstate is then a product of two eigenstates, one for each Hamil ton-

ian: 

(10) 

where l~n} is the eigenstate of the atom in s~ate n and Iklal } is the 

eigenstate of the free radiation field for photon 1 with momentum hkl 

and polarization component al . Equation (9) can now be evaluated by 

inserting the following Fourier expansion of the vector potential in 

terms of creation and destruction operators (GOT 66, p. 408): 

2 -+ + 
A(r) = L [hc ]~ e- iker [E +k a k + E+- a,t] 

wV - a - a Ka Ka 
k,a 

(11) 

where w = 2nv = ck, V = very large finite normalization volume (always 

cancels out, but allows discrete values of k), Eta is a unit polariza­

tlOH vector for the photon with 1Il0mentwIl hit and component of polariza-
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tion a,and ata (or ~a) is the creation (or destruction) operator of 

the ka-photon. For the creation operator 

(12) 

where 10) is the vacuum eigenstate for the radiation field (no photons). 

Thus Eq. (9) becomes 

e \' hc2 ~ (. 1 -lk,.; A p 
H~i = -mc L [w'V] ~n,klal e [£-k'a'· a_k'a' 

k'a' 

Because of the orthononnali ty of the radiation field eigenstates 

. (14) 

only the creation operators need be considered in Eq. (13). The matrix 

element then becomes, 

H' . n1 

(15) 

In the electric dipole approximation, which holds for wavelengths much 

greater than the characteristic dimensions of the atomic oscillator, 

·~k ~ 
-1 l·r e ~ 1 • (16) 

Also, because the operator P, acting upon the initial state ~., induces 
1 . 

i 
. i 
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the emission of photon 1 as an electric dipole oscillator of mass m 

would, 

(17) 

where the commutation relation 

(18) 

is used to reduce the matrix element of P (Gar 66, p. 470). Thus 

Eq. (15) finally becomes 

hwl ~ -+-H'. = -ie [ -] < l/J ! £1- r!l/J. } 
ill V n 1 

(19) 

where £~ has been replaced by £1 to denote the polarization vector of 
Kl ().l 

photon 1. A similar expression holds for Hfu: 

For single-photon decay, the number of modes of vibration with 

frequency less than v in a finite volume V is (SLA 60, p. 136) 

and because E = hv 

n(v) = ~ v3 
3c 

dn 8'ITV 2 
-=:-:!v 
dE hc 

(20) 

(21) 

For two-photon decay, the density of states is a product of phase space 

factors similar to Eq. (21); thus 
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(22) 

where, by conservation of· energy 

E == E. o _ E 0 
1 ·f 

(23) 

By fixing vI' Eq. (22) reduces to 

(24) 

Now applying (6), (19), and (24), the transition probability in Eq. (3) 

for photon 1 to be emitted with frequency vI in interval dVl is 

where 

(25) 

Finally, the total emission probability for this two-photon decay is 

obtained by integrating Eq. (25) over frequency vI' 

(26) 

where the 1/2 factor comes from counting photon 1 twice in the energy 
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interval between 0 andE/h .. 

B. Inelastic Collisions 

The important aspect of the inelastic collision of an energetic 

electron with a thennal atom is the effect on the atom's final speed. 

First, this speed will be calculated using only classical argmnents. 

Then the results will be applied to a cross electron beam and an anti­

parallel electron beam. 

1. Final Speed 

The relevant parameters are illustrated in Fig. 33. .An atom of 

mass m, energy Ei , and momentum Pi makes a collision with an electron of 

mass me' energy E, and manentum P. . The electron recoils with energy E I 

and momentum pI and the excited atom has final energy Eo and momentum 

Po· By . conservation of momentum, 

P - P. simPi = P o sinl/Jo 
pI sinl/Je 1 

P. cosl/Ji Po cosl/Jo 
pI cOsl/Je 1 

(1) 

where the energies and momenta are related by 

1 

P = (2m E)~ 
e 

1 
p. = (2mE.) ~ 

1 1 
1 

P = (2mEo)~ 
0 

1 
pI = ( 2meE ') ~ • (2) 

By conservation of energy, 
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Fig. 33. Inelastic collision process. An atom and .an electron collide, 
with the recoiling excited atom being observed. 
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E . +E.· = E . + E' + l\E, 
1 0 

(3) 

whereAE is the energy of excitation and is a positive quantity. Assume 

that E, E., l/J.', l/J , and lili are known. Eliminate l/Je by shifting all 1·10 .. 

terms with known parameters to the left in Eq. (1) and squaring the 

re~l.ll~ing .equations. E'c:ail be eliminated by using Eq. (3). Thus, 

. k· k 2 
2me (E+Ei -Eo -l\E) = [(2mEi ) 2 cOS1/!i - (2mEo) 2 COS1/!o] 

+ [(2m E)~ - (2mE.)~ sin1/!. - (2mE )~ sinl/J ]2. (4) e 1· 1 0 0·· 

Upon expanding and simplifying, the following result is obtained: 

m 'm e ~!.: e !.: E (1+-) - E [2E. 2 cOS(l/J.+l/J ) + 2(-m E) 2 sinl/Jo] 
o 1ll 0 1 .. 10 

me me me!.: 
+ (1--m.)E

1
· + -m lili - 2(- E.E) 2 sinl/J. = 0 • m 11 

(5) 

Equation (5) is a quadratic eqUation in Eo\ Using Eo= mv 0 2 /2 and 

2 E. = mv· /2 where v. and v are the atom's speeds before and after coI-
l 1 1 0 

lision, respectively, 

where 

. m 
a = 1 + ~ 

m 

lk 
+ - (2m E) 2 sin1/! 

m e. 0 
·2m e 2 !.: + -lili - - (2m E) 2 v. sinl/Jl .. 

m2 mel 
(6) 
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Now, approximate the quantity 'a' by unity since m «m (0.01% error) . e 

and define the variable V equal to the expression 

Then Eq. (6) becomes 

2m E 1 
[ _e_ ]'2 

m2 

Vo = V sin~o + vi cos(~o + ~i) 

(7) 

± {(V sin~ + v. cos(~ +~.)]2';\T.2~V2 ~ + 2v.V sin~.}\ (8) 
o 1 011 ell 

Note that, in general, two speeds exist for each set of allowable angles 

(argument of the square root> 0). 

2. Cross Electron Beam 

The first special case considers a cross electron beam. Obser-

vation is made within such a small solid angle that ~o may be taken as 

zero. Then Eq. (8) becomes 

v· 
1 

[ 2V ',11 ± -SID",. 
V. 1 

1 

. 2". SID ",. 
1 (9) 

Now consider an electron with. 40 volts of energy colliding with a helium 

atom incident'at angle ~i' Since the·excitation energy is approximately 

20 eV, 

(10) 

and because E = 40 volts, 

,. I 
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v = 511 m/sec • (11) 

There are two important characteristics of Eq. (9) worth noting. For a 

given incident speed ther~ is' a maximum and :a minimum' angle of incidence 

which will give ~o = 0; that is, for Vi = 1000 m/sec, 

~. (min) = 8°36' and 1JI.(max) = 60°45' . 
11· 

(12) 

Also, for a given angle of incidence, there are two speeds possible for 
. .'" 

the atom traveling Blong the beam ~is for eacli. incident speed; that is, 

for ~. ::; 12° and v· = 1000m/sec, 
1 1 

v = 782 ~sec and 1175 m/sec • o (13) 

The important conclusion is that, even for small angles 1JI i; the observed 

speed Vo is different for different angles Qfincidence. One can now 

see why, if different parts of the electron gun have different sets of 

incidence angles' available to them, that one part of the gun will have a 

speed distribution of metastable atoms different from that of another 

part of the gun with a different set of incident angles. The claim is 

that this characteristic of a cross electron beam accounts for the 

observed source dependency (see Section II-G (2)). 

3. AntiparallelElectron Beam 

For this configuration, let lJIo = _90° and lJIi be replaced by 

lJIi + 90° (see Fig. 33). Then Eq. (8) becomes 

;. - cOS1j)i - :. ± [(1 _~) (:)2 
111 

• 2"1 ]~ - SIn ",. • 
1 

(14) 
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Unlike Eq. (9), all small angles Vi. are allowed, though a maximum angle 
. 1 

still exists for each incident speed ~ 360 m/sec under conditions spec-

ified by Eq. (10) and (11). More important, though, is the fact that, 

for small angles Vii' Vo is almost independent of this incident angle, 

thus greatly reducing the source dependency effect. 

Also, using a slit source Witll long dimension parallel to the 

gun filament nearly equalizes each set of allowable incident angles 

associated with a given point in the gun to the set for any other point 

in .the gun. 

c. Pressure in Source Tube 

From the perfect gas law~ it follows that diffusion pump speed F 

can be defined as 

1 dn F=p-(-) kT 
sc dt ptmrp 

(1) 

where 

k= Boltzmann's conStant 

T = equilibrium source chamber temperature 

dn ( dt )pwnp = number/sec flowing into the diffusion pump 

Psc = source chamber pressure. 

Since the number of atoms/sec emerging from the source chamber 

is generally much smaller than the number/sec flowing from the source 

slit (due to solid angle), it follows tllat,for equilihriumpumping, 

dn 
( dt )slit = (2) 

[ 
; 

.• I 
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Then, for molecular ,effusion,therate at which atoms emerge from a 

source slit of area As is, by elementary kinetic theory (REI 65), 

where 

Ps = source tube pressure 

Ts= source tube temperature 

u = average speed of emerging atoms. 

(3) 

,Now, combining Eq. (1), (2), and (3), and solving for source tube pres-

sure, ' 

P s 4F Ts 
P
sc 

=UA
s 

. T (4) 

When both the source chamber and the source ,tube are at room temperature 

and 

u ~ 105 em/sec for helium 

As ~ 0.01 em2 

F ~ 3000 liters/sec for VHS-6 pump , 

it follows from Eq. (4) ,that 

P " 
,i-~ 12 000 P ,. 

sc 

(5) 

(6) 

If the source chamber pressure is 2.0.10-6 torr (read by gauge), the 



-138-

actual helium pressure would be 1. 25·10 -5 torr because of helium's les­

ser gauge sensitivity (VAR 65); thus, 

Ps~ 150 microns . (7) 

And when liquid nitrogen is used in the source assembly, T/T ~ 1/4, 

giving 

Ps ~ 37 microns • (8) 

D. Fraction of 2150 Metastable Atoms in Beam 

It is sufficient to calculate the fraction of atoms metastabi-

lized to a given state in the electron gun. Assume the total inelastic 

collision cross-section for this process is 0. Using the well-known 

attenuation formula (SEG 65, p. 11), 

I(x) = 1(0) -crnx e (1) 

where I (x) is an intensity at position x, in a media of density n. The 

probability of making the desired inelastic collision/electron in dis­

tance x is (for small argument of the exponential) 

lex) - 1(0) = 
1 (0) 

crnx . (2) 

If now n is the equilibrium density of atoms in the electron gun, x is 

the total path length for the electron, and I is the number of electrons 

per second crossing the gun, then the number of desired inelastic col­

lisions/sec is 

i 
i 
I • .. 
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Ionx . (3) 

Since n = equilibrium number of atoms in th~ gun/unit volume V, and the 

number of desired collisions/sec represents the number of atoms excited 

to the metastable state, the fraction per second f/sec is the following: 

.f/sec = 1cr • ~ V· (4) 

This fraction/s.ec is better known as the transition· probability per 
, .. " ,'. '. ." .. ' 

second for exciting the desired state, and is usually found in the form 

J - . e cr , (5) 

where J is the current density and J/e is the flux of particles per unit 

area producing the excitation. Since an atom of speed v will spend d/v 

time in the electron gun, the fraction. metastabi1ized with speed v is 

_ J . d f ..., - '. cr. -e v (6) 

where d is the length of the gun traversed by the atoms. One can now 

replace f by a fraction <f} averaged over a modified Maxwell speed dis-

tribution, giving 

where 

<f} = (1. 57) Jcrd 
00 

a = ( 3kT )~ 
m 

for a sou~ce gas of mass m and temperature T. 

(7) 
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Some typical parameters for the gun used are: 

J = 0.031 arnps/an2 (20 ma) 

d = 1 an 

ct ~ 1500 rn/sec . (8) 

The excitation cross section for helium 2l S0 at 22 volts (near maximum) 

is (HOL 65) 

(9) 

For higher voltages, the singlet state can be fed by higher excited 

states cascading down to the 2l S0 state. This effects tends to level 

off the singlet production, making Eq. (9) valid for a wide range of 

vol tages. . Thus, 

. -6 
. (f) = 3.5 ·10 • 

or, equivalently, 1 atom is excited to the 2l S0 state for every 

300,000 atoms entering the electron gun. 

E. Ion Deflection in Electric and Magnetic Fields 

1. Magnetic Field 

(10) 

Assume a uniform magnetic field Bo is applied perpendicularly to 

the beam axis. Then, an ion of speed v and mass m will rotate in cyclo-

tron fashion with radius (SEG 65, p. 125) 

(1) 
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wheree = ion charge and c = speed of light. Now the criterion for 

determining that the ion just passes through both first and last colli­

mators is that the distance 21 between collimators be the chord of the 

circle displaced a maximum distance s from the arc cut off from the 

circle, the distance s being the diameter of the collimator holes. The 

radius of the circle fitting this criterion is, for L » s, 

(2) 

In particular, 2L = 71 inches and s = 0.25 inches, indicates that 

R = 64.0 meters. Solving Eq. (1) for the speed, 

, -~ 
v = (4788) Bo R M 2 meters/second (3) 

where Bo is in gauss~ R is in meters, and M is the molecular weight of 

the ion. Thus, for helium, Bo = 0.5 gauss gives 

v = 7.7.104 m/sec (4) 

as the minimum speed that an ion may have and still reach the first 

detector. 

2. Electric Field 

The equation of motion for anion of mass m in a uniform elec-

tric field Eo' directed perpendicular to the beam axis, is 

2 . eE d x _ .. 0 
-=x=-
dt2 m 

(5) 
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where e is again the ion charge and x is the transverse displacement. 

It is asslUlled that deflection plates, with a gap width dand length 

Zp' create the lUliform field. The intermediate distance between the 

plates and the last collimator (hole diameter xc) is Zc. Also, it is 

asslUIled that the ion entering the field region is initially traveling 

along a trajectory parallel to' the axis and intercepting one edge of the 

collimator hole. The deflection x will project diametrically across the 

collimator hole. Now, if the ion has speed v, then at the exit edge of 

the field region 

eE Z 
xp = o p 

mv 

eE Z2 
x = op (6) . 
P 2mv2 

After passing out of the field region, the ion travels in a straight 

line with further transverse displacement = x Z Iv. The criterion for . . p c 

the ion to pass just through the last collimator is for the total trans-

verse displacement = xc. Thus 

(7) 

In particular, solving for the speed from Eq. (7) asslUlling 

.' 1 
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Eo = SOOV/em (d = 1 em) 

x= O. 63S em (0.25 in) c 

Zc = 137 em 

Zp = 14 em , 

1: 6 . 
v = (3.9)M- 2

• 10 meters/sec 

where M 15 the molecular weight of the ion. For helium (M = 4) , 

(8) 

(9) 

v = 1.95.106 meters/sec . (10) 

is the minimum speed an ion may have and still reach the first detector. 

F. Convolution Studies 

1. Limit on the Size of at 

Let f(t) be the instantaneous. time distribution at time t. Then 

for tanywhere in the interval (to' to + at) 

f(t) = (1) 

The accuracy of only the first two terms depends on the size of at and. 

on how fast f(t) changes in the interval. The count N collected in this 

interval is found by integration: 

t +at 
N = J 0 (2) 
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where f' denotes tile first derivative. Since it is desirable to have 

only the first term contribute to N, the question is asked, when is 

'f'(t )'ot « 2f(t ) ? o 0 

Assuming a Maxwell time distribution with decay of the fonn 

it follows that the first derivative has the fonn 

f' (t) = f(t)( 2A _ ! _ ~) 
t 3 t T 

(3) 

(4) 

(5) 

The constant K is for nonnalization, Trepresents a decay lifetime, arid 
1,: 

A2 = d/o. where d = distance to a detector and a is the most probable 

speed. Using Eq. (5), Eq. (3) becomes the following question: 

2A 4 .!..,. ot « 2? 
t3 - to - T 
o 

(6) 

BecauseT ~ 20 msec and ot = 80 ~sec, the term containing the decay. 

lifetime may be ignored. And since ot is the channel width, to will be 

defined as a multiple of ot as follows: 

to = K ot . (7) 

Using dl = 1.9275 meters, d2 = 6.7075 meters, and a = 1500 meters/sec, 

Al = 256(ot)2 

Az = 3l36(ot)2 (8) 
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Thus, the following are the conditions tha:t<St be sufficiently small for 

analysis of the collected counts: 

r l = 256 2 I « K for detector ,1 ~- , '.' 
Kl . 

f2 
3136 2 I « K, for detector 2 (9) - -'- . 
'K2 2' 

The values of fl and r 2 a~e listed in Table 9 for different values of K 

using the relation 

(10) 

since the sets (Kl , K2) represent the atoms of. the same speed compared 

. in program ANALZ. From the table , it is clear that the extra tenn added 

to the integral in Eq. (2) is small for Kl > 12 (KZ > 42) but always 

remains a '\..6% correction ('\..2% correction for detector 2). Thus, in the 

ratio N2/Nl , there is 'the following correction: 

1 
r2 

+ -

A = 
K2 

(11) 

1 
r l 

+ -
Kl 

From tile table, it can be seen that, for Kl > 12, A is nearly constant 

and will not affect the slope by more than a few tenths of' a percent. 

It should also be remembered that the above anCl.lysis is carried 

out using a Maxwell distribution (REI 65, p. 267) to first order in the 

Taylor's expansion. The actual distribution in the experiment is not 
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Table 9. Corrections for size of ott 

Kl rl fl K2 f2 f2 A Xl Xl 

6 5.11 0.852 21 5.11 0.2430 0.671 
8 2.00 0.250 28 2.00 0.0715 0.857 

10 0.56 0.056 35 0.56 0.0160 0.962 
12 0.22 0.018 42 0.22 0.0052 0.987 
14 0.69 0.049 49 0.69 0.0014 0.955 
16 1.00 0.062 56 1.00 0.0180 0.959 
18 1.21 0.067 63 1.21 0.0192 0.955 
20 $136 0.068 .iJt) 1.36 0.0195 0.955 
22 1.47 0.067 77 1.47 O.ID!!U 0.955 
24 1.56 0.065 84 1.56 0.0186 0.956 
26 1.62 0.062 91 1.62 0.0178 0.958 
28 1.67 0.060 98 1.67 0.0170 0.959 
30 1.72 0.057 105 1.72 0.0164 0.962 
32 1. 75 0.055 112 1. 75 0.0156 0.963 
34 1. 78 0.052 119 1. 78 0.0150 0.964 
36 1.80 0.050 126 1.80 0.0143 0.966 
38 1.82 0.048 133 1.82 0.0137 0.967 
40 1.84 0.046 140 1.84 0.0131 0.969 
42 1.86 0.044 147 1.86 0.0127 0.970 
44 1.87 0.043 154 1.87 0.0121 0.971 
46 1.88 0.041 161 1.88 0.0117 0.972 
48 1.89 0.039 168 1.89 0.0113 0.973 
50 1.90 0.038 175 1.90 0.0109 0.974 
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Maxwellian; but these rest4ts are expected to hold, qualitatively. 

2. Detailed Convolution 

Let g(s, v)dsdv be the ntlllber of atoms with speed v between 

v and v + dv, created in gun at time t = s in time interval ds. Then 

gd'(O,t) = g(O, d
t 

) ~ e-t/T (12) 
t 2 

is the instantaneous distribution at a detector, a distance d from the 

source, and at time t, due to atornsexci ted instantaneously at time 

t = 0, and allowing for decay. The convolution can be thought of as 

adding the same distribution to a given point in time, but shifted in. 

position by a time s; that is, 

(13) 

If F (T) is equal to the nl.lI1ber of COtmts in a channel of width 26. where 

t = T is the center of the channel, due to metastable atoms created in 

the electron gun during a pulse of width 2A centered at t = 0, then 

A T+6. 

FCT) = I ds I gd'(s,t}dt 
-A T-6. 

Then, using Eq. (13) and making a change of variables s -+ t-s, 

T+6. t+A 

FCT) = I dt I gd'(O,s)ds. 
T-6. t-A 

(14) 

(15) 

Now change the labels s and t to obtain a synunetric form of the integral 
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T+6 s+>" 

F(T) = J ds J (16) 
T-6 s->.. 

Also, define the ratio 

(17) 

where Eq. (12) was used to obtain the last relation. 

The goal for the remainder of this appendix is eventually to 

compare this ratio with F(T2}/F(Tl ). 

Again, it is necessary to assume a Maxwell speed distribution, 

but modified by the probability/sec of exciting an atom as defined in 

Eq. (5) of AppendixD. Thus, 

(18) 

where 

K = N d
3 

• Jcr and A = ( ~ )2 
0:3 e a. 

and N is a unitless normalization factor. Eq. (18) is therefore the 

same as Eq. (4), if cr is assumed to be a constant for atoms of all 

speeds. 

Eq. (16) can now be put into the more useful form 
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T+6 ;\ 

F T = f· ds f f (y + s) dy • 
T-6 -;\ . 

Taylor expand fey + s) about the time s, giving 

2 
fey + s) = f(s) + ft (s)y + f"(s) L + ••• 

2 

(19) 

(20) 

After doing the first integration, repeat the Taylor's expansion for 

fey + T), f"(y + T), and f(4)(y + T), keeping tennsup to and including 

the fourth deri vati ve of f (t) • The final result is 

Upon expanding the derivatives usingEq. (18) 

F(T) = 2;\26 f(T) $(T) (22) 
, 

where 

$(T) = 1 + n(T) • 

The correction tlmction n(T) is as follows: 

n(T) 

(23) 

To simplify Eq. (23) and to apply it to both detectors, let 
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T= 2~ 

6. = A 

A = (1024)6.
2 

1 

A2 = (12544)6.2 

26. = 80 ~sec. 

(24) 

Also, because T is so large compared to 6., every term in which it 

appears can be neglected. Thus 

1.667 --K2 
468 + 2.06 0 104 

+ 

J(4 ~ 
1.03 0 107 

+ 1.55'108 

K10 K12 

and 

1.885 0 1010 
------+ 

K10 

, (25) 

These parameters have been computed for a few values of K and are listed 

in Table 10. Note that these corrections ate quite small beyond 

K1 = 12 (K2 = 42). 

Since the goal of this appendix is to compare Eq. (17) with the 

ratio F(T2)/F(T1), using Eq.(22) and Eq. (18), this ratio becomes 

= (26) 
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Table 10. Convolution corrections. 

Kl n
1 

(K) K2 n (K) 
2 

A(K) 

5 0.73 
6 0.15 21 0.0151 0.883 
7 0.026 
8 -0.0046 28 0.0004 1.005 
9 -0.034 

10 -0.0084 35 -0.00035· 1.008 
11 -0.0052 
12 -0.0038 42 -0.00014 1.004 
13 -0.0021 
14 -0.0009 49 0.00002 1.001 

• 
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Comparing withEq. (17) 

where 

and 

d 2 ' 
T 2 = cr:- . T l' T 1 - 2KL\ • 

1 

(27) 

The parameter A is also computed ane!.' listed in Table 10 for a few values 

of K. 

There is one other 'convolution which could be included with gun 

pulse width and collection channel width; that is, position of excita­

tion in the electron gun. The distribution g now has three parame-

ters x, s, and t, where x is 'the position measured positively from the 

center of the gun for increasing dl and d2 • The total convolved count 

fora given detector at a time T is now 

A T+~ d+o 
F(T) = f ds f dt f dx g(x,s, t) , (28) 

-A T-~ d-o 

where 20 is the height of the electron gun. As before, the convolution 

requires that 

g(x,s,t) = g(O,O,t - s + ~ t) • (29) 

• 
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But x/d has a maximum value for detector 1 of 2.6~10-3 when x =0 

= 0.5 em, and a correspondingly smaller maximum value for detector 2. 

Since this extra tem is too small to have very rrruch effect, it can be 

ignored; that is, if t = 20~ = 800 ~sec (Channel 10), then Smax is 5% of 

t and ( ~ )max is 0.26% of t for detector 1. 

G. Analysis Program 

[See the following 7 pages] 
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~KUbKAf'1 AI"AL13 ( INPUT, OliTPUT ,PUI\JCH, TAPt,): lr.t>UT, T At>Eh:IIIITPul.) -
*********.**.*****************~******************~****************:~*~*:~** .. 
.. ANALYSES lJATA FKI1M NUMFKIHJS KUI';S wiTH 1~11UlJLATI(JI~ Ohl 11K UFI" • 
.. {JUTPUTS THt INP11T IlATA, THE KATIO IlF N2 fU NI, THt 1.11(; Cir [HE KAIIil. ':' 
* f-'LUTS (lUT THE VAKIOUS 1~ITEKESTiNG IJUANTITltS ',' 
* ¥ 

*******************~*****************************************~:*********** 
IJlI"1ENSIllN N1(300) N2(300) T1I3(0), T2I:)oU),. "DOll), ALK(1UU) 

2 T(3()O), TALK(3001, TT13lJoL SH;nN1(3UU), SIbU~12(3(JI1), II\Ie:lldn, 
3 51(;11F1(300), SIGflF2(3(}O), Y(300), 51\;MAKI3UO), S[(;MAL(:~vll), 
4 TIT L I" 3 ( 12 ) , TIT L I" 4 ( 12 ) , TIT If' f-' ( 12 ) , TIT L E ( 12 ) , 5 I I, M A 1\1 ( 3() () ) , S 1 (; 1"1\ 1)( '1 ()( J ) 

LUGICAL LAI"1P,LClJUNT,PIJ~I[!IJT . 
KtAL N1, NZ, INFll 

****§************************************************* ****:~*****:~*******~ .. 
.. ClJl'liS TANT S .. 
********A********************************************* ******;~****;~****~** 

11ATA 111/1.'1'4,)/,112Ih.71451 
DATA ISTAkT/12/,1\JIJMCHNI?1l01 
11ATA TITU"3/1,H klJN,6H ,hHkATIIJ ,6H= IWf-'I",hHK/lflWf', 

I hHK WITH,hH LAMP,':i*hH 1 
IJA fll Til Lt-4/(,,; KIJN,hH ,ht1 LIII,AK,hHI fHM II,hHI" KII', 1, 

I hH11 wITH,hH LAMP,5':'hH 1 
I)I\TA TllLt II,H KIJN,hH ,hH LAI'if',6H lJH- ,hH II" ,ht1----lk, 

1 6HIP'-tTS,hH----SI,hHNt;LtT~,hH i\jIIKM,hrlAI..lI.,IJ,hH 1 
***ft****.****************.*************************~******~:********~~**:~* .. .. 
* ¥ 

*********************************************~***~*******~t~:****~;~;~**~~*** 
laO CUNTINUt 

DU ') K=H,1Z 
KSKlf.' = K-4 
TIT L f' 3 ( K ) : 1 OH 
TIT Lfc 4 ( K ) 10H 
TITLEP(KSKIP) : 10H 

5 ClJlH I NliE 
I)U 10 K : 1,300 
N1(K) u.O 
NZ(K) : u.O 
Tl(K)=u.O 
TZ(K) = U.U 
K(K) : U.U 
A LK (K) = 0.0 
TALK ( K) : 0.0 
T(K) = U.U 
TT(K) = U.U 
SIGMAN(K) = n.o 
SIGMA()(K) 0.0 
SiGf'IAK(K) n.o 
SiGMAL(K) 0.0 
SIG(JF1(K) 0.0 
SIGlIF2(K) 0.0 
SlblJN1(K) 0.0 
SlbllN2(K) :: 0.0 
X(K) = (l.ll 

III CUNT I NliE 
****************************************************** ********;~******'**** .. 
.. KtAIl AND WKlTE NUN-tXECIITAHLf STATFMENT5 

* * ********************************************"********************.*~:******* 
H:ST : IH* 

20 

21 

22 

KI:A() 50UU, INFO 
TITLE(2) : INFO(2) 
iIIlF(J(l): TlTLF(I) 
PKINT lllU(),(INFI)(K), K = 1,12) 
kEAD 50Ul, (INFO(K), K: 1,'1) 
IF (INFO(l) - TEST) 21, 22, 21 
PKINT 1UUl,(INFll(K), K: 2,'1) 
GU Tn 2ll 
C UIII TI NilE 

*********.***********~******************************** ******************** .. * .. KI:A[J ANI) WK ITE EXECUTABLE STATf:=I"1EIIiT C[INTKI1L~ .. 
************************************************************************* 

KI:AD 5003, DELTA 
KtAD 500~, LAMPt~UNUUT 
f.'KINT 10U4, DEL A 

************************************************************************* .. 
.. CALCIJLATI: ANfl wkITE CALCULABLE PAKA~JtfEK~ .. 
************************************************************************* 

• 



• 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

C 
C 
C 
C 
C 

LAS 1 = NUMCHN-I 
IJ . = Ill' ,.. 1.11 
IH:LTAC = U"Ilt=L TA/!!l 
ICI:·LL = LAST*(fll/i)2)-O.':> 
PKI NT lUU'i, III 
PKINT lUIO, 112 
PKII~T 11)13, I)FLTAC 
PKINT 1014, LAST 
PKI NT lUI'>, ICFlL 
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**************************************~;*******~*********************~::~:~*:~ .. 
* CAlCIJLAIt VAKlfluS TIME SCALES * if- " . . * 
***********~*******************.*****************~**** ******************** 

!!U 50 K = 1,LAST 
Tl(KI = K*lJELTA 
T;>(K) = K*DELTA 

50 CUI~TINlJt 
lJU 70 K ~ 1,ICElL 
T(KI = K"UtLTAC 

70 CUNTI NUt 
************************************************************************* 
.. * 
* KtAU DATA ANIl WRITE CALCULATED CUNSTANTS * 
* * ************************************************************************* 

LCUUNT = .FACSE. " 
CA Ll' Kf:UA TA (NLJMCHN, LCOUNT 1. TITLE (2), SIGO~ 1, SIGfJF2't 
CALL SUMMAT(SIG[lF2,T2,LASI,5,ICE:LL,Dl',DELTA,Dl,N2) 
OU 75 K = 1,ICELL . 
Nl(K) = SIGOFl(KI 
SIGlJF2(K) N2(K) 
SIGMAN(K) = SUKT(N2(K)) 
SIGMAI)(K) = SWRT(Nl(K)) 

75 CUIliTI NUE 
IJU 80 K = 1,4 
TITLI'Y(K) = TITlE(K) 

HO CUIliTINlJt 
IJU !:l5 II. = 
KSKIP =.2 
lllLE3(KI 
T1TLt=4(K 

~,H,6 
+(K~2)/3 
'= l ITLt (KSKIP I 
.= T I TL ElK SKI P ) 

8'> C UI~TJ NUE 
IF (."'IH.LAMP) GO Tli lZ0 
LCUUNT = • TRUt=. ." 
CA LL R. t=IlA TA ( NUMCHN, LCOUNT 1. TIT L E (2) , S I GON 1, S 1 Gor~l' ) 
CALL SUMMAT(SIGON2,T2,.LASI·,5, ICELL,02,f)EL IA,[lI,N21 
DU 90 K = 1,ICELL . 
N 1 ( K) = S I GON 11 K) 
SIGON2(K) = N2 KI 
SIGMAN(K) SURTIN2IK)) 
SIGMAU(K) SUKTINIIK)) 

90 CUNTINtIE 
TITLEPI41 TITL~151 
TITLf3(H TITLE(5) 
TITLE4(~) TITLE(51 
IlU 95 K = 'idO 
KSKIP = K -4 
TITlE3(K) = TITLE(K-3) 
TITLE4(KI = TITLE(K-31 
TITLEP(KSKIPI = TITLf(K-3) 

95 CUNTINllE 
GU TO 120 

110 LAMP = .FALSE. . 
*********~*************************************~****** ******************* .. * 
" CALCIILATE AND PKINT RATIOS, LOGS, SiGMAKAlluS, AND SIGMALU(;S * 
* ************************************************************************* 

120 CUNTINUE 
UU 140 K = 1,ICELL 
IF (NlIK) -0.0011 141, 14'1, 142 

142 IF (N2(K) -0.0011 141, 141, 143 
141 K(K) = 1.0 

SIGMAL(K) = 10.0 
(;U Tn 144 

143 R(K) = 1IIl'(K)/NIIK) 
SIGMAL(K) = SURT(SIGMAN(K)*SIGMAN(K)/IN2(K)*N2IK)) + 

1 SIGMAIJ(K)"SIGMAOIK)/(NIIKI*Nl(K))) 
144 ALt{(K) = AL(lG(RIK)) . 

. SIGMAI{(K) = RIK)"SIGMALfK) 
140 CUI\IT I NllE 

IF(PlIN()LJT) PUNCH 5000, (TITLEP(K),K=I,81 
I I' (PlINUUT) PUNCH 1026, ICELL 
PKINT 1025, (TITLEPIK), K = 1,H) 
PKINT Ion 
IlU 190K = 1,ICELL 
PKINT 1023, K, Nl(K), N2IK), I{(K),ALR(K),SIGMAt{IK),SIGI"IALfK),T(K) 
IF(PUI\i()UT) PUNCH 1027, K,TIKI,t{(K),SIGMAK(KI,TlTLf(Z) 

190 CUNT I NllE . 
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C -
C 

***********************************************************************~~: 
* * FIT U)G UI- KATifl TD ST~AlbHT LINE ANU PLUr Kt)ULT) C 

C * * 
********************R**********************************~****************~: C 

C 
C 
C 
C 
C 

SIGMII\1 = SIbMAL( 1) 
IIU 4<.JO II. = I,ICfLL 
It- (SIhMAL(KI - SIGI~INI 4':15,495,4':1':1 

4<.J~ )IGMIN = SlbMAL(KI 
4Y':I CUNTINIJt: 
4':1U CIJI~T"\lIIt:-

SIGMIN = SIbMIN*lU.U 
II. = ;;>~ 

? Ill) II. = II. + 1 
J I-( K-JCHU ~IO, ,)2(),5;;>() 

?JU IF (~J(''''lAL(K+ll - S I!;M 11\11 '>Ou, ')()U, 520 
:'2 () I LA S T = II. 

JIll I = ILA<,T - ISTAKI 
UU "30 II. = I,NII 
TT(KI = T(K + ISTAKTI 
SIGMAL(K) = SIGMAL(K + ISTAKTI 
Y(KI = ALK(K + ISTAKTI 

')30 CUI~TINUE 
CALL L1NI-IT( TT1Y,SIGMAL,TALK,TAU,SIGTAlI,Nll I 
[)U 540 II. = 1, N I 
Y ( II. I = TALK ( II. I 

')40 C UNT I NliE 
flU 550 II. = 1, ICE L L 
TALK(KI = ALR.(KI 

:',)0" CUIIJTINllt 
IJU 560 II. = 1,NII 
Kl = II. + ISTAKT 
TALK(KI) =" Y(KI 

560 CUNTINliE 

~:tt ~tUIII:~[::}~Eb~I~~t~!r~l!f~~!~~1IlfJ2!12,61 
PKINT 1024, TAlJ, SIGTAlJ 

****************************************************** ******************* 
* * * KEUEFINE FUR LAMP ON * 
* * *****.************************************************ ******************** 

IF (.N(jT.LAMPI GO TU 100 
flU 2AO II. = I,ICELL 
bl = SIGUI-l(K) - SIGONl(KI 
b2 = SIGUFZ(KI - SIGON2(KI 
IF (GIl 261,261,262 

2Al Nl(KI = U.O 
GU Tf) 263 

262 N 1 ( II. I = G 1 
263 IF (C;21 264, 2h4, 265 
264 N2 (II. I = U. 0 

GlJ HI 266 
26') N2 (K) " (;2 
266 SIGMA(){K) = SWKT(SIGflF1(KI + SIGUNl(KI) 

SIGMAN(K) = S(JRT{SIl;OF2(K) + SIGCJN2(KI I 
260 C UNTI NLJE 

[)U 270 II. = ':1,10 
KSKIP = II. - 4 
TITLE3(K) = TITLE(K-II 
TI~LE4(KI = TITLE{K-II 
TITLFP(KSKIPI = TITLE(K-I) 

270 C UN TI NUE 
GU TO 110 

ANAI02Ji.' 
ANAI02L'l 
ANAIU214 
ANAI021 ') 
ANAI021'" 
ANAl0217 
ANAI021R 
A"'AI021 q 
ANAI0ao 
ANAI0221 
ANAIU222 
ANAI022 'l 
ANA 1 0('24 
ANAI022 ') 
ANAl!)22'" 
AI\'AI0227 
ANAI022R 
ANAlo22 q 
ANAI0230 

C ******~*~********************************************* ******************* 
C * * 
C * FUKMAT LIST * 
C * * C ************************************************************************* 

luOO FUKMAT (IHl,12A611) 
lUOI HJKMAT (lH ,7AIO,A'J//l 

l~g~ ~~~=:l !~~~ E~e~:EbE~lgl~M=ni~~~~~k3~ ~~k~~~~~O~~~~'k", 
lUlU FUJ{MAT (;>7H UPPER. nETECTUK nlSTANCF = ,F6.4,7H METF.KS/Il 
lu13 FUJ{MAT (l':lH PAkTITHlN winTH = ,F'J.5,l3H MILLISECDNDS/ll 
1014 FUKMAT (4-(H NUM~EJ{ UF CFLLS IN LUwf:K UFTtCrUK PAKTITIflN = ,Ij/Il 
101~ FUJ{MAT (47H NIIMf:H:k lJF CELLS IN UfJPFK DEll:'CluK fJAkTITlON = ,13//1 
1022 FUKMAT(/5X,2H K,':IX,5HNl(K),9X,5HN~(K),4X,1IHN2(KI/Nl(KI,5X, 

7 1 UHU)(; ( N2 IN 1 I 13 X, 1;;> HS I C,MA (N2 IN 1 ) , 2X , 13H) I GMA { LOl; (K I I , 7 x, 4rl T 1 MF I 
lU23 FUKMAT(4X,I3 i 2 3X,Fll.3),2(4X,Fl1.hl,3(!1X,F7.3)) 
1024 FUJ{MAT (40X, IHMEANLIFE = ,F':I.2,HH + {lK -,FI-l.3,!4H ~IlLLlSF':flNnSI 
1U25 FUKMAT (lHl,HA61 
lu26 FUKMAT (lX,HHNPTS 
1u27 FUKMAT (2HK=,13,4H 

= "3) 
T = , FlO. 7 , 10H 

10H 1 
!:>UOo FUR.MAT 
')001 FUJ{ MA T 
')U03 FUKMAT 
')005 FUKMAT 

F I'J I) 

(12A6 ) 
(Al,7A10,A':I1 
(16X,FH.5,20X,FR.5) 
(':IX, Ll ,1 ':IX, II ,l9X ,Ll I 

KAT In 
SIGMA 

,FIO.7, 
,FI0.7,l4X,A61 

' .. ' 

• 



• 

C 
C 

E 
C 
C 
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SUt;KlluTINt: KH)ATA(NUMCHN,LC()UNT,KLJN,~IGl,~IG2) 
~~****~**********.****.**************~*****~*************~~****~********** .. 1,: 

THIS. SIWKIJUTINE KEAUS DATA FOK A KIJ{~ ANU GivES tlACK 
A SI!;NAL MINUS KACKGKOUNO .• IT· ALSU PKINT::' (JUT THE INPUI 

it .. 
it 

****************************************************** ******************* 
OIMENSlllN.SIG1(300), 5IGZ(300), T13(0), T1TU::lil) 
LUGICAL LCULJNT . 
TITLEll) 6H ~LJN 
TITLEIZ) ~UN 
TITLE(3) 6H LOWEK 
TITLEI4) = 6H DETEC 
TITLE 5) 6HTIlK DA 
TITLE(6) 6HTA WIT 
TITLE(7) 6HH LAMP 
TITLEIH) 6H OF~ . 
kEAD 5000, BAKGOl, ~AKGOZ 
kEAO 5001, ISIGllK), K l,NUMCHN) 
IH:AD 5001 1 ISIGZIK), K = l,NUMCHN) 
DU 5 K=l,.jOO 
TIK)=K-l 

5 CUNTI NUl:: 
LA S T = NUMCHN-l 
SUI''Il· = 0.0 . 
::'UM2 = 0.0 
DU 50 K= J, NU~ICHN 
SUMI = SUMl+SIGlIK)· 
SUMZ = SUMZ+SIGZIK) 

50 CUNTINUE 
IF 1 LCIll)I~T) (;n TI) 100 
PKINT 10Ul, kIlN 
TITLfO(H) '= 6H ()F~ 
GU HI llu 

ioo P KJ NT 1 OU2, kLJN 
TITLElil) = 6H-ON 

110 PklNT 1003, AAKGIH, SUMI 
PMINT 1004, BAKGOZ, SUM2 
PMINT 100';) 
II I = NUMCHN/5 
OU lAO K = It1I1 
Kl = K + II I 
KZ = Kl + III 
K3 = KZ + I I I 
K4=K3+III 
J=K-l 
Jl=Kl-l 
JZ=KZ-l 
J3=K3-1 
J4'=K4-1 
PMI NT 10U6, J, 

Z J2, SIGllKZ),. 
3J4t SIGIIK4), 

1110 CUN INUE 
SIGl(ll =0.0 
SIGZIl) = 0.0 

SIGl(K), SIGZIK), Jl, SIGl(K1)~ SIG2(Kl), 
SIGZ(KZ), J3, SIGllK3), SW2IK3), 
SIGZ(K4) 

J = NLJMCHN/2 
CALL PLOTIT,SIG11SIG1,J,lH+,lH~,I,TITLE,il,6) 
TITLE(3) =·6H UPPER 
J = NLJMCHN . 
CALL PLUT ITlSIGZ~SIG2,J,lH+,lHF,1,TITLE,H,6) 
IJU 30 K=2, LAS I 
SIGl(K) = SIGllK+ll";SAKGOl 
IFISIGIIK).LT.O.O) SIGIIK)=O.O 
SIGZ(K) = SIGZ(K+ll-BAK(;f)Z 
1~(SIG2IK).LT.0.Ot SIG2(K)=0.0 

30 C UN TI NLJ E 
5000 FUKMAT(2( 1~X,Fll.5)) 
5001 ~U{''''AT ((2X,lOF7.0,HX)) 
1001 FUKMAT (lHl,6H MUN,A6tlOH LAMP nFF,lUX,26HHACKGKfllJ{\I!) 

lOUNTS/1l 
100Z ~UKMAT (lHl, hH MUN,A6,lOH LAMP ON ,lUX, 26HHACKGKIIlJ{\iI) 

I[)UNTS/Il . 
1003 FllKMAT (I~X,14HLI)WEK DETECTOK,3X,~7.2·,6X,FIO.O//) 
lU04 ~UKMAT (1'1X,l4HlJPPEM DETECTnK,3X,F7.2,6X,~10.0//) 
1005 FUKMAT (lH ,125H CHN LOWEK LJPPEK CHN 

2 CHN LOWER UPPfOK CHN LUWEK UPPEK 
3 IWPEK) 

1006 FUKMAT I1H ,5(lX,lH/,lX,13,3X,F7.0,2X,F7.0.)) 
IU:TLJKN . 
I':NU 

SUHKOUTINE BOB(I,J,P,IZ) 
DIMENSION PIIA,53) 
IJA TA I S/uOOOOOOOOOOUOOOOU0077 1 
I Y = I{ I GH T ( IZ, 54 ) 
M= MOO ( I ,6) 
IHM.E(J.U) '..,=6 
NS=6"(lO-M) 
11=1+11-1)/6 
IY=LEFTI!Y,NS) 
I A= L EFT ( IS, NS) 
P (II ,J) = 1 PIli, J) • AND •• NnT • I A). OK. I Y 
KHIJKN . 
EI~U 

LOWEK 
CHI~ 

1 nT AL C 

TflT AL C 

U~PE!{ 
UlwEK 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

~ 
C 
C 
C 
C 
C 
C 
C 
C 
C 

E 
C 
c 
C 
C 
C 
C 

c c 
c c 
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SU~R(JlJTINt SUMMAT (N,T,LAST,NUMLAb,ICELLS,Ll,DELfA,Dl,SUM) SIJMl (JO(J1 
****************************************************** ******************* 
it .. 
it .. 
* 
* .. 
* 
* 
* it 

it .. 
* 
* .. .. .. 
* to 

to 

to .. 

II'\J~lJT •••••••••• 

DA T A f-' (I I I~ T S = N 
/lAfA TIMt: SCALF = T 
NUMB!:/{ UF LlATA PtliNTS = LAST 
LAGRANGIAN TYPE USELl = NUMLAG 
NUMBER Uf CELLS IN f-'ARTITION OF 
DISTANCE TU f-'ARTICULAR DETECTOR 

CUNSTANTS •••••••••• 

CHANNEL wlLlTH = DELTA 
DISTANCE TU FIRST DETECTOR 

UU Tf-' UT 

01 

PARTICULAR UEltCfUR 
= D 

CUUNTS IN CELL OF PARTICULAR UETECTUR SUM 

CUMMENTS •••••••••• 

LUWER DEHCTOR DETERMINES THE TIME SCALES 

;:~ 

:~ 

~ 
-,-
'" 
~;~ 

',' 

ICt:LLS ~ 

',-

* ;!: 

~ 

* * * ~t 

i,:. 

* * 
" 
* ::::t 

* .. THIS SlJBKUUTINE FINDS THE NUMBEK OF CUUNTS IN '" 
* EACH PAKTITION-CELL FOR THIS OISTKI~UTIlJN Uf DATA POINTS :;::: 

.. Vt:RSUS Tl Mt: AND ENTERS THOSE NUMBERS INTO THE AKt{AY SIJM 
* WITH IlIMt:NSI!JN = ICELLS 
* ~ 
************************************************************************* 

IJIMENSI!JiII T(300), N(300), SUM(3UO), TDELTA(3Ul) '>IlM10()i)2 
Mt:Al N ' SI)MIU()03 
J J = 1 + ICE L L S S I 1M 1 0 () () 4 
DU 20 K '" 1,JJ SIIMl{){)O'5 
TIJELTA(K) = 1)*(T(1I + (2*K - 3)*OELTA/Z.O)/1l1 SIJMI00()h 

20 CUNTiNUE SIJMIO(){)7 
DU 30 J '" 1,300 ,SIIM1000R 
SUMIJI = U.O SIJI~IU(l{)4 

30 CUIIiTINUE '>IJ~H(JUlo 
KK = 0 ~IJMl()Oll 

301 KK = KK + 1 SIJM10012 
IF (TUELTA(ll - J(KK)) 302, 301, 301 SIJMI0013 

302 ~)~ (~Dh TA~~C~e[~ + 1) - J(K I I 40, 400, 4UO ~U~I~\g\J 
400 J= 0 SIIM10() 1 "l 

***************************************.************** ******************* 
* * .. J '" 1 WILL NEVER SATISFY THE SEARCH CRITERIA 

c ************************************************************************* 
401 J = J + 1 - SUMIUU2n 

IF tTDHTA(J) - T(K)) 401,110, 110 SUMIUU21 
110 IF (T(K) + DELTA/2.0 - TDELTA(J)) 410, 41U, 42u SlJMI0023 
410 SUM(J - II = SUM(J - II + ENl(;RL (N,LAST,K,0.O,0.5,NUMLAI;,l.U) SlJMI0024 

GU TO 460 Stll'11002,) 
420 TT = (lLlI::'LTA(J) - T(K))/OELTA StlMl0026 

SUM(J - II = SUM(J - II + ENTGRL(N,LAST,K,O.u,Tf,NUMLAG,l.OI 
IF (J - 1 - ICELLSI 450, 460, 460 

450 SUM(JI = SUM(J) + ENTGRL(N,LAST,K,TT,U.5,NUMLAG,1.U) 

4hO 
4HO 

490 

5()U 
40 

If tTDELTA(J 
SUM( J - 1) 
GU Tf) 40 

- 1) - T(K) + DELTA/Z.O) 4~0, 4HO, 490 
SUM(J - 1) + ENTGRL(N,LAST,K,-U.,>,O.O,NLJMLAG,l.OI 

TT = (T(K) 
SUM(J - II 
IF (J -n 
SUMfJ - 2) 
CUN I NIJE 
K t: T lJK N 
ENU 

- TOELTA(J - 11)/DELTA _ 
SIJM(J - 1) + ENTGRL(N,LAST,K,-rT,o.o,NIIMLAG,l.U) 

40 1 40, 500 
= ~IJM(J - 2) +fNTGRL(N,LAST,K,-U.5,-TT,NUMLA(;,l.UI 

SUMI0027 
!>IW,l002R 
SIIMlu02"l 
SIIMlo()3n 
!>IJM1()()31 
SUMI ()O3? 
StllV\l 1)()3 '3 
';IJMl U034 
SIJMl()(H ') 
SlJMIIJ03h 
SIlM\O(J,7 
SI ""11 U{)jR 
SlJr~l OIH q 
Sllf~l ()04() 
SIJf><IIUIJ41 

SU~RI.lIJTliIIE LINFIT(X,Y,SIGMAY,TY,TAII,SI(;TAU,NPTS) E :***~*****************************************************~*************** 
c * *** LIN"'IT **:!::: * C .. ' ~ * 
E: SU~Kf)lJTIJ\JE TIl FIT LEAST SWUAKES STRAIGHT UNE ~ 

C *******!*~*********~*****************************************************: 
[DHMENSION X( 300) ,Y (3001, TY (300 I, SIGMAY (3UU), wT( 3(0), w( jUO) 

U 5 1=1, iII..,T S 
WT(I)=l.U/(SIGMAY( I)*SIGMAY(I)) 

5 CUNTI NliE 

- i 

.' 
• 



C 
C 
C 
C 
C 

E 
C 
C 
C 
C 
C 

WI"IjN=wTIll 
flU 10 1=2 NPTS 
WMIN=AMINIIWMIN~WTII) ) 

10 CUI~TINIH: . 
SX=O.O . 
SY =0 ~o 
SX2=().o 
SXy=o.O 
Sw=(). () 

S~,·f~wf (t J ~~~TN 
SW=SW+W I I) . 
SX=SX+WI I) "XI I) 
SY=SY+WII)"YII). . 
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SX2=SX2+WI I )"XI I )"XI I; 
SX Y=SX Y+W I I)"X I I) .. Y I I ) 

ZO CUNTI NIlE 
OtM= I SW"SXZ) - I ShSX) 
A=IISXZ"SY)-ISX .. SXY) )/OFM 
H=IISW"SXY)-ISX*SY»/OEM 
TAU = -1.0/B 
SUtL2=O.0 . 
DU 30 j=I,NPTS 
TYIJ)=A+H*XIJ) 

30 W~~fNG~I:L2+WIJ)*IYIJ)-TYIJ»*IYIJ)-TYIJ» 
TNP TS=I>JPT5 
SIGY=SWMTISDELZ/TNPTS) 
SIGA=SlbY .. StJRTISXZ/DEM) 
~IGB=SIGY"SWRTISW/DEM) 
SIGTAU = 51(;B/IH .. I:\) 
RtTURN 
I'NU 
MtAL FIINeTltlN FNTGR'_ IF,LAST,K,AA,BH,NUMLAG,f)I':LTA) NrLllI(JO'l 

**************~***.*******.*********************************************** .. 
.. INPUT DATA POINTS = F 
.. OIMENSIONUF F = LAST 
.. FUNCTION PUINT = K * .. LuwFR LIMIT OF INTFGRATION = AA 
.. UPPER liMIT UF INTEGRATION = BB 
.. LAGRANGIAN TYPE USED = NUMLAG .. 
" THE INTtGMAL USES') OR 7 PllINT LAGRANGF II\lTtRPULATlflN * 
.. TU fln THt: INTEGRATIUN BFTWEEN A ANn I:l * 
" * ****************************************************** *~***************** 

DIMENSION Fl30(» , AF(306), A(7), At:l(7) NTLlOOOl 
OU 10 M = 1,3 NTLlO(J01 
AFIM) = 0.0 NTLluO()3 
I = M + 3 + LAST NTLIUU04 
AFlI) = 0.0 NTLlOOO'5 

10 CUNTINUE NTLlo006 
nu ZO M = I,LAST NTLl0007 
I = M + 3 NTL2000R 
AF(J) = riM) NTLlOOOR 

ZO CUNTINUt NTLlOO()4 
DU 30 M = 1,7 NTLIoolo 
AHIM) '" HI:l""M - AA""M NTLll)(lll 

30 CUNTINUE '~TLl()012 
ENTbRL = 0.0 NTLII)013 
N~ = INUMLAG - 5)/2 I~TLl0014 
N7 = 17 - NUMLAG)/Z NTLlO()L'5 
All) = N5"IAB(7)/7.0 - AtH6)/Z.u - A1;(5) + 1').0*AbI4)/4.U + '~TLl()()I!' 

1 4.0 .. ABI:~)/3.0 - 6.0"AA(2»)/7Z0.0 NTLlOOL7 
A(2) = N7i>IAH(5)15.0 - AB(4)/Z.0- A8(3)13.0 + A8(2»/24.0 I~TLlOt)lH 

I - N5"IAB(7)/7.0 -AB(6)/3.0 - 2.0*AB(5) + 5.0"AB(4) NHl()()L4 
2 + 3.0 .. A B I 3) - ~. 0 .. A A I 2 ) ) I IZ o. 0 1\1 T Ll 0 () 2 n 

A(3) = -N7"IAB(5)/5.0 - AB(4)/4.0 - 4.0*A~(3)/3.0 +2.U*AH(2»/h.~\lTLI0021 
1 + N5"IAH(7)/7.lJ - ABIA)/h.lJ - 13.lJ*AR(5)/5.0 + 13.0*AH(4)/4.() NTLloOn 
2 + 12.0*AH(3) - Hl.O*AR(2»/4b.0 NTLl0023 
4(4) = N7*IAR(5)/5.0 - 5.0*A8(3)/3.0 + 4.U*AHII»/4.U NTLI0024 

1 - 1\J~*IAB(7)17.0 - 14.0*AB(5)/5.0 + 4~.U*Atl(3)/3.0 NTlIOO~'5 
Z - 36.0 .. AIHl»/36.0 . NTU()02h 

A(5) = -N7<>IAB(5)/5.0 + AB(4)/4.0 - 4.0*AB(3)/3.0 -2.0*AtlIZ»)/6.0 NTLl(J027 
1 + N5oIAB/71/7.0 + AB(6)/6.0 - 13.0*A8(5)/5.0 - 13.0*AI:l(4)/4.0 NTLl(J02H 
2 + lZ.0"AB 3 + IB,U*AR(2»/4H.0 NTLI0U2Q 
A(6) = N70(AB(5)/5.·U + AB(4)/2.u - Ab(3)/3.U - AH(2»/24.U NTll0030 

1 - N5"IAB(7)/7.0 + ABIA)/3.0 - Z.0*AB(5) - 5.0*AH(4) NTLI0031 
2 + 3.0*AB(3) + 9.00A8IZ»/120.0 NTLlo032 

A(7) = N5*~AB(7)/7.0 + AB(6)/2.0 - AH(5) - 15.0*Atl(4)/4.0 NTLI0033 
1 + 4.0*ABI3)/3.0 + 6.0 .. ABIZ»/72U.0 NTLI0034 

DU 40 M = 1,7 NTLlo035 
tNTGKt = tNTGRL + AFIK + M - ll*AIM) NTllO()3h 

40 CUNTINUE NTLl0037 
I::NTGRL = tNTGRL .. DELTA NTLZ003H 
MI::TlJMN I'IITLl003H 
I::NU NTL1()()3Q 
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SUtlKUUT.IN~ PLOT (X,Y,PY,NOX,YUMSEK,PYUICT,NUFUNC,lITLE,NTITLE, 
1 K UUTT PI' 

INTH;EK TITLE (121 . 
REAL X(lUUI,Y(10UI,PY(l.OOI,f>(1l:l,53I,XLAMEUIII,YLAHFL(111 
DATA OOOUHL,(JUOIHL,l·')(102HlIlOH ,IUH...... ,10H ••••• 

1 I 
INC = (NUX + 99 III UU 
IF(NTITLE.GT.121 NTITLE = 12 
XMAX= X ( II 

10 ~~AA2AA~lI7~~lA~~(11 I 
XMIN=X(11 
IlU 20 1= 1, NUX, INC 

20 XMIN=AMIN1(XMIN,X( III 
YMAX=Y ( 1 I 
IlU 30 1=I,NllX,INC 

30 YMAX=AMAX1(YMAX,Y( II I 
YMIN=Y(ll 
IlU 40 l=liNUXIINC 

4U YMIN=AMIN (YM N,Y(!)) 
!F(NnFUNC.EW.l1 Gn TO 60 
DU 50 l=l rNUX, INC 
YMAX=AMAX (YMAX,PY(I)) 

50 YMIN=AM!Nl(YMIN,f>Y( l} I 
60 XSCAlE=(XMAX-XMIN)/100.0 

XTERVL=XSCALE*10.0 
XLABEU 1 )=XMIN 
DU 70 I = 1, 10 

7U XLAl:lEL(I+l)=XLAREL(II+XTEKVl 
YSCALE=(YMAX-YMIN)/50.O 
YTEKVL=YSCALE*5.0 
YLABEL( ll=YMIN 
fJ U HO I = 1, 10 

80 YLABEU 1+ 1) ='fLABEL( I) +YTERVL 
P (1H

Z 
1 I = (JUOOHL 

DU 9) I = 1 , 1 H 
DU 90 J=2,53 

90 P(l,J) = (JOOOHL 
I~(YMIN*YMAX) 100,110,110 

lOU J=IFIX(-YMIN/YSCALE+.51+1 
I~(J.GT.~o) GO TO 110 
CALL BOB(lU3,J,PflHZ) 
(;U Tn 12U 

llU J= 1 
120 DU 130 1=1,16 

130 ~li7:~)~W~3~AtL 
CALL BfJH(104,J,P,IHXI 
I~ (J-l) 110,140,110 

140 IF(XMIN*XMAX)150,17U,170 
150 I=IFIX(-XMIN/XSCALE+.5)+1 

I~ (l~lUUI 160,16U,170 
16U CUI~TI NllE 

CALL HOH (1,52,P,lHL) 
G U Tn l!:lU 

l7U 1=1 
lHO OU 190 J=l,51 
190 CALL BnB (J,JIP"lH.) 

CALL BUH (J,5j,I',lHY) 
IF (I-ll 170,200,170 

200 IF(NOFUNC.GE.2) GU TO 230 
210 DU 220 l=l tNOX,INC 

IX=IFIX( (X 1)-XMIN}/XSCALE+.5)+1 
JY = I F I X ( ( Y ( I ) - Y MIN) I Y S CAL E+ • 5 ) + 1 
CALL BOB (IX,JY,P,YDBSEIU 

220 CUNTINUE 
GU TO 27u 

23u DU 260 I=l,NOX,INC 
IX=!FIX( (X( I)-XMIN)/XSCALE+.5)+l 
JY=I~IX«Y( 1'-YMIN)/YSCALE+.5)+1 
J PY = I F I X ( ( P Y ( I ) - YM IN ) IY S CAL E +.5) + 1 
IF(JY-Jf>Y)240,250,240 

240 CALL HOB (IX,JY,f>,YOBSER) 
CALL BOB (IX,JPY,P,f>YOICTI 
GU TO 2hU 

250 CALL B()B (IX,JY,f>,lHC). 
260 CUNTINUE . 
270 WRITE (KUUTTP,320}(TITLE(I),J=1,NTITLE) 

M=ll 
DU 310 J=1,53 
K=54-J 
L=K-l 

2HO ~~I~QD\koGHf>;nof~~A~~r(M),(f>(I,K),I=l,lH) 
290 F UK MA T ( 1 H F 1 h. 4, 1 X, 1 H-, 1 !:lAb) 

J'l1= 1'1-1 
GU HI 31u 

300 WRITF (K(jUTTP,3301(P(I,K),J=I,lH) 
310 C UIH I "'ll!:: . 

WRITE(K()UTTf>,3401 (XLABEL(I),I=l,lll,XSCALE,VSCAU: 
R !::T UR N 

320 FUKMAT(IHl,12A6) 
330 FURMAT( 1H 1HX,l!:lA6) 
340 FllKMAT (lH IHX,lolHl 

1 11 1 1 1 11 
1 IH 14X,ll(F9.4,lX)1 9HOXSCALE= E16.H/9h YSCALE= Flh.HI 

ENU 

PL 0 T 0000 
fJUHOOO 1 
PUlT 0003 
PUlTOOO') . 
PUIT 0001', 
f>UlTOOOR 
PUIlOOl? 
PUITOO 13 
PLIlT0017 
I'LlJTOOlR 
I'LOT()Ol9 
f>LnT0023 
pun 00;>4 
PLnT002,) 
PLOT0029 
PLilT0030 
PLUT 003l 
PUll003') 
PLfJT003h 
f>LnT0037 

- "'UlT 0041 
PLOT0043 
PLOT0044 
f>LOT004') 
f>LOT0049 
PLlJT0050 
PLOT0051 
PLOTU053 
PLOT0054 
PLOTOO')R 
PUlT0059 
PLnT0060 
PL010062 
PLOT0063 
PLOT0067 
PUlT0069 
f>LOT0070 
PLOT0071 
PLOT 007') 
PLOT0077 
PUlT007R 
I'LOT0079 
"'L fll OOHO 
f>UlfOOR2 
f>UJT 00A4 
PLlH()Ofl5 
I'U) I UOH7 
PLuruUflR 
f.>L rJT 00R9 
fJLIlT0091 
PUIT 0092 
PLOT0093 
PUJT 0094 
P LIlT 009 ') 
PUll 0090, 
PUll0097 
PUJT0099 
PLOTOlOO 
PLOTOlOl 
PLOTOl02 
PLOTOI03 
P UJTO 1 0 7 
PLOTOloA 
PLOTOI09 
f>UlTOII0 
f>UlTOlll 
PLOT0112 
f>LOTOllh 
f>LOT0117 
f>LOTOllA 
PUlT01l9 
PUJT0120 
PLOT0121 
PLOT0122 
PL010l23 
f>LflTOI24 
PLflT U12,) 
P LIlT 0 12 9 
PL()1013() 
PLOT0132 
I'Ulf0133 
I'UlTOl j4 
PLflT 013') 
f> LlJ 1013 A 
PUJTOl37 
"'Lrl1013R 
f>LOI0139 
PLOTOl4l 
f>UJT 014;> 
I'UJl0144 
P L (IT 014h 
f>LflTOl4R 
f>UITO!49 
PU!TO!"O 
PUll 0151 
PLUTOl5? 
I'UITOl,)4 

.. 
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H. .LINFIT Theory 

Suppose Yl' Y2' .•• , Yn are the values of a measured quantity y 

wi th experimental errors a
yi

, corresponding to the values xl' x2 ' ... , 

x of another quantity x with no experimental errors. Assvme also that 
n 

a linear relation exists between x and y, namely 

y = A + Bx . (1) 

According to the standard method of least squares, the quantity Q, 

defined as (YOU 62, p. 124) 

Q = t __ 1 __ (y _ A _ Bx )2 
L 2 s S' 
5 as 

(2) 

is minimized. The nonnal equations, obtained by differentiating Q with 

respect to A and B and setting these derivatives equal to zero, are 

where Ws 

tities 

L ws(ys - A - Bxs ) = 0 
s 

L wsxs(Ys - A - Bxs ) = 0 
s 

. (3) 

To make these equations manageable, define the quan-

S = \" w x 
X' l S S 

S 

(4) 
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S = \ W X Y xy L.sss 
S 

2 
S = L w x xx s s s 

S - AS - BS = 0 y 1 x 

S - AS - BS = 0 • xy x xx 

Solving for the coefficients A and B, 

1 
A = 6. (SySxx - SxSxy) 

B = ~ (SlSxy - SxSy) 

where 

(4) 

(5) 

(6) 

The errors in the quantities A and B are f~und using (YOU 62, 

p. 123) 

iJ 2 :: 02sxx 
A· 6. 

2 
2 = a Sl . 

°B 6. 
(7) 

where 

all modified for the case of unequal weights. Because T = -liB, it 
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follows that 

1 
2 

(8) 

This is the quantity computed by subroutine LINFIT for program ANALZ. 
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