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RADIATIVE LIFETIME“OFiTHE 21s  METASTABLE STATE OF HELIUM

0
~ Robert Spaulding Van Dyck,'Jr;

Department of Physics
; -and '
Lawrerice Radiation Laboratory
University of California
Berkeley, California

November 20, 1970
- ABSTRACT

A time-offflight tecﬁnique has been used to measufe the radia-
five lifetime of the'ZIS_0 state of hélium. After paséing from a cooled
. source, helium atoms are excited to the leo‘state_By a pulsed electron
gﬁn. The atomic beam then contains primarily grdund state helium atoms
' 3

, and theizlso excited states. The

time-of-flight spectrum for the metastable 2180 state can be sepérated

and metastable atoms in both the 2°S
from the'2_381 state by using an'rf-discharge‘helium lamp: The 2180
state is quenched by absorption of a 20;581 A photon, raising the atom
to the ZlPl.state, which then decays preferentia1ly to the 180 ground
sfate; the 2381 étaté réméins‘unaffécted because it'is the_grouhd state
for the triplet system. The fime—of-flight'spectrum for the 2130 atoms
is theréfore obtained from thévdifferehce'between the full beam.éndvthe
quenched beam.‘

The metastable atoms are then detected at two positions f-'
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d; = 1.9 meters a’nd'd = 6.7 meters from the electron gun — by Auger
ejection of an electron from a copper target the 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 Velocityzinterval ét the two detectors determines
the mumber whlch decay in fllght and y1elds a value for the two- -photon
radiative lifetime 1. |

The final value for the singlet lifetime,
20.2 t 1.0 msec,

is consistent with a previous lower 1imit (STE 69) and.agrees with the
calculated value of 19.5 msec (DRA 69), but dlsagrees with the Value '

= 38 t 8 msec reported by Pearl using a movable detector (PEA 70)
The 1.0 msec error ;s one_standard dev1at1on determined primarily from
the untertainty arising from the sensitivity of the analysis prograh to
smalllerrors in dlvand dZ’ ahd 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 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 pumps, which have viton O-rings. Each chamber has
its own oil diffusion pump, and the magnet chamber and second buffer
chamber 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 wacuum system contains the source chamber and

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



I. INTRODUCTION

This thesis describes an experiment designed to measure the

‘lifetime 1 of the 1ong-1ived 2180 metastable state of helium. Origi-

nally it was hoped that this eXperiment would bécbme a test of the theo-
retical prediction of 19.5 msec (DRA 69). vBut, because of the diffi-
culty with systematic errors, it is only possible to determine T consis-
tent with the caléulatedkvélue. The experiméntal apparatus used is
presently the most accurate available for measuring atomic lifetimes of
the ordéf of'tens of milliseconds.

The primary reaéon for measuring lifetimes of métastabié'states
is to increase our fundamental understanding.of the properties of matter
in these various electronic states.; In particular the lifetime of the
metastablevétate in queStioh is very sensitive.to the exact wavefunc-
tions describing statés that can be reached from the metastable étafe by
means of electric dipole radiation. Such will be true Qf any metastable
staﬁe which décays predominantly by two photons.

Metastable helium is also of interest to astrophysicists (SPI

51). ‘In pafticular, metastable helium is quite abundant in the atmos-

pheres. of certain Be stérs and can be used for‘studying various proper-
ties of these‘stars'(ALL‘54,ipp..144-148). In geheral, metastable _
states of atoms providé for much of thellight emitted from»pianetary

nebulae, where the density ofAmatter is very tenuous (<1000 atoms/cms).

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

radiation density is not too large, will live long enough to decay spon-
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taneously;vgiying off forbiddenAradiatioh. Méasuring the intensity of
these forbiddeﬁ 1ines yields information cdnCérning_the density, tempeff
ature, Che@icalvcompésition, and other important pfoperties of these
noneterrestrial bodies. For'insténce, the two-photonvdeéay of the
.2281/2 metastable state of hydrogen is uSed to explain the continuous
emission spectra of the planetafy nebulae (SPI 51).

In the past,.experimentefs havé tried tb'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.turnedvoff, 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)

_112+f3‘N2+aAN-AN5+;-1— @

Nd M Tgg ’

=]

where T is theAtime it takes for the métaStables to decay. The first
term representévthe difquiqn of metastablésvto the walls} the seéoﬁd
term is.tﬁe‘three-body collision rate for losing metastables; the third
term is the normal twd-body collision rate for the loss of metastables;
and the fourth term is the.two-body collision rate for producing meta-
stables. The last temm repfesents the naturai radiative 1ifetiﬁé,

The more that people learned abouf bulb experiments, the less

they tried to measure metastable lifetimes. In particular, Blevis found



that in ah éxpérimegt 6n'Né(3Pé) he cduld fit his data to yield é natu-
ral lifetime of 8 msec (BLE 57), but Phelps fQund that he could fit sim-
ilar’data-with the inclusidn of a thfeé-body coiiisioh rate, without
considering any radiative 1ifefime'(PHE 59) In conélusion‘ bulb'experf
~ iments are not capable of measurlng the radiative lifetime of a long-
11ved metastable atom - |

The first beam expefiment on metéstable helium was performed by
mnmm&mmmmmmmmd®>u&¢me§m
as early as 1965, Steinberg had begun buil&ing an atomic beam machine
'v which had two fikéd, spatially'separatéd detéétdrs;and utilized the
time-of-flight method for determdnihg lifetimes (STE 68). When comple-
ted, thls metastable beam machlne was found to be severely pressure-
11m1ted and was only capable of measurlng a lower limit to the hellum
11fet1me T(Z S ) > 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 experlment 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
1oy ,
T(27S)) = 38 + 8 msec _ : (2)

with a lower 1imitvof 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 ob;a%ﬁed is

LAl

r(zlso)_= 20.2 + 1}0 msec; - (3)



in satisfactory agreement with theory;

The thesis is organized with the theory for the experiment im-
mediately foliowing this_sectidn. Wifhin the‘ﬁmnfy section is a Brief'
histqry of calculations made on two-photon decay modeé, especially em-
phasizing those for helium; Also contained in the theory section are
the basic principles of the experiméntvand the analysis theory. Section:
111 contéiﬁs a,complete'déScription of the experimental apparatus, in-
cluding the experimenfal teéhnique of data-takihg. Section IV discusses
the resuits of checks on syétematic erfors and parameter dependences,

The final error is calculated and conclusions given.



" II. THEORY
A. History

A metastable state of_an-exqitedvatom was-once thought capable
of existing fér a very long time, oniy-being able to change state by
means of collisions of the first and second kind, absorption‘of radia-
tion, or ﬁerturbatidn by external fields. The appearance of forbidden
lines, once thought to beiong to unidentified'elements; initiated a
large amount of research and theory on the many secondary mechanisms by
which an‘excited state could decay. The eariy piloneering work was done
on the unidentified lines from planetéfy nebulae, the sun's corona, and
the polar aurora. Forvinstancé; Bowen found that some unidentified
lines ffom nebulae weré the forbidden lines of the atomic O I, N II, and
0 ITI, while the lines in the aurora were forbidden lines of 01
(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 obsefvations provided scientists
with solid evidencé for the existence of second-order multipole radia-
tion (eleétric quadrupole and magnetic dipele), 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 (MAY
31). In 1940, Breit and Teller predicted the lifetime of the metastable
(25)281/2 state of hydrogen, based oﬁ*a two-photon decay process, to be
143 msec fBRE 40). »Because of the similarity with the (1525)180 meta-

stable state of helium, they also predicted the lifetime of this state



to be of the order of magnltude of 143 msec, being much shorter than
the other, (1525) S metastable state of helium,

| Next it was the astrophy51c1sts who took interest in:the two-
photen decay mode. In 1951, Spitzer and Greenstein seized upon the
theoretical prediction of two-photon decay for the hydrogeﬁ metestable
to explaindfhe continuous emission spectfa-observed in planetary nebu-
lae tSPI 51, SEA 55). 'They.also calculated the twe-photon fransition
probability which was later found to agree with the rate
(8.226 t 001)2 sec -1 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+ experimenf'
(LIP 65). Using a ceincidenee countingetechnique,'he showed that coin- |
cidence coﬁnts coliecteddby two independent countere were correlated
with the engulér dependence of the counters accerding to 1 + eosze,
where 0 = 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 twofphotdn decay

process for metastable atoms centered around hydrogen. Then, in 1966, -
Dalgarno made his,first prediction of the lifetime of the 2180 meta-
stable state of helium, utilizing sum rulee.of oscillator strengths
experimentally'and theoretically determihed (DAL 66). The lifetime
obtained for szlso) was 22 msec. Later the same year, Daigarno and
Victor celculeted the lifetime to be ‘12 msec, using a special sum_rule
with initial and_final state wevefunctions obtained from the time-

dependent, uncoupled Hartree Fock approximation (terms in the pertur-_



bation e*pansidn aré appfoximated-as uncoupled) which is a Simpler but
less accurate method of calculation (DAL 66a). In 1967, Victor calcu-
lated that‘r(leo) = 20 msec using wavefunétions obtained from the time-
dependent, coupled Hartree Fock appfoxihation, which is tedious but
accurate (VIC_67). The mbét recent and most accurate calculation, made
by Drake, Victor; and Dalgarno, giveslr(zlsoj = 19.5 msec (DRA 69). In
this calculation, ;orrelation-type wavefunctions are used, in which the
positions of the two electrons afe correlated by including a dependence
on the distance betWeen electrons. | |

, These authors also predict that the two-photon decay mode for
the_2381_helium metastéble 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 10° 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‘sfate 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 iines'and all others

are forbidden (BAT 62).



(bj Forbidden'rédiatiénGhés lowvtransition probability; 102 sec™! or
less (BOW 36). | | o | |

(c) Forbidden radiation hés:Very small transition probability as
~ compared with‘the proBabilify of the étfdngest iines in ievels with
similar quantum numbers their fétio'being 107 to 1074 (MRO 44).

(d) All transitions whlch violate rlgorous electric d1p01e selec- |
‘tlon rules in free atoms are forbldden (BAT 62)

(e) All tran51t10ns wh1ch Vlolate any electrlc dipole selectlon rule
for free atoms are forbldden (HER 44) |

Definition (a) does not include-highér-order multipble radiation

as forbidden; Definifion (b) does-nof make allowance for change.in,
transition probability with quantum mmbers. Though definition (c)
makes up-for'this shortcoming, it still leads to a'classifiCatioh system
involving certain difficultiés (lack of precision, for instance). vDef-
initioni(dj is-comménly used by spectroscopistsfwho d0‘no£’want to
ihclude_intercdmbinatioh‘lihes as being'fbrbidden; Definition (e) is
another commonly used def1n1t10n Wthh does include 1ntercomb1nat10n

lines; and this is the def1n1t10n used in thls the51s

C. Selection Rules

- Selection ruiés are defived 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. The more

common multipole radiations have the following transition probabilities:



o 641T4v3 ) 2 o '
g - STV Gl B Tye
o 3hc” a,b . S :
| 43 -
AL ='64ﬁ ; y }<a|ﬁ|b>12 S Ml Type
- 3h¢?” ab - . S ‘
6.5 o o |
- 2
A =3V T el (E2 Type @
4 She” a,b ' :
where
P=-eF ?.
it |
v ‘ | ! .
M=y E (Zi +28))

: QaB % %’g ©; (Bxla ig ~ ri aaB) *

An energy level in the initial stete is represented by the eigenveetor
|a), and an energy ievel in the final state is represented by tﬁe eigen-
vector lb). The frequency of the transition ie 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 sUme
mary of the-selection rules for the common types of radiation encoun-
tered in atomic spectroscopy'as weli 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), wh1ch hold only for the LS coup11ng scheme - Hence,

they hold only in degrees since LS coupling is an approximatlon to all
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Selection rules;

General Zk—pole,

o S Mk = magnetic,
Electric Dipole (E1) Magnetic Dipole (M1) Electric Quadrupole (EZ) . Ek = electric
@) a =0, 1 AJ = 0, #1 A =0, 41, 420 AT =0, t1, £2, +or, tk
: not 0¢0 not 0e0 . not 0¢0, %%, 0¢1 J.1 + Jf 2 k
(2) M =0, 1 M =0, 1 MM =0, +1, +2 MM =0, t1, t2, c+-, tk
(3) Parity change No parityvchangé :  No parity change Parity for k: | .
S ' even | odd
Mk Change [No chahge
, Ek ~ No change| Change
) 2S =0 AS = AS=0 as=0
(5) AL = 0, #1 AL = AL = 0, +1, +2 Ek: AL=0,+1,£2,++-,tk
not 0¢0 .not (€0, 0el Ly +Lc= k
Mk: AL=0,+1,+2,---,+(k-1)
L. +L.2k-1 =
. , i f
(6) One electron jump No electron‘jump._ ~~One or no électron jump

A% = +1

AR
An

0
0

AL =0, £2

-01-
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real cases of eleCtron coupling; The third group consists on rule (6)
and it holds only when Configuration;interaétion can be heglected, which

is again an approximation of degree.

D. Lifetimes and Decay Mechanisms

| Consider an initiai energy ieVel i which may consist of W
degenerate sublevels and similérly a finél state f which may have We
degeneratérsublevels}“ If Aﬁm is the probability fof’spontaneoﬁs emis-
sion ffom the nth sublevel of level i to the mth>sub1eve1 of level f,
then - | ”

Wi Vg

. o

' —— (5)
i final n=1 m=l Wi Anm
~ states £

1=
T

and, in the case that all A.nm f Aij fqr n = 1, Tty Wy and m=1, ---
Wes |
1 , ‘ - :
= We . o (6)
Tof fina U -
states £

In general,
T | B ‘ - |
A —'g Am s - | (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-

violating LS coupling rules, (3) enforcéd dipole radiation due- to
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external fields, (4) radiation due tolelectron coupling with nuclear
spin, and (5) two-photon'décay radiation. 'Aﬁm for the types El, M1,

and E2 ére_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. Helium Metastable States
 The lowest-lying energy léveisfbf helium are shown in Fig. 1.
In the orthohelium>system (triplets) the‘(lsZs)381 staté is the effec-

tive ground state. The only transition possible is the intercombination

180. For many years after the discovery-of.forbidden lines,

it was thqught that this transition could occur only by two-photon
' 8 -1

of 2%, » 1
emission with a transition probability between 10™° and 1072 sec
Since pafity dpes-ndt change, thé transition céﬁhot occur by emitting
elecfric-dipole'radiation. And since this is a J = 1~>J =0 transition
it cannot be aCcompliéhed by emittiﬁg eléttric quadrubqle fadiatibn.‘
The transition does sétisfy all the rigofous selection rules for magQ
netic dipole radiation, buf since LS coupling is an excellent approki-
mation.for helium, the selection rule AS = 0 would be violated for pure
Ml radiation. The éelectibn»rule Trequiring no electron_jump would also
‘be violated. The rule AS‘= 0 can Be bypassed’by considefing the 2381
miltiplet of the (1s2s) configuration to be weakly mixed with the 3P1
multiplet of the (2p3p) configuration by the véry small spin orbit
interaction (coefficients RﬁlO'S). Also, the (152)180 has a weak admix-

ture of (2p3p)3P0. Thus the ratio of this Ml transition probabiiity to



-43-

25—

lonization 24.59 eV

24t —

23— _3's 5

n
|
N
-

Energy (eV)

%
N
U)Ol

A

XBL 7011-6951

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 radiatioh with a typicai unit oscillator strengfhvis about
10'24; hence T wlO16 sec if this were the dnly decay mode. The rule
An = 0 is ﬁeékly violated by considering'relativistic wavefunctions.
The calculation uSiﬁg relativistic operatdrs was made for the hydrogen
metastable state 2281/2 decaying to the ground state giViﬁg off relativ—> 
- istic M1 radiation and was found to have a transition probability

= 5'10'6 sec—l (BRE 40), Recently, Séhwaitz.demonstréted that there are
spin-dependent relativistic cofrection operators to the magnetic dipole
operator which allows a non-zero relativistic magnetic dipole transition
to exist directly between the 2381 state and the'llsd ground state of
helium. He found that the corresponding transition probability

= 107> sec™! (SCH 69). Hence the 2°

S1 metastable state decays by
relativistic'Ml radiation with mean life approximately'lo5 seé.

YThe (1525)180 state lies abdve both (1525)381 and (152)180
states. The same arguments given for 2381>+ 1180 apply to ZISO > 238l
intercombination which is subseﬁuently very improbable also.(actually
havingvpﬂobabilities 10'5 smaller due to smaller energy differences).
The dnly other possibility is the 2180 > 1180 transition. Since fhis is
aJ=0->J=0 transition, it is rigorously forbidden for all orders of
single-photon multipole radiation. The néxt most pfobable 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 thén the lifetime of the triplet metastable atom.
Hence, relative to'the éinglet lifetime, the triplet lifetime is

essentially infinite.
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F. 2'S. Helium Lifetime

As discussed in the previous'Section,_the 2180 state of helium -
must decay by two photons. Thus the expression for the probability of
emitting two photons spontaneously, with one'photdn having a frequency

between vl,andvv1v+_dv1, is the folldwing (see Appendix A):

A(v;)dv, = 2 0nCe vIE - v, |M .12 dv, (8)
V1M "‘;2;6‘ 1*h filav “1
where, by conservation of energy,
E = hv) +hv, L
=E; - Eg. R O]

The average must be'takén over the directions of propagation and over
the directions of polarlzatlon €, 1ndependent1y for both photons ~ The
expression for the large matrlx element Mf is

A D> Y N > P <

(€' Tgn (6'T)pi | (67D (ByrT)yy

M. = : : (10)
B4 VitV vni_+ Vi ’

where subscriptlf refers to the final 1180 state and the subscript i
refers to the initial_zlso state. Energy hvni.is the differencé between
intermediate and initial state energies (Appendix A). The'sdmmation
over n 1is carfied out. over all possible'real intermediate states df the
atom, including states in the céntihuum.v Since matrix elements repre-

senting allowed electric dipole,trahsitions‘will qsually be far greater

in magnitude than those representing any other decay modes, the inter-
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mediate étateé must be only those which can be reached from the_2_150
state (and_also the 1180) b&'absofption 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 (gl'?)fn are.thé USual'electric dipole matrix ele-
ments in which ¥ is the vectof sum of the positibn vectors representing
each of the two electrons in the helium atom. |

To arfive at the total emission probability, the expreséion in
Eq. 8 must be integrated over frequency v, since one does not measure -
this frequency'ih a lifetime experiment., ‘Thus

M I
Mmoot aepe,
i |

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

quency interval [0, E/h]. And,~singe two-photon emission is the most

1

predominant. decay mode for the 2 S, state, all other factors in'Eq.'7v

0
can be ignored; thus, from Eq. 6:

‘T(zl.so) = a2 -

1
A

1

‘In applying Eq. 8'fp the Z,So éta@e,.fine structure and_hyperf
fine structuré wereyignoréd since nuclear and electronic spin both equal
Zero. ‘Butveveﬁ if the experiment were carried out on Hes/(I =1/2),
hyperfiné structure could still be ignored,vsince the operator T is
diagonal with respect to nuclear spin (aﬁd also electrdnic spin). Thus,.

each an

1 level is only triply degenerate and one usually represénts
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each of the three linearly indépendent,states by eigenfunctionslg, n;
and ¢ (nonmaily called P-functions), which have theﬂtransfofmation prop-
erties of the x, y, and z cartesian cbbrdinates respectively (FAL 67).
Now, one carries out the sgmmétion in Eq. 10 in two parts. First, the
summation over' the three degenerate energy levels_of a given nlp state
contributes‘terms like | |
A > _A‘—)-_' A'_’.‘."'* : A'.I-*. A >
: g C(el°r)fn (2 = (e Dgp (e50M) gy * (E°Tg (€p07) 5
LARE ] ’ :
) A A D>
+ (El'r)f; (ez-r)Ci .. (13)

Now expand the dot products‘and multiply oﬁt all ekpressions;-to give a

total of 27 terms.v‘Because of the choice of basis eigenfunctions and

the fact that all directions are equivalent, it follows that

Xee Xei TV Yni T Zer fnd

Xy T Xgp = e =00 . - Qa)

‘Then Eq. 13 collapses to the following:

D) (Elo;)f (g -?) . T Zf z”_(el €x * €1 éz * ey, 8 )
£n,0 n ‘-2 S'ni TEG Tatlx Tex y <&y Z ez

= (El-ez)zf; 2y N ' (15)

Now, Eq. 10 can be_simpiifiedvtb

. A ~ >_ .. ) 1 1
Me: = (E0€5) ) ze z . ( .+ )
| fi 1 2 n=2 fn “ni Vnitv, Vni+vl

(16)

where the index n_réferszonly'to‘the principle quéntum number of the
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intermediate 1P'state and Zen refers to the matrix element

(f|z|n, type )
and similarly for Zit |
The expression €1-€2 shows the statistical relationship between
the directions of polarization of the two photons, Thus the emission’
probability 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"

2. d
COSG}ZFY

all
directions

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

1066 o . |
28088 3 3 1, 1 2
Ay = g VIEVDT | L 2y ( - )|

5h “ni™ 1 Vni

where the SUmmation extending into the contimum is understood.

| ‘Equation 17 provides the starting point for most théofeti¢a1v 
‘calculations of the 2150 lifetime. It is possible to follow the‘procef
dureiof Breit and Teller (BRE 40) and évaluate each matrix element z, . |
énd Zen 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-

In

tained from electric dipole oscillator strengths £, and on for transi-
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tions from th_egrburid' state and metastable state, r'espec'tively:

. ) £ L
@sjaln'ey = [ B 1"
-2 n
Ly £ .
wiplzlls) = [ 2 17 (18)

Subscripts_ 1 and 2 now'refer‘ to the initial_ and final states respec-
fi‘vély. : : Iﬁ ‘1a1;,fe»r caic;ulétions; Dallgai'no‘ 'us.e'd sum rules to get around
having to calculate the wavefunctions for the intermediate states.
Define the sum T(w), with E as the eigenvalue of the intermediate state
and {tpn} constituting a complete set of eigenfunctions for the two-

electron Hamiltonian ¥ as follows:

- (v, lzly X )
Th) = 1 Szl ) lzlyg

n - E +uw
o n

(19)

where it is arranged that (wllzllj}l) = (tpzlzltpz) = 0. Then Eq. 19 can be

evaluated ﬁsing an elementary sum rule (DAL 63) of the form

T(w) = -{x, |z] ¥
where ' '

3+ w)x, *+ 20y = (B, + w)x, U0, 5 (20)

or a similar set of formulas with index 1 and 2 interchanged. Eq. 20

is solved by finding the stationary value of the functional
_ : : .
J = (leJC+w|X2> - (Ezﬂu)(XzI‘PZ} * Z(XZI yA lw2> v (21)

with respect to a trial form of X
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The wavefunctions wi and ¥, are then determined using either the
'uncoupled Hartree-Fock Approximation (DAL66&)orvthe“coup1ed Hartree-
Fock Approximation (VIC 67): .With referehce to Eq. 17, w is replaced by
-E1 + hyi'or_-Ez,- hvl. All equations are solved using variational
methods.ahd the integral in Eq. 11 is evaluated numerically.

The best calculation tovdaté is that by'Drake, Victor, and
Dalgarno'(DRA 69), in which the infinite summation over intermediate
states ih'Eq. 17 is performed.by replacing the true eigenfunctions by a
dlscrete set of correlatlon type varlatlonal functlons ‘where each
functlon of the set has the form:

LS,

o Moo o .
1% (n) (2) (1 P].Z) 2 ale(n) ¢1Jk(rl’ 2) YLQ’lg'Z(rl’rz) (22)
forn = 1, -+, N where =
Npg o (o7 = A <,’L1’"v‘122‘“2““ML> Yo m (T Y m (T2)
1 2 mm, - : 11 272
- ik LS. _ JLS.
1Jk(rl’ ) rl rp T1p exp(-aTry - BTT)
and quantities (21m122m2|LML) with_subscripts 1 and 2 fefer?ingvto
individual electrons, are vector'coupling coefficients, The operator .
Plz-generates‘interchange of electrons,l and.z and the quantities
aLSk(n) are the expan51on coefficients, The parameters d and B are
chosen t0~m1n1m1ze the energy of the second root of each symmetry. All

necessafy integrals are evaluated analytically in closed form. . K
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‘. G."Prinoiple‘of the Experiment

The eXperimehtvdesighedvto meesure”this 2150 lifetime of helium.
is illustrated schematically in Fig. 2. The detectors must be ahle to
detect only metastable atoms and dlscrimmnate agalnst neutrals. Thus,
it is assumed that only metastable atoms ex1st in the beam and that uv-
11ght photons, whlch.can also,be.detected,-are absent. The first detec-
| tor must behpartiélly transﬁitting ih_such;a way thet a random sample of
atoms in the beam isvdeteeted at each poSitiOn. An electron gun is used
to pulse the beam, SUbsequently gi&ing both a singlet and a triplet
speed distributionpof metastable helium atoms. In order to separate the
‘effects of the two components, a helium ff-dischérge lamp is'turned on
and off for alternate éollection cycles. When the lamp is on, the 2180
metastable atoms are quenched, leaving the triplets unaffected (FRY 69).
- By taking the difference_betWeen the two collections, only the singlets
will be analyzed. | d |

The formallsm for the analysis theory is first outllned for the
~general case of a pulse containing many dlfferent types of metastable
atoms created instantaneously»by the eiectron gun_at-a single point at
time t - 0. Then, the theory‘will be applied to the ease of helium,

showing how the lifetime t of the 2 Sy state can be determined.

1. General Formal1sm

Define t; = d, /v as the time at which an atom of speed v arrives
at detector i, at a dlstance d from the source where i = 1,2 stands for
the lower and upper detectors respect1vely It will be necessary-to

examine .only those atoms whose speed lies between v and vV + &V 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 dlscharge lamp allows. the separation of the 2!S, and
the 23 81 metastable states. A determination of the number of 2'S,

atoms decaying between the two detectors gives the radiative 11fe-
time,
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detecéor_éhd the size of §Qtw111 be déterminedvléfer. Thus only the
counts which arrive between ti and ti + Gti are cpﬁsidered where

= (di/vz)év. In order to includé thébpossibiiity of scattering from
the initialvBeam during flight to détector'i define the nonscattered -
fraction of the beam with speed v to be B 2] for the kth type of meta-
stable atom. Let N (V) be the initial speed dlstrlbutlon of the kth
type of metastable atoms at t = 0, 'Then the number of the kth type -

which have survived to reach detector 1 in_the speed interval &v is

-t/ ' v ‘
B Ny e ey - (23)
where the simple decay-formula

provides»for the experihental'decay factor with meaﬁ life Tkv(a single
factor being associated with each type of metastable). Also, it is
assumed that the fifst defector intercepts a fraction r; of the beam
randomly, leaving the fraction T, to B¢ transmitted to the second
detector, Where | | | |

rrr,=1. . (25)

Then, multiplying the expression (23)'by il gives those metastable atoms
of the k™ type capable of be1ng seen at detector 1, and a similar |
expre551on exists for detector 2,

In general the eff1c1ency per un1t 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 eléctron collected -
by the detector i to become a single pulse, is defined to be é?(x,y,v).
The usual number of electrons per incident metastablé atom of type.k
“falling on an increment of éreé dxdy is e?dxdy. Thus the number of
metastable atoms of the type k counted at detector i with speed between

v and v + &v is

ti/ Tk

Ko s ko ok - -
Nf(v)ev = [ T8I V) €5 (x,y,V) NS,y V) e dxdysv

. 5; o (26)

where Ng may also be explicitly a funcfion of-position onvthe deteétor
if each point, for some reaéon; does not seé the same speed distribu-
tion, Si is the beam's entire cross-sectionél area intersectéd by
target i, Then, each detector registers a count rate n. at detector i
and at time t, given by |

4

EACH =12<'Nli<(ti) Z% T @
I |

where the.size'of’av, andt thus Gti, must be small enough.that the var-
ious factors in Eq. 26 can be taken as constant for any speed v between

v and v-+ 8v, Then, by fitting the function

n,(t,)

R(t,,t,) = ’
1272 n (t))

(28)

where"tz/t1 = dz/dl’ to experimental 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, He11um
- Let f(v) be the probab111ty of quenchlng a 2180 metastable atom
(k = 1) Wlth speed v. Then, with the quench 1amp on, the number of 2180.

atoms arr1v1ng at detector i in év becomes
1 ‘ 1 -ty o
r.8; (V) [1-£(v)] No(x,y,v)e Y1y, @

Thus, from Eq. 26,

N ()] g7 = T58L I IL-E0Te 0 L ov [ NGx,y,v) ef (oo, )y

5 (30
- Since it is: de51rab1e for as many functions of v to cancel in
Eq. 28, some assumptlons must be made about' the varlous factors in

Eq. 30. The most 1mportant assumptlon is that the speed distribution

Nk be uniform across the metastable beam, that is,

NS (x,y,) = N0,0,9 & @) (31

There is experimental eﬁidence, though;vthat this assumption is not
entirely valid, as wiil be discussed in Section IV, This position
dependenee'arises because~of phe exCitation: process occurring in the
electron gun. A review of this excitation mechanism can be found in
Appendix B. ‘Essehtially,_the speed \ of atom$ excited aiong a given
observation éngle.aepehds directly Uponethe angle of

incidence‘of the neutral atom, before collision with an energetic

electron. And, since a different area of the gﬁn can have a
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different set of angles of:iﬁcidchce, a different speed distribution
arises. Then, becaﬁse diffé}ent pdsitionS oh.theitérget surface can see
different poftions of the gun (an extended sohrce), each posifion will
see a slightly different speed distribution.

When the assumption leading to Eq. 31 is valid, it is very
reasonable that e? will be independent of speéd. Indeed, e? would
depend implicitly on v if each position on the detector has a different
set of beam speeds aSsociatéd with it. It need, however, only be
assumed thét the exact mechanism fbr electron ejection from the térget-
be indepehdeht of the speed of the métastable-atom gpproaching the sur-
face, which does appear to be the case for the fange of thermal speeds ’
detected. Now, defining é? as the integfal of e?(x,y) over the beam
cross section, it follows that

N0 Ity = mgi-mle VY e gwm e )

. ‘
_[Ni 1 off

has a similar exprésSion'with £=0. Using Eq. 27,

_d 1 d 3 -
[ni(V)]on = ;‘2‘ [Nifv)]on + :2’ Ni(V) . (33) ..
it z Z g

WEere, as originally assumed, the triplets (k = 3) are undffected by the
quench lamp. Upon taking the difference between the lamp-off count rate

and the lamp-on count rate, the resulting effective rate'ni(ti) at
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detector i and at time ti is

n, (t,) = —z-r B1V) Np(v) £0v) & gy

where, as usual, V = d;/t;.
Now applying Eq. 28:} -
dr.et glw
1°272 2

R(t-t,) = R(t) = "t/T | : (35)
: L dzrlé{ Bl(v)

wheré T-= ﬁllénd t = t, - ty, usually'reférred to as the timé.of flight
between detectors‘fOr atoms of speed v, Thé important result here is
that the ratio is 1ndependent of the modified speed distribution
f(v)N (v) which therefore can have any form,
The factor Bi(v)'ls equal to,the expression
expl -[ n0 K0 ax)

L.
i

‘where n(x) is a contlnuously deflned density of scatterlng centers along
the beam path L to the detector i and, 51m11ar1y, o} (v x) 'is the scat-
tering cross section as a function of x along the path Ly for a meta-

stable atom of type k with speed v, Thus,

. L1 ' L2 ,

Kooy - . W

850 = exp( - nodx) exp( [ no (36)
0 Ly

1

¥ 85 w)
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where the second factor represents the nonscattered fraction surviving
the flight between detectors.

~ Thus Eq. 35 simpiifies to

where
=1
418
C= 5——__T'_ constant .

2T151

To force Bl(v) > 1,'one.must reduce the density.of scattering centers to
zero. This can be effectively accomplished by lowering the pressure to

a value such that

no < 2-10°
for

1.0 > 81 2 0.999 .

If one takes o = 100 A2 (which may'be realistic since 0(381)'= 145>A2

[MUS 661), then n must be = 2-10°

= 5.107°

atqms/cc or the pressure

torr, a condition which is basic tovthe time—df—flight prin; :

ciple which assumes that only radiativévdecay can occur fdr an atom_of

vspeed v drifting between the_twovfixed detectors.v The problem of a

pressure effect on the lifetime t will aiSo bé analyzed in Section IV.
In summary, by counting all atoms with speed between v énd

v + 8v arriving at each detector and taking their ratié, Eq. 37 for

1 ,

B~ = 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 iog of the



&

above-defined curve is then’

1/ v ﬁ"f-i"' -
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TII. EXPERIMENT

" A. General Description

Diéplayihg all essential components, Fig. 3a and 3b give an -
overall view of the entire beam'maéhine. Fig. 4 is a photograph of the
» aétﬁal equipment. 7Basicaily, the_machine is divided into two function-
ally different sections by the third coliimator. The vacuum system is
separated into two independent'systéms by the Z—inch gate valve, shown
in Fig..3b. The machine is also oriented vertically such that the
atomic Beamrekperiences'negligible deflection due to gravity over the
entire fiight path.i | | | |

The upper section of the machine shown in Fig. 3a constitutes
the.freé drift region above the third collimator aﬁd is entirely bake-
able. A detectdr chamber is located at each end.pf the flight tube,
which is totally 197 inches in length and 4 inches iﬁbdiamefér, 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 diffusidn
pumps, each with a liquid nitrogen cryo-trap.

Tﬁe lower section of the machine shown in Fig, Sb 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. Separéting 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 metastable beam machine,

consisting of buffer chambers, magnet chamber, source chamber, and’
source assembly,
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Fig. 4. Photograph of the actual metastable beam machine.
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hole 0.25 inch‘in‘diémﬁter, used for vacuum separation and.beam collima- |
tion. This first buffer chamber contains the lamp re-entrant port”andv |
also the electric field deflection plates which can be used to learn if
the beam Cohtains fast ions, Above this chamber is the»separatibn Valve‘
Which allows one vacuum system to remain pumping while thé other is
opened to atmospheric presgure. Next fhere is a tube 23 inches long |
and 4 inches in diameter which can be replatéd by a similar 2-inch
diameter tube cohtaining Stern-Gerlach magnet pole tips. The last cham-
ber, containing separation plates abqvé and below, is the second buffer
chamber, providing the final vécuum isolation:fOr the drift regidn;

This lower section of the machine is 77.5 iﬁches long from the
soﬁrce chamber to the third collimator, and is alse made entirely df
stainless steel except for the brass adapting flanges on the separatioﬁ
valve. All ports and flangés above the source chamber are of Varian-
type with copper O—rihgé to allow for mild baking, except at the Valve.
and at throats of all pumps, which have viton O-ringé. ‘Each chambervhas
its own oil diffusion pump, andvthe‘magnetvchamber and second buffer
chamber 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 twovseparate parts by the sep-
aration valve. The lower wacuum system contains the source chamber and .

the first buffer chamber. The upper vacuum system contains the magnet"
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chamber,'the‘sécond_buffer qhamber, and the drift tube. Each vacuum
system consists of forepumps, manifdld'and forelihé, diffusion pumps, TC
“and ionization gauges, and vaéuum chanbers. B

The cehtrél foreline manifold is shownvin'Fig. 5. The twob
vacuum systéms usually afe totally isolated if the separation gate valve
is élosed,_but may be joined together at the foreline manifold via.the.
central ball vélVe if more pumping speed'is'needed fof one‘system or
the other. A venting ball valve may be selectively épenéd to allow one
of the:vacuum systems to attain atmosphefic preséure, but;'in the early
stages of construction, the Qent was also used to coﬁnecf a helium leak
detector infb‘fhe system,

The manifold consists basically of 2-inch diameter copper tubing
connectihg the mény ball valves ih the'system. The 1owér:TC gauges are
used to monitor the pressﬁre below the system ball valves and the TC

_ gaugeS above are used with the interlock system. Generallyvonly two
Model 1402vwe1;h DuoSeal meéhaniéal pumps are connectéd to eéth system.

-.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 éecfions at points of greatest stress (which
exist when this Sysfem is baking). Before these bellows were added, thev
foreline would break when' the drift tube expanded during a bake. Both
forelines have a bellows to isolate thé“manif¢1d vibrations from the
beam machine itself, Also, all diffusion pumps on a given system have a
comon foreline. | | | |

Since it is well known that mechanical pumps can reduce pressure
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' Fig. 5. Schematic illustration of the central foreline manifold. Sepa-
rate vacuum systems exist when the central ball valve is closed.
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only to Rle—3 torr, oil diffusionipumps are used to furfher reduce pres-
sures to 10'8 torr.»'The drift tube has three NRC Model VHS-4 high-spéed.
diffusion'pumps, each aftaéhed to aﬁ NRC‘Series'0316 4-inch cryo-trap,
fhus givihg 600‘liters/sec of helium pumping gpeed. A copper crush ring
is used for sealing the trap fo the main tube. This precéution allows
much higher baking temperatures thén those possible with common viton
O-rings over the‘entire driftbregibn. The other two chambers on the
upper vacuum system have.CVC Model PMC-720 diffusion pumps, each also
with an NRCv4—inch cryo-trap. The 1owér system has two NRC Model VHS-6
0il diffusion pumps connected'to the vacuum systém without traps, 'Trap-
ping does occur in the source.chémber, though, when‘liquid nitrogen is
pléced in fhe sourcevassembly. Thus , withoﬁt traps, the full benefit of
the pump's 3000 liﬁers/séc'pumping speed for helium can be realized.
Allvtﬁe VHS diffusion pumps were specially prdéred with 208-volt heat-
ers, and the older PMC—720 diffusidn pumpsvwere rewired for 208-volt
dperatidn. Thus allldiffusion pumps are able to run on a single 25-amp,
three-phase circuit. Likéwise, all mechanical pumps are connected to a
separate 25-amp three-phase circuit to insure that:they would continue
to opérate, eVen‘if:power.failed on the diffusion pump gircuit;

The interlock system consists of a Hastiﬁgs Dual Vacuum Inter-
lock controller which ﬁqrmally sends current into a large relay. When -
pressure_becomes hiéh (>1OO microhs) in fhe foreline system, the con-
troller deactivates the large relay, which then cuts the power to the
diffusion pumps. An interlock syétem is connected to each separate’

vacuum system,
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Pressures greater than 10'3 microns are measured by Hastings

3 1 torr, Varian

Thermocou@ie gauges.v For préésﬁres betﬁeen 107 and 10~
Model UHV{24'ion gauges must be u$ed;' Thése gaugéé are also bakeable,
and project directly into the vacuum syétemf They always read lower
 values aftéf first baking the wa11s nearest to'the gauges, even after
the system is'opened'tb.atmOSpherié'preSsure énd then pumped down again.
The problem"is that:these gauges must be kept és far from the surround—{
ing walls as possible since they tend to read the local pressﬁre of
gas coming from the wails,'beihg heété&ﬁby the gauge filament itself,
and not the equilibrium pressure far frqm‘thé'wélls. | |

8

In order to obtain pressurés 1e$s than 10~ torr, the system is

baked by means of many 300-watt heating tapes, all comnected électriQ
cally in parailelland wrapped around the outside of the entire drift

tube. Typical baking temperatures are 150 to 200°C and the duration of

the bake is typically 48 hours. Préssures start at ‘1-10'6

decrease finally'tb about 2 or 310”7 torr. Often a factor of 10 can be -

torr, but

. gained in lower préSsureS'after turning thé bake off. Even lower pres-
sures can be realized with longer, hotter bakes. Varian conflat:flangeé
with copper O-rings are used at all joints in order to stahd tempera-
tures greater 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

‘Stonﬂ

valve'is opened, even with very high source chamber pressure (~10
or While'running an intense collimated beam. For alist of typical vac-

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

- C.. Gas Handling System

This system’pro&ucés a variéble flow rate into the source aséem—
bly with a high degree of étability over long periodsldf time (hours to
days, depending én magnitude of flow rate). Originally three 5-liter
stofagevbulbs were used to produce the constant atmosphere backpressure
at the metéring valve, as shown séhematicallyvin Fig. 6. But when one
bulb became broken it was found that:10 liters of storage was quite
. sufficient. A.phofograph of the present sYstém is shown in Fig,_?.v An
open-end mercury manometer mOnitors the quahtity of stored gas, since
déﬁsify is proportionai to pressure when'Volume and temperaturé'are
constaht. Norﬁallyffhe operatihg pressure is 10-20% above atmospheric
pressuré, but when this preSsuie 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 1iquid nitrogen Surfounding'thé cold
trap. |

The open -end manometer acts as a safety valve when pressure gets'
too h1gh 1n the storage bulbs, as may . happen if the pressure regulator
| accidentally gives a burst of gas 1nto 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).

Untrapped L Trapped
Drift tube unbaked 11077 2-4+10"
Drift tube baked 1.1078 2.107°
2nd buffer chamber | 1-1077 1-1078
Magnet chamber 1-1077 1-10°

No Beam ~ With Beam
1st buffer chamber 2.0 4077
Source chamber | 7-1077 1-10%

(no LN and uncorrected
~for helium)
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Fig. 6. Schematic illustration of the gas handling system.' ‘Total ca-
pacity is approximately 16 liters at one atmosphere. o
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Fig. 7. Photograph 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 1nto the bulbs for need of very high
flow rates. On ‘this. occa510n, the h1gh pressure regulator malfunc-
tioned, produc1ng a 1arge overpressure in the bulbs. The meTcury over-
flowed and the gas was subsequently vented harmlessly into the room
preventlng damage to the glassware.
| ‘ The gas system as 111ustrated in F1g 6 is of all-glass con-
struction up to the Veeco valve which prOV1desvcomplete shutoff when
necessary. The valve used to adjust the‘fihal flow rate in this’exper—
iment is a Vacoa Model MVQZS-XL'precision gas metering Valve'and could
,be'veryvaccurateiyradjusted to give almost any desiredbcount rate.
Typical runhing conditions might give.a souree'chamber pressure of
1-10-6 terr for helium (uncorrected) withvthe metering.valve open to
7 tarns ~ Since VHS- 6 pumplng speed 15 3000 liters/sec (at STP) for
hellum, the flow rate is ~2.1072 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 ruhning to use 10% of the stored gas. The storage
volume is thusbsufficient fer many runs, each lasting between 1 and
e2 hours. 'The adjusted flow rate is usUally the highest that can be tol-
erated (which is desirable fbr obtaining large signal-to-noise) in order
to keep the count rate less than 10% of that whlch would saturate the
output ampllflers. |
'-Following the metering valve is a thermocouple gauge ﬁsed to

monitor the source line pressure, mainly to assure that the source line
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F1g 8. Graph of leak rate versus number of turns on’ the precision
metering valve for various gases accordlng to manufacturers' spec--
1f1cat10ns , .
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does not leak. :Copber tﬁbipg ﬁith 3/8-inth O.D; and total length of |
11 feet is used to éonnectfthe metering valve to the 4-foot-long,
1/8-inch 0.D. stainless steel tubing in the source aésembly. These
lengths and diamefers 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 helium but H,, N,, Kr, and
Ne have been used as source gases, and allvcanbbe made to have reason-

able flow rates.

'D. - Source Assenbly

Invorder.to measure the decay of the beam over an appreciable
fraction of the mean life of the Singlet state, a cold beam is needed.
Originally the goal was to obtain a liquid-helium-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 helium and the
outer jacket normally contains 1iqﬁid nitrogen. The source gas is first
cooled to liquid nitrogen temperature by having the 1/8-inch 0.D. stain-
‘less steel tubing wind around inside this outer jacket before passing
fhto the heat exchanger (copper block) attached to the bottom of the
inner dewar. A long copper tube with 3/16-inch 0.D, is attached to this
heat exchanger to bring the;céoled gas onto the axis of the beam
machine}‘ In order to allow for shrinkage and minor liné-up,bthe top two
plates of the source assembly chamber slide uponveach other at right.
.angles to givebthe source slit at the end of the long copper tubeva 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
' 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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‘;‘15 11m1ted ‘to +0 15 1nch in e1ther d1rect10n When liquid hellum is put-

' “_1nto the 1nner dewar a radlatlon sh1e1d is placed over the 1ong copper

“tube. The 511t at the end of thls tube is oriented parallel to the 1ong
directlon of the tube and is approx1mately 0.15 inch in 1ength The
pressure P in the long copper tube depends on- the flow rate desired or,
iequlvalently, the pressure P in the source chamber. At Psc

= 2.1076

torr,-Ps_= 37 m1crqn5'for a liquid-nitrogen-cooled source (see
Appendix . | |

In general the full beneflt of thls elaborate source has never
been reallzed ‘since 1t was found that the electron gun modifies the

thermal speed distribution emanating from the source.

E. Metastabilizer

The task of raising atoms from the groundbstate to the 2180

metastable energy level was one of the most important experimental prob-
“lems to SQiVe. Of the twqcxmﬁmn poSsibiiities; rf discharge and elec-
tron bombardment the latter choice was settled upon. A discharge can
glve 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 p0551b1e to produce all the metastable atoms that the
counting equipment.ceuld handle, using eiectron bombardment.
Basically, thebmetastabilizer, placed immediately after the-
source slit, is a type of sheath electrode gun designed by'Lamb and
Rether_fbrd (LAM 5D, Fig._]D"s}'mis the first versim of this gun, having two
side electrodes 100 mils apart, éach cfiwhich 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 10-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 '
within the gap.
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wide; and’l/Z‘inch thiék;” Béth electrodes, together with. the collector
plate attéched.to'the'back of,the'side‘eiectrodes, constitute the sheath
and each.carrieg thé same pdsitive potehtial to attract electrons into
the 100-mil gap. - For this burpose; a hot lo-mil'thoriated tuhgsten
filament is held near ground poteﬁtial and centered leggthwise in the
gap. The,electfbns are guided onto thé_COllectdr, 1 cm from the fila-
ment, by.a-pefmanént Alnico magnet.wifh 2-inch-square pole faces,

1-inch gap, and a fi#ld strength of about 1500 G. The atomic beém then
passes thfough the center of fhe gap between the electrodes and parallel
to the hot filament, In ofdef to keep'the filément taut, one end is
attached to a bar that slides in parallelvholeélbored‘into each.side
electrode. A stainless stéel spring placed in each hole provides the
neéeSsary tension. Sections of’mica.are used to provide the electrical
insulation where necessary. The collector is also electricaily isolated
from the side electrodeé to allow emission current reaching the collec-
tor to be monitored independeﬁtly from that which.strays to the side
electrodes. Exterhally adjusting the position of the permaneht magnet
allows this'collector current to be maximized, fhus-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 arrangementvof the electron gun led to a serious
systematic erior iﬁ the lifétime_mcasured, by creating‘a dependence on
fhe type and pqsition of the $¢urce exit. The elimination 6f moSt of
~ this pnwanted.source dependence was aCComplished by rotating the gun by

90 degrees so that the filament is oriented parallel to the source slit.
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A photograph show1ng the flnal form of the gun is found in Fig. 11. The
.gun is essentlally the same as the first version except that the collec-
tor is almost entlrely e11m1nated by cuttlng a slot in it for the beam
to pass through the_gun; perpendicular to the filament. Now, all elec--
' trons must euentually strike the sheath. Also, a solenoid is used to
obtain avfocusihg magnetiC-field oriented paraliel to’the beam axis,
cOnstructed.by wrappingvmany layers of 3;O¥inch wide, Sfmil-thiek stfip
aluminum between 1ayers of'3.254inchvmyiaf upoh a Z-inch diaméter Pyrex
tube. ‘ - | | B |

The gun support system is illustrated in Fig. 12a and 12b. The
system in Fig. 12a was sufficient for the first version of the gun, but
the piece shown in Fig. 12b was necessary in the final version 1n order
to support the gun in the'center'of the*solenoid ThiS'support system
also allows a one- dlmen51ona1 movement from outside the vacuum via a
micrometer whose rotatlonal motion is changed into 1ong1tud1nal in-and-
out motion, ThlS movement is perpend1cu1ar to the less critical source
slit direetion; and is used basically for initial lineup of the machihe,
and to check that the gun's oOSition,gives the maximum collimated meta-
‘stable beam. Electrieal isoiation at:the point of cohnection.to the gun |
‘is again. achieved with mica.

7 The circuit which supplies the power to the gun filament is |
shown in Fig. 13. in ordervto keep the filament from shortingtto the
sheath because of the.focusing magnetic field; the power circuit must
supply'aylarge audiofreouency (=3 kc) current to the filament, A‘vari—

able clock on a digital Flip Chip circuit board, followed by a flip flop
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Fig. 11. Photograph of the electron gun in the final configura-
tion, with collector plate eliminated for the atomic beam to
pass between the sheath electrodes, perpendicular to the
filament.
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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 gun filament, with a .
frequency of approximately 3000 cps in order to prevent the fila-
ment from shortlng to the sheath because of the focusing magnetic

field,

Y
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and a voltage coﬁveftéf, proyides é t]10 V.éﬁdioffequency; 1ow-¢urrenf
ihput signal for theﬂhigh;éurrent plus -minus power swifch._ Nété that
the filament is able to float,ébove.gréund, which is’necessary‘ih order
to pulse the emission current during regular operatioh. Under normal:
conditions, the filameﬁt rgééives 7.5 amps at 6 volts, thus giving
approximétely 20 ma of emission current with 50 volts'appiied to the
Sheath. o . o _ .

The pulsihg circuit for the emiésion:current_is'shown invFig.-14
‘with input signal cbntrolled By a PDP—8 computer. When_ﬁo'pﬁlse arfives
the filament is biased +5 volts,'préventing any electrons from leaving
the filament. When a pulse arrives, the filament is grounded and elec-
trons are aCCelerated toward the positivé sheath. Normally the emission
flows only for 80 to 100 psec and rehains off for 30 to 35 msec, during '
which time data are collected. |

By varying'the_voltagé to the sheath it was found that 50 V
' gives the greatest number of metastébles._ The“actuéllaécéleratihg pbr‘ 
tential is less than 50 V, though, because of the effect ofvspace charge
and'Z1

in the gap (HAE 39). As can be seen from the plots of 235 S

1 0
excitation functions in Fig.»ls, the probability of producing metastable
heliuni by. electron impact maximizes near 30 V. Estimationof the frac-
tion of 2180 atoms in the collimated beam is treated in Appendix D.
When a éolenoid was substituted for.the'permanent magnét;_it was -
found that a large amount 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 magnét on a few milliseconds before the’ electron
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-3 volts-to-ground pulse arrives from the PDP-8 computer, the cath-
ode is held at ground potential, allowing electrons to be accel-
erated to the anode. When a pulse does not arrive: (input is at

-3 volts), the cathode is biased +5 volts with respect to the anode,
and no electrons can flow, '

-85-
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Fig. 15. Excitation functions for the 2%S, and 2!S, metastable atoms by

electron impact versus electron energy. Also, the total excitation

function is shown as the sum of the excitation functions for the
- individual metastable states (DUG 67). - :
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guh is tUrned on-in 5rdér'£6 let tﬁe fieldvrise‘to a stable value of
approx1mate1y 200 G, and then turn the magnet off when the gun is turned
off, Wlth such a small duty cycle the magnet c01ls are prevented from
overheating. The’ circuitry for pulslng the solenoid is shown in Fig,

- 16. The PDP-SJCemputer againvsupplies the prepefly-timed input pulses
to the pewer'switch, capable of providing 15 to 20 ampslthrough the coil
windings when on. . -

The method for»activating the theriated filaments, found to give
high emission current and long filament 1ife, is to start at 2 V and
slowly increase audioffequency voltage, each time allowing the emission
to rise and level off before further increasing the voltage. Finally, a
point is reached beyond which further incfeases do not increase emis-
sion, as expected from a space charge limited situation. Final emis-
sions of 40 ma at 8 V (with sheath potenfial = 50 V) have been attained,
but filament temperatures never reach more than 2000°C, much less than
the.2800°C recommended for the ''flash" type of activation procedure
(LAN 23). |

| F. Discharge Lamp

The electron gun must excite the ZSS1 metastable state in order
to produce the 2180 metastable state, because of the higher onset poten-

tial for exc1t1ng the 21

S, state. And since the detectlon system 1s
unable to d1fferent1ate directly between the 51ng1et and the trlplet
metastable atoms, the following method was devised to effectively sepa-

rate the fwo components. |

A discharge isvcreated in a small amount of helium gas contained



-50 50 o . V=0+-36

K RN SR 111] S
TR

AYAAYA — 2N3645 : 2NI74

PDP-8

SIGNAL 2N3645 - | 3 4

Solenoid

XBL 7011-6963

Fig. 16, Solenoid pulsing circuit. This power switch provides a large
‘ negative current to the solenoid, producing the uniform focusing
magnetic field for the electron gun. The input modulation consists
- . of a -3-volt potential which drives current through the solenoid
and a ground potential for turning the solenoid off.
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~ina thih'Pyrex’tﬁbe:during alferﬁateldata cdilecfion cycles.e Data col-
lected with the lamp oﬂ are étored inva:different.memory location in tﬁe
PDP-8_computer than data collecfed with the lamp off. Now, referring to
Fig; 17, it can be seen that, when 20581 A radiation falls on an atom in

the 21S state, the atom can make a transition to the 21P state, where-

0 ’ " | 1
upon the atom may immediately'deeay by highly allowed electric dipole

radiation to. the 1180 ground state. The branching ratio between the

transition back to the leo_and the transition down to the llsé-state is

1:1000 (FRY 69a). Henee;‘by>shining:an intense beamvof 20581 A 1ight on
the metastable beam, most of the singlet component will be quenched.
The probability for.qﬁenching depends on the time spent in the area of

the radiatioh, and thus directly upon the velocity bf the atom, In'cbn—

trast, the 2381 state will be ralsed to hlgher trlplet states, but will

1mmed1ate1y return to the 2381 ground state for the orthohellum triplet

system. ' There are some intercombination lines (23P1 0’118

3 1 3
3D, @2 Pl’ 1 20

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

s A = S9L A

A = 6680 A; and 2°P, ¢ 31D,, A = 5874 A), but they are
stable beam containé‘triplets almost'entirely. The difference between
these twe beams is effecfively a pure singletrbeem, with a slightly mod-
1f1ed velocity distribution. |

F1g. 18 is a photograph of the lamp and its tunlng circuit, all
of which is kept out51de the vacuum where air can be continuously ap-
plied to the discharge tube to prevent it from overheatiﬁg and changing
the quality of the 1ighfvemitted.. The tube is breught'to within 3/4 in.

of the metastable beamvby'way_of a vacuum re-entrant port with 5-1/2 in.



60~

20581 A
::if::./\dﬂnr\,_

XBL 7011-6945

Fig. 17. Illustratlon of the quenchlng mechanism, - The 20581 A radiation
raises the 2'S, state to the 2!P, state, whlch immediately decays
to the ground state. But any radlatlon "which raises the atom from
the 23S, 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.



. -62-

I.D. A Pyrex glass window allows the dlscharge 11ght to pass 1nto the
vacuum reglon. In general the 1amp is p051t10ned as close to the elec-
tron gun aévp6551ble SO that uv- quench photons have a small probablllty
of reaching the detectors.

The c1rcu1t which drives the dlscharge lamp is shown 1n F1g 19,
The 1nput modulation is supplled by the PDP 8 computer, as usual

The lamps are made from a 2.25-inch long, 6 mm capillary tube
with a Smallvbulb at each end, and arefpréparéd with special emphaéis'bn
cleanlihess'and pufityvof gas sample. These lamps are first baked at -
approximately 200°C and then allowed to';ool while 6ne end is attached
to a clean Vacuum system with preasuré less than 10-5 torr. When the
tubes are'clean, pure helium gas is passed through avliquid nitrogen
cold trap into the tubes until the preasure”isiapprbximately 3'microns;
Then the tubes are sealed off and are ready for use;. |

' TheSe-speciallyvprepared lamps are then able to separate the -

singlets from the triplets, as describedvabQVe. -In this way, it is =
found thaf the singlet metastable component cdnstitutes at least 20% of

the total metastable beam,

G. Collimation

‘The main purpose of the collimation and subseQuant'lineup of the
source siit,feléctron'gun, and collimators-is to assure that ahy atom
that can be seen by the lower defector 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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square hole in the center, over which is placod a‘2¥inoh-squére,
1/16-incﬁ'thick copper platevwith a 1/4finch diametof hole counfer bored
from'abovevto present a knife edge to the‘boam. This combination, as
shown inoFig._ZO;’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 chanmber). |

To determine how good the collimation is, one takes the worst
possible situation. Assume the source;éréa is determined by the colli-
mator directly above the electron gun; From'Fig. 21, it can easily be
found that the linear dimonsion subtended'achSS the lower detector is |
0.29 inches‘and the corresponding dimension on the uppef détector 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 dimonsion will projéct smaller linear dimenéions.- Since each de-
teotof target is approximately 3.5 inches in diameter, bothvdétectors'
necessarily see.the same metastaole oeam, .And fhe maXimum solid angle
subtended by the beam will be 5-10™ steradians. | |

Dilstance measurements are made by drawing a steel wire through
the entiro machine, Cufting the wire at the appropriate places, and
finally measuring the piece of wire outside tho-machine_with a steel
tape which is more accurate than 1/16 inch in 20 feet. Lineup of the
machine is similarly done by: drawing a thread through the machine and

attathing a plumb bob to the end.
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F1g 20. Collimator - separatlon plate. ‘A small 2-inch- squaré copper
plate is moved around on the large separatlon plate for aligning
the collimator hole with the beam axis.
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H. ﬁeflectieh7platesb

The'deflectien'platésA’i Em'apart‘ahdf14.cm high, located in the
first buffer chamber are not used durlng an actual run since they pro- ..
_ duced no_observable effect. As shown in Appendlx E room temperature
ions are unable to pess'thrOUgh all collimatots and subsequently'reach.
the first detector;‘because'ththe'eerth‘e:maghetie field. .ASSuming'av
field of 0.5 G, perpendicblar'to the beam axis, an ion with velocity
less than 7.7-10% m/Sec cannot paSslthrbugh‘both the first and last col-
limators, For this experiment on heliUm; atoms with velocities'greater
than 2000m/sec are not anal&zed‘primarily because there are so few of
them. Nevertheless, the plates are useful with other gas samples, such
as H,. Also, in Appendix E, it is shown that, if a potentiel of 500 V
is applied to the plates, ahy.helium ion with velocity less than |
'2'106 m/secvis ben:out’of the'beam. In this way, it was fomnd that the
present helium beam does not contain any ‘detectable ground state ions
that mlght be seen at the lower detector (hydrogen like metastable he-

lium ions would be ea511y quenched to the ground state).

I. Magnet
An inhomogeneeus magnet of the usual.two-wire type was construc-
ted'(but net’used) with an eépecially high maghetic field gradient. A
Cross eection of this.magnet is displayed in Fig; 22, The convex surev
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 1nch

The magnet is totally 12 inches long and is spaced inside a 2-inch 0.D.
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'Fig. 22. Magnet cross section of the typical 2-wire type.
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stainless steei tube."The ﬁele tips are made of.high-saturation Hiperco
35. magnetic . steel with an ekpected field of 20 ,000 G in the gap. |
D1men51ons and gradlents are such that w1th only 10,000 G in
the gap, all atoms w1th non-zero magnetlc substates and ve1001t1es less
than ZOOOIméEC would»be deflected frqm the beam and thus not reach the
first detector. Thisdis ﬁartly due to the lafge distahce between the
1ast coliimator and the exit end of the magnet. The original putpose
for the magnet was to change the relative populatlons of singlet and
triplet metastable atoms in the beam in order to separate the effects of
the two. The 2180 state does not have a magnetlc moment whereas the
3 3

27S state does. Hence the M t1 substates of the 2 Sq metastable

“atoms would be deflected from the beam, leaving only 2150 M = 0 and

2381 M= 0 atoms Analysis of the decay patterns should then allow the
two components to be separated -because the 2351 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 abandohed; | »

However, infbrmation can be gained from using the magnet. It
can determine the ratie of singlets to triplets in the beam, providing
equal populations among magnetic substates.exist | Magnet—en would give -

N N( S ) + 1/3 N( S ) whereas magnet—off would give N off
N( SO) + N( Sl). _Hence ' '

_ 2 .
0> _ Non = 3 Nogs

'quf ) Non "

N( S

1)
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7 Non 'vNoff"

More 1mportant1y,_the magnet -on would allow 51ng1et data to be

Also, N( SO) =

collected nearly twice as fast. By throw1ng away 2/3 of the tr1p1ets,
one throws away aﬁproximately 1/2 the metastable counts, but only trip-
1et counts. Since higher count rate presently might produce uncertainty
from dead-time correction for the amplifieré, eliminating a large numbgr_’
of triplets would allow increasing the source pressure, hence singlet

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

J._ Detection sttem .

The basic goals of the detection system are: (a) to detect the
ZISO metastable atoms (2 S1 atoms are also seen), (b) not to detect any:
ground state helium atoms, (c) to differentiate bétween lampéon 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 electfostatic electron multipliers to cdlleCt these elec— 
trdns, (Sj the high-rate linear'émplifiefs and 10 Mz discriminators to
amplify the signal and discrimate agéinst 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 1ntersect the atomlc
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'eiliptically.shaped witn a 3-1/2-inch minot diameter. This
allowed the detector target to fill most of tne-area'across the 4-inch
0.D. drlft tube whlch is most important at the upper detector where
the beam has al. 75 inch diameter, At the 1ower detector, where the
beam diameter is 0.29 1nch, a 1-1nch-square hole is cut in the target,
over whieh'is attached 3160%—transparent Buokbee Mears electroformed
copper mesh:' After it was'found that'distanee (even changes as small as
10.25 cm) was very criticél'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. | S i |
' The.tatgets are mounted on .ceramic stand-off insulntors-connec-
ted to 1/2—ineh diametef_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 electronsvejected from the target
come off with 5 to_lS_erand,.if it were not for the'biés, many would be
lost to the walls, In this respect a more positivel& biased focus ring
(~20 to 50 V above ground) w1th an approx1mate 3-1/2- 1nch 0.D., sur-
rounds the first dynode of the electron multlpller and he&ps gulde the
eJected electrons toward the hlghly p051t1ve flrst dynode 03500 to
700 V above ground) : Potentlals applied to these elements are varied to
glve a max1mum count rate. | | o |
The pr1nc1p1e by which metastables are detected by ejection of
an electron from a metal surface was first dlscovered by Webb in 1924

with mercury metastables (WEB 24). In 1929, Oliphant shoWed that helium

.
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' mefastébles,would aléo‘ejeét“eléctrons from métal'SUifaces tbLIJ29); ”
.The theory is based on the Augef\procéSS, in which an atom in an exéitéd-"
state bf energy I above the ground’staté'approaches the potential well |
of the metal, with work function ¢ (see Fig. 23). If T > ¢, then a con-"
duction electron can be_captured from the metal into fhe ground state of
the heliﬁm étom and the'excited'eleCtron,will'be ejetted,:without radia-
tion. Exéess energy I - ¢ is taken up in kinétic enefgy of recoil of
the helium étom_and of the freed electron. With I = 20.6 eV and ¢
=‘4.46 eV for a’édpper sufféce (HOD.SS); Auger ejection of electrons can
readily Qccﬁr nearvthe'coppéf sﬁffacé'for~He*, but not for Hg(llsb).
Cdnceivébly,vsome autb—iohization could also_occur;ihowever, because
I,(ionization) - I [= 4.0 eV]‘is 1ess'than_the metal's work function.

A An excited atomic electron could be céptured by the metal, resulting in
a helium ion beiﬁg evaporated from fhe surface. Actually, oxygeﬁ-free.
copper probabiy has a work function less than 4;46 eV, and conceivably
lower than 4.0 eV, because of surface contaminétéé.. Success of the
present detection system isvpfoof that'sufficient.Auger electrons are
ejected for metastable helium on a copper surféce. |

| The efficiency of this electron ejectioﬁ process from -copper has
appafently not been"measured,vthough He+‘6n tantalum and molybdenum has
an efficiency of~0.22v(HAG 53). Since each has a work function of 4.20
which might be Ciose to that of our targets, it is reasonable to'expeét
that He" oﬁ copper also has an efficiency of about 0.22. Also, the |
theory of this Auger éjection process sﬁggests 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~e1ectfon ejection dn cbpper by He® is

0.22 + 0.03, which represents'a.teasonable_électron yield from copper.

2. Electron Multiplier

Ofiginally, a-Béndix Model 310'bakeablé magnetic electron multi-
plier (MEM). wés'used tdrcoliect the ejeCﬁed eléctrons, The detector was‘
shielded with mu-metél in hppés of quenching the]friﬁging magnetic
fields. Unfdrtunately, the entrance wihdow'still Contéined fringihg
fields too large to allow many electrons to be coliétted. Thus the MEM
was abandoned, though it could count neutral He” véry efficiently. Sub -
stituting ahvordinary elecfrostatic electron multiplier for the.MEM_gaVe
very good success. The multiplier; purchased from EMI with 24 venetian-
blind-typefdynbdes, waé adapted for ﬁse in the bakeable drift fﬁbe, with
the firstidyndde parallel and 2 inches from the atomic beam, as illus-
trated in”Fig. 24, Thé gain for these tubes is typically 106, depending
dnjprior'history"'Whenvthe gain is too low;_the tube can be ﬁartly fé-
'/activated'by.baking the drift fube or by.placing the multiplier in an
oxygen_disChargé fqr 15 to 30 min. Typically, 10 to 100 nsec wide nega;
tive pulses a few mv'high are obtained; but after activation it is pos-
sible to have SO to 100 mV high bulses; One-megohm résistors, used in
the résistér chain, are spot-welded directly onto the dynodes, as ¢an be
seén in fhe.photograph iﬁ Fig.ZZS, where both front and back views are.
shown with the_transmifting targetlattached. Typically,.SOOO V occurs
across thé resistor chain, giving anl;S-mA current through each resis-
tor. This current is much greater thaﬁ typical pA 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 multi-
plier, a potential divider, and a capacitive output to the ampli-
fier. . - o :
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Fig. 25. Photograph, front and back views, of the electron multiplier
and target with a 60 % transmitting copper mesh,
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200 volts‘higher than'the last'dynode's potential.

3. Ampllflers and Dlscrlmlnators

A high- rate linear amp11f1er, Model 11X5501 w1th a 50 ohm input
load to ground is used to ampllfy the negat1ve 1nput pulses giving out
p051t1ve 100 nsec-wide, 0 25-Volt hlgh pulses on 125-ohm cable. Hence,
two input pulses must not- come closer than 100 nsec; otherw1se they will
-appear as one pulse in the output of the ampllfler Theoretlcally,

10 MHz counting rates_could be handled as a maXimum'if.ail puises were
equally‘spaced. Because real.pulses are'notvequa11Y'spaced butiactually
arrive.completeiy at random'about'any instant in time, thevPoisson dis-

- tribution must be invoked (EVA45S) That is, if the count rate observed
-NaP.

is N and the actual count rate is N then N vaAe where
o = minimum resolution t1me (100-nsec). Hence,
_ No _ - _
NA,% -10 MHz #n NK . | . (38)

Thus 999 of the real counts will be observed if the count rate is
;5100 kHz, and 99 9% w111 be detected 1f thls count rate is <10 kHz. A
further limitation occurs because the reglsters in the PDP-8 interface
ouerflow if more than 64 counts arrive per channel time (=80 useC)t In ,
this experiment.'the 100 kHz maximum-is subsequently imposed in all -
Tuns. Actually, the 1ntegrated pulse count rate is <10 kHz thoughithe
count rate for some peak channels may become as high as 70 kHz. |

The output pulses from the lO-MHz discriminators Gwodel 3X9994)

are glven a rectangular shape of 40 nsec w1dth and +6 volts height. The
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only requirement on'the pulse'height is that it be greater than +3 V,
necessaryfto‘trigger'the PDP-8 interface logiC'circuitry;n'The discrim-
ination level is set for the minimum 0.1 V t0'cut.off only low-level

~ noise pulses.

4. Computer Network

.\ block d1agram of. the total collectlon network is shown 1n
Fig, 26. The central component of thlS network is the PDP-8 d1g1ta1
computer, programmed to control the solen01d and' gun pulslng c1rcu1ts
the lamp osc111ator c1rcu1t the output keypunch and the data collec-'
tion system. The 1nterface network properly-gates and registers the |
count rate for 1amp-on'and'1ampeoff; gating out,light puises received
when the electron gunvis‘on' The time’base circuitry is shown in Fig,
27 and con51sts of a serles of f11pflops to d1v1de a standard 100 kc .
'frequency, supplled by a Hewlett Packard electronlc counter in mul-
tiples of 2 Thus, channel w1dths of 10 20 40 80 and 160 psec (orv
of 100, 200 400 800 and 1600 usec if a standard 10 kc frequency is
used)vare avallable to the experiment. The time base circuit automatl-.

cally shapes the standard.input signal to give a»:Slvolt~to~ground |

square wave following the flipflops. Thisfsignallthen.triggers another

pulse amplifier.to produce uniform -3 volt—to-ground-channei advance
pulses used by the PDP-8 interface circuits.

The t1m1ng aspects of the experiment are . shown 1n.F1g 28 The
computer is programmed to determine this sequence of events, but the

frequency of events is determlned by the time base circuit. Channel 0

corresponds to the duration of the emission pulse. created when the elec-
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Fig. 2?‘ Time base circuit. A>$tandard freQuency is divided by mu1; 
tiples of 2 to produce the basic channel advance pulses.
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3 —f l=—100 microsecs
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Fig} 28. Timing schenme, 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 puisedbén. 4Time t>= 0 is méfkeq by.the‘center of Channel 0.
The fdcusiﬁg‘solénoid is pﬁlsed on a few milliseconds before Channel 0,
In order to be stable when data counts are collected, the lamp is turned
on (and dff)7on1y‘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 prbvided by the channel advance pulses from

the time base circuit is also shown in Fig. 28, .

K. Experimental Procedures

The‘running procedure is a véry simple one. When needed, traps
are immediately filled with liquid nitrdgen, since they can take up;to
an hour to cool deh. Then instruments are turned onvand'valveé are
opened to let pressures equalize. |

The count rate need not be maximized before each run, since the
rate desiréd can be controlled thfough the precisioh metering valve.
The gaih on the multipliers and amplifiers:is'also set only once, to
give maximum 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 éliminate_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 #ffun,'only thé.lémp'timing is mbﬂitored by the
oscilioscopé, through thé.uée of a.iighf¥sen$itive diode, thus alldwing
gross errors (such as~féctofs‘of'2)'to bévdefecfed easily if they exist,
and proViding a simplé"check‘fo'seé'if the lamp is turning on and off
éorrgctly; _The driftftube préésufe is usualiy checked béfore of after a
Tun but névér While é Tun is-being‘taken; except in theusourée chamber;
' be¢ause'fhe ion gauges can throw many'60unts into the detectors. Much
care is‘usually taken not to introduce ény spurious counts into the sys-
tem, even those from turning on.a 1ighf switqh. Also, the PDP cbmputer
was found to very sensitive to’any'sparks:accidentaliy created in'thé
'lab, tending to cause the computer to malfuncﬁion.'

The following is a list of‘all the parameters which needed to be
varied to‘Check'for effects on the 1ifetime'T(1SO); Also stated.is the
way'thesé‘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 froh a base pressure

8 5

of 5-10°° torr (with LN), increasing to a maximu of 3+10° torr, at

which point the diffusion pump foreline pressure would reach about

6 torr. _The

50'microhs; The usual operating pressure is (1 tb 2)+10"
only critefionﬂis that_the amplifiers should‘not éaturatg; as discussed
in SectioninI—J(S). | | |

(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-Slitfto-gun‘distance: This can be varied only by remov-
ing the source assembly and changing the length of the tube which comes

’ up:tb the'gun. ‘The distance ranges!from‘l/S'inchvto 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 iﬁefeaéing thevdistance tefz'inches. 

(d) Beam temperature: This is changed by running with the source
assembly's-inner'dewar at room temperature, filled with liquid nitrogen
_or f'i‘.lled‘ with liquid helium, Usually, ‘liquid nitrogen is kept in the
: centerjdewar; Unfertunateiy, the beam temperature never becomes_the
tempefatdre of the source Because'of the effect of the colliding elec-
tronis and the heat radiation due to the filament. |

' (e) Gunqultage: “Accelerafion Vpitage can be varied from 0 to

300 V, thqugh-the.best count rate is obtained at +50 V. These are not
the\ﬁoltages”felt by the electrons, fhoﬁgh; beeeﬁse ofvspécebcharge' '
effects. | | | | |

(H Lamp intensity: It can be lowered either_by moving the lamp

further away.of by placingva'screen.meshlbetween the'lamp and the re- ..

entry port. Normally the lamp is as close as possible for maximum in-
tensity. Care is taken not to‘put'tqovmpch»power into the-lamp since
that would change the quality of the iight by broadening the wings of
the spectrum and possibly.self-reversing the needed central frequency

(KUH 62).

(g)_Target-and‘focus vpltage;‘ Tgrget_voltage is changed from 0 to

+15 V but is normally set for maximum count rate (about +10 V). Focus
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Voltage,één be set ffom 415.V_to +500 V, but uéually is placed at +15 V
to maximuze the signal. - |

(h) Backgrdund breésﬁre: .This pressufe depénds on Whether or not
‘the drift tube is bakéd and the traps filled with LN; The pressures
obtained éfe.given in Table 2. ﬁgually, TUns are'made affef a bake, |
since there is a small pressure effect. | v

(i) Channel Width: This width ma& be 20, 40, 60, 80, 100, 160, 200,
400, 800, or 1600 usec, but it was fouhd that 80 uséc/channel gives the
_greatesf_number of useful points and still assﬁres that almoét all the
slow atbms of the pfevious pulse have passed before the next pulse ar-
rives at fhé upper detector, With the 16-msec waifing beriod and
200 channels of coliection, the resﬁlting 32 msec/sweep was found suf- -
ficient to prevent this overlap.’

() Ddration of Tun: Although the computer memgry:holds 16-10°
counts/channel, the pﬁnch-out phase-waé designéd to oﬁtput data up to
6 digits only, Overflow rarely occurs; though, because it usuélly takes
Between 4.and 8 hours to collect 106 counts/chénnel. 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 iﬁterfaceloscilloSCOpe a:typical example of
the data collected: and stored by the PDP-8 computer is shown 1n ‘Fig. 29
Essentlally, pulses from both detectors have been collected as’ counts
into equally w1deit1me-sequenced channels_(A.= 80vusec)r These»data are
punChed onto'IMB'cardsvand-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 ana1y51s have been considered. The
first possibility allows one'to'declde'upon thelsiZe of §t at time t in
the time-offflight'domain suCh_that\Eq. 28 remains valid. Then one
determines the number of channels oti/A at time t. which corresponds to
§t for detector i. ~The advantage of this,ﬁethod is that 6t may be var-

- 1led inisize,'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 1is
easy to do at the upper detector becaose 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 oroblem:
is turned around and the program takes advantage of the natural integra-
tions by the collection process at the 1ower detector. Thus th = A, |
which then determines §t in the time-of-flight domain as well as §t2 at

the upper detector.
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XBB 7010-4956

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 metastables,
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'IhiAppendix F, the size of th is investigated and is found to
be suffieiently small as required by Eq. 28 if t; > 124 for a Maxwellian
distribution. |

The only other significant problem is to make sure that the atams

collected in dtz at time té correspond exactly to atoms of the same speed.

at t, in §t This task is controlled by subroutine SUMMAT. A five-

1 1°
point Lagrange interpolation method (ABR 64) is used by subroutine ENTGRL
to detetmine a good approximation of the integral of the time distribu-

tion between t2 and t2 + 5t2.

method was also tried with no detectable increase in accuracy.

A seven-point Lagrange interpolation

The first thing program ANALZ does is to analyze the lamp-en
data, whlch should consist of triplets only. The 11fet1me 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 d
amd d : These triplet plots were also used early in the experiment to
see that scatterlng from the beam was insignificant within 10% accuracy.

Next,‘program ANALZ subtracts the lamp-on data from the lamp-off
data, A typical sihgiet spectrum as a functien'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 2 to detector 1 data, and then fitting the resulting
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Fig, 30. Metastable smglet time-of-flight spectrum for detector 2
arlslng from the atom quenched when the lamp is on,
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log R(t) to a straight line between certain 1imits,'giving.fhe slope of
this line as -1/t. Figure 31 is a typical logarithmic plot of R(t) and

the resulting fitted straightvliné.fbf av2180
The entire program can be found lisfed in Appendix G, The fol—_

time-of-flight spectrum.

vlow1ng 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 Z€TO0 evarywharevelse.

The integral

F(x)dx

O =

should have the value of unity,'bUf was found instead to equal i.Q0986,
giving risé tovanverror_of 1% resulting from the discontinuities atdthe
endpoints., A more significant test of the Subroutine was madesuaing
F(x) = sin x. Then, in intarvals between X'ahd X +'%%-, the resqlt is
good to 9 significant decimal‘placés

(b) Dependence on speed distribution Test data were produced using
a Maxwell distribution and assuming a decay lifetlme 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 coﬁstructed using a simple triangle
distribution and similar accuracy was obtained. |

(c) Time/channel: This was changed in the program from the true

values by 10, 10%, and 100% for various runs,and in each case T scaled

by the same percentages.
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31. Logarithmic plot of R(t) = n,/n, versus time of flight t. The
slope of the least-squares-fitted straight line is -1/t; only :
points with a number of counts 2 5% of the peak count are included
in the fit.

| Log_(—glz—‘)_‘vs. t-ime_-off_flighf 1

(b) © Fitted lifetime A
Ly . t=19.9+08msec -

"

3 6 9 > 5

Che-
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(@) Background Subtraction: It is assumed that detector i has the
same background whether the lamp is on or off, The only mechanlsm that _
mlght 1ncrease the background for the 1amp on data would be the ex1s—
tence of some uv-quench photons in the beam. Because of the colllmatlon
of the:machine this effect has been minimized as mMCh as possible |
Also, the actual separate determlnatlons of background have always sug-
gested that they should be equal to w1th1n 5% at any one detector ' Thus
the difference data should always be 1ndependent of background Wthh
may not be exactly uniform, ‘because of shot noise. One test in wh1ch it
was assumed that the upper detector had a background 20% h1gher for -
lamp-on data than lamp ~off data 1nd1cated that T would increase on the
average by‘0.35 msec. Slnce the backgrounds are probably not more than
5% different; the meaSuredvllfetlme w111 not be 1ncreased~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
anaiyzed,'and the log of the ratio.plotted, one then determines how much
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 feu which
do not lie on the straight line, within their statistical errors. These .
are the points in'which thevsize of 6ty is too 1arge for Eq. 28 tolbe_
valid and they too mist be neglected. The:points on the tail have'iargea
errors and may also be sSusceptible to low-velocity scattering, Tabie 3
sumarizes a systematic check of the effect of the length of fit in the

time-of-flight domain where
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Table 3. ..'Ché¢k5pn limits of straight-line fit.

~ Average

Limits of K. Run t(lsy)
(Eq. 39) . (msec)
o 12-40 199 20.05(1.06)
u | 202 20.19(0.95)
233 | 19.60(1.13)
Average '19.98(0.17)
12-50 199 19.74(0.95)
N 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)
- B 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)

20.64(2.31)
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t = K 6t + constant . . . (39)

with &t detefmined from‘6t1_¥ A. The table shows thét, on the average,
adding points too far into the tail or tdo éoon at the beginning.can
cause an error of ~0.5 msec in the lifetime. And any attempt to use
fewer points simply increéses the uncertainty in the fitted value.

) C¢nvoiution: In general, the spectrum ébtained for deteétor i
is not the true distribution involved iﬁ Eq. 28, but is a composite of

those distributions created at any time during wHich the electron QUn'is

on and anywhere in the electron gun region. Also, the integration which v

occurs because of the finite channel width as discussed in the first
part of Appendix F ié"a convolﬁtion'effect. These prbbléms are studied
in depth'in the second part ovappendix F, where it is shown that; for a
Maxwell diSfribution, convoiﬁtion is‘not importént beyohd 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 changeé the size of 8ty

over which the integration is‘performed, and (2) the entire integration,
taken at t,, .
is used for integration as well as the wrong size of Gtz at t,. .Upon.‘

is shifted in position; hence, the wrong part of the curve

ekamining the weighted averages of the three runs in Table 4 for each

change of the distaﬁces, and assuming that 6t' = é%%%—is linear in_édi,

the following derivatives are found to fit the data:
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~ Table 4, Cheﬁk.on sensitivity to distance measuremént.
sd sd,  ‘Run | (3s,) 3,
1 Sev I >0/ AR
(cm) (cm) ~ (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 - 119.60(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 = 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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otT! _ '
'a‘a‘l‘ = 0.134/cm |

[ecd [e ]
2

=0, 039/cm . | o 40)
2 _
Thus, te find the actual*change GT.for e computed change 817, it,is
necessary to multiply this normallzed change by the average 11fet1me
These formulas will be useful in Section IV-C. for calculatlng the error
in T( SO) due to distance uncertainty. _

The tripiet ”1ifetimes"'are also listed in Table 4 for each

change of d' Very large changes can occur in this lifetime for small
changes in the slope of the Bn[R(t)] curve because the slope 1is very

close to zZero,

B. Data

1. Helium

in tetal,V169 funshwere'taken ﬁéing”heliﬁﬁ'es e,sou}ce gas;;
starting at number 100. - Because of inetfumental errors, runs 100 to
126'had to be discarded. After run 116, it was discovered that thev,
counting system was saturating and had to be redesigned. Then, after
run 126, it was found that the channel advance pulses were jittering,
All runs 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 ~4000 cps inte-
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" Table Sa. }n’First'sét of variable changes.

Run T(lso) 1( Sl) o Changes*
" (msec) . ~ (msec)
_,PD(tOrr)

127  18.69(0.78) 106(5)  5.10°% 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 Tg = 4°K Far source hole
1360 18.31(1.07) 282(78) 5.10-8 Tg = 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

* The exceptions to standard conditions  Hre:

Cross electron beam

Hole-type source

A =100 gsec -

d; = 1.918 meters; d, = 6,712 meters.
Target angle to beam = 45° :

LN
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Table 5b. First sourceidepéndency check.
R t(ls) ) Changes®
(msec) (msec)

"xs(mils)’  Lower peak channel for_180

148  21.06(1.60) 73(4) 150 § 16

146 16.39(1.15) 77(3) 200 - 16
141 ~ 15,50(0.76) 96(7) 250 ' 17
149 ~ 15.62(0.84)  105(7) 250 _ ‘ 17
145  20.30(1.03)  213(34) 300 - 17.5
144" 20.80(0.93) 264(54) 300 ‘ 18
‘143 21.42(0.82) 222(41) 300 18.5
139 19.87(0.96) 666 (>1000) 350 18
147  26,95(1.85) 723(>1000) 350 o 18
142 31.63(1.96) -208(50) 400 - 18.5

140  37.87(3.51) -128(20) 450 | 19

* 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. Py 5.1078 torr
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19,39(0

~ Second set of variable changes.,
Run 1(180) o 'T(Ssl) Changes™
(msec) (msec)
PD (torr)
150 17.04(0.57)  884(438) 5.10°8
151  16.79(0.58)  523(123) 5.10-8 Xg = 200 mils
152 21:17(0.87) - 288(44) 5.10-8 Xg = 400 mils
153 19.42(0.82)  214(24) 5.10°8 VT = 0.0 turns
154  17.62(0.65)  548(134) 5.10-8 -
155 15.88(0.59) = 993(418) 1-10-7
158 16.82(0.69) .  357(71) 1.10°7
157 19.00(0.86) = 2599 (>1000) 5.10-8 |
158 - 20.64(1.16)  -489(147) 5.10-8 Xs = 400 mils
159  14,92(0.84)  2469(>1000) 5.10-8 | Xg = 200 mils
160 19,53(1.05)  346(109) -  5-10-8 | |
161 21.01(1.86)  927(508) 5.10°8 | 'Xg = 400 mils
162 19.14(1.39)  398(106) 5.10-8 Xg = 200 mils
163  19.13(0.66) = 224(30) 1-10-7
164 16.50(0.71)  277(46) 1.10-7
165 19.82(0.88) 514(120) 5.10-8
166 .86)  527(125) 5.10-8

* Common exceptionS'to standard conditions are:

NN

. - Hole-type source

A = 100 usec

d: = 1.895 meters; d:
. Target angle to beam = 45°

= 6.676.meters
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Table 5d. Third set of variable changes.
1 ' *
Run T( SO) C1( Sl) - Changes
(msec) (msec) .
167 20.57(1.19) 780(356) Xg = 400 mils
168  20.55(1.05) 907(332) Xg = 400 mils
169 20.78(1.11) -3491(>1000)
170 18.71(0.87) >10,000 Xg = 200 mils
171 21.42(0.85) 700(254) Tg = 4°K ’
172 21.36(0.90) 488(87) Tg = 4°K
173 20.52(0.71) 863(340)
174  20.39(1.56) 1316(957)
175 19.74(0.76) 1926(>1000) Tg = 4°K
176  19.75(0.84) 1557(>1000) Tg = 4°K
177 19.85(0.82) 2255(>1000)
178  20.70(0.87) "~ 546(120)
179  19,60(0.93) -8902(>1000) Xg = 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) - Vg = 35 volts .
183  21.49(0.79) 2480(>1000) P2 = 1-10-6 torr
184" 16.97(0.62) -647(221) Solen01a current divided by 2
185 20.42(1.02) = 312(38)
186  23.47(1.07) 2838(>1000) " A = 200 psec
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) Xg = 200 mils
o : Source far from gun
-1226(>1000) . 'Ts = 4°K

192

21.80(0.64)

200 mils

Source %ar from gun

* Exceptions to standard conditions are:

N

.

. Ppm 5-10-8 torr

.. A =100 psec

 Target angle to beam = 45°%
d, = 1.895 meters; dz

6. 676 meters
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‘Table 5e, Pressure dependency check. -
R t(lsy) (’s)) R t(lsy) (’s))
(msec) . - (msec) . (msec) (msec)
Py = 1.1077 torr’ Py = 2:1079 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)
Py = 4-107" torr 222 - 20,05(0.99)  -297(53)
o 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) - 3319(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.

s

Run T(lso) 1) Changes
(msec) (msec) '

237  21.28(1.16) -1279(907) xg = 300 mils 'V = 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) - 7400 -

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.

Run T(lso) T(Ssl) Changes
(msec) (msec)

253 18.93(1.35) 6710(>1000) " Reduced lamp intensity
254 16.54(1.02) -767(367) - Reduced lamp intensity .
255 21.84(1.44) -976(546) Reduced lamp intensity
256  20.07(1.60)  -X155(791) Reduced lamp intensity
257 20.74(1.32) -841(503) - Reduced lamp intensity
258 20.53(1.42) -607(229) Reduced lamp intensity
259 20.03(1.97) -524(185) - Reduced lamp intensity
260 21.98(1.43) Reduced lamp intensity

-1319(>1000)
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grated count rate at the upper déteétér.
() Type of source = slit. R o .
(c) Sdﬁfce-to—gﬁn.distance.=.miﬁimum.possible; | o
(d) Source position st= 300 mils, |
(e) Electron beam direction = antiparallel. -
() Sourée assembly temperature TS = 77°K..

50 volts.

() Gﬁh'voltage Vg
(h).Lamp intensity =_maximum possible.

(1) Tafget angle to beam = 90°,

(j) Target and focus voltages (turns on heiipot) af upper'defectorv

V.. = 6.3 turns and Vg = 0.0 turns.

T
(k) Detector distances d1>=vi.9275'me£ers and.d'2 - 6.7075 meteré,
(1)’Bé¢kgrbﬁnd pressurevin:drift tube Py = 2-10'9 torr.
(m) Channel width A = 80 psec. -
(n) Duration of run = 1.5 hrs.

Whenvconditions'are different-from these standard'cohditions, they will
be indicated>in the tables by the symbols‘defined above; ali lifetimes»
are measuied_in mi11iseconds; |

" The tripiet lifetimesvof runs listed in Table 5a reflect inaccu-
rate distance measurements which have been refined for iatter'ruﬁs upon
discovgry of the sensitivity of progfam ANALZ to d; and d,.- But,somé |

information can still be obtained from these runs. For instance,

o 1-10’7 torr

(T(lSO)) 17.56 + 0.41 msec for P

D

18.05 + 0.29 msec for Py nsS'IO_S torr. (41)

(t('s)
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This is only weak evidence for the existence of a pressure effect, .

thbugh'ruhs-taken 1ater verify'its'existencé.‘ Also, -
(t(lsy)) = 19.29 + 0.82 msec for T_ = 4°K , (42)

and this was the first evidence of a possible sdﬁrée»dépén&ehce, since

. the'slowef'beam”of atoms creétéd-the éffect of the bff-centered source
hole dependénce (for positions Xs->5300 mils) found in runs listed in
Table '5b. The éXplahation for this effect as explained in Section
IT-G(2) depends on the electron impact excitation process discussed in
Appendix B. Thé~quénch‘lémp intensify may also affect'the lifetime byva
small amount since o " | | |

V(T(ls

o)) = 18.49 + 0,19 msec for reduced lamp intensity, (43)

though latér funé will prove there is ndvdetecfable effect.

Thevruns in'Table Sb are iiSfea'in order of increaéing X, such
that the general inérease of f(lsoj from 16 msec ét X, = 200 mils to
38 msec at X, = 450 mils'is_readily visible. . Alsb clear from this 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.ls0 peak channel of the time dis-
tribution to longer times, and this'effectvis ¢onsistent with that shift
in T(lSO) predicted from the.TS"= 4°K Tuns listed in Table 5a.

-An attempt to remgdy this condition by.making the electron beam
pass antiparallel to the atomic beam is evidenced by the runs in |

Table 5c. The relevant averages are:
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(T(150)> = 16.50 £ 0.87 msec at x_ = 200 mils
(T(ISO))A= 18.30 + 0.49 msec at xs = 300 mils -
| <r(lso)) = 20.98 + 0.53 msec at x_ = 400 mils. (44)

Clearly, a sizeable source dependence still remains. Also,

<r(lsg)> = 17.03 £ 0.72 msec for P a’1-10'7:torr, (45)
which now gives much stronger evidence of a pressure effect. Initially
it was found that varying detéctor'v01tages also reflected the source

dependence, but a Vo

= 0 run now giVes only weak evidence of this ef-
fect. |

In hopes of further_reddcing the soufce dependence, a slit-type
source is introduced, wifh the Iong direCtion parallel to thé gun fila-
ment.> Preliminéry evidence for the reduction of the source éfféét can

be found in Table 5d, from which it follows that:

(r('sy)) = 19.13 t.0.44 msec for x_ = 200 mils
‘(T(lso)) ='19.84 £_b.36 msec'for xé é'300'mils
<T(1SO)> - 20.56 + 0.40 msec for Xg = 400 mils
(r(tsy) - 20,49 + 0.47 msec for T, = 4K . t46)

Other changesvih variables such as source-to-gun distance, Vg, and V},
are related to this source dependence, and are expected to affect T(ISO)
indirectly.

Because so few runs were taken for each variable change up to

@
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this p01nt the results cannot be con51dered very conclusive. Hencekthe
runs listed in Tables Se- g are meant to remedy this deficiency. These
runs were all taken using horizontal detectors in hope of further re-
ducing the source deoendency effect. Io.Table 5e, only drift pressure

is varied, with the result that:

.(T(lSO)) = 19.39 + 0,39 msec for P = 1‘10'7‘torr
' (T(lSO)) = 20.96 + 0,31 msec forlPD =v4-10'_8 torr
| (T(ISO)) = 20.22 + 0.22 msec for Py = 2:10™° torr, 47)

For the last two pressures, there is no clear evidence of a remaining
pressure'éffect. The runs in Table 5f do show a remaining source depen-

dency effect, though, as shown by the following averages:

150 mils

I

1(1(180)) = 19.45 + 0,42 msec for'xS

,(T(180)> 21.04 + 0,39 msec for X, 400 mils, - (48)

where the mean of these two averages is near that expected for the

standard source position. . And, because '

(1( SO)) + 0,44 msec for VT 0, (49)

it follows: that the singlet lifetime is no longer sensitive to target
- voltage of the upper detector (use of V at detector 2 for monitoring
purposes follows from the larger target area employed. in detectlon)

From Table 5g it follows that

(1('Sy)) = 20.61 + 0.42 msec | - (50)
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when 1amp 1nten51ty is reduced, Thus the 51ng1et 11fet1me is not de-
pendent on the speed dlstrlbutlon of the 51ng1ets as determlned by the f
.quenchlng factor f(v) | o |
' When necessary, runs in Tables Se- -g which differ by more than
3 msec (i.e., much greater than 3 standard dev1at10ns) from the computed :
avefage.are rejected as having contained some anomalous fluctuation of
the experimehtal conditions. The runs'rejeéted‘are»numbers 236
(>3 msec), 249 (>5 meec); 264 (>3 msec), aﬁda254 (<4 msec).
 Finally, it:can be concluded that: further Simple moéifications"v
of ‘the existing apparatus cannot eliminate the remaining systematic
error. Since the electron,guh iS‘the'direct‘cause'of'the_sourcevdepend—

ence, a major revision of that component will be necessary.

2. Helium Lifetimes

'The best data available for determinihg:a final value for TCISO)
-9

is. found in Table 5e for P' = 2.10 °

D
fit between limits K = 12 and K = 40 in program ANALZ, and gave (T( SO))

torr. ’fThesevruns were generally

= 20, 22 + 0 22 msec, accordlng to Eq 47. To_understand further the
v eXPerlment, the same runs were flt between iimité K = 18 and X =138vand'“‘
limits K = 25 and K = 55,  The results of the first refittihg are found

in Table 6a, giving an average’lifetime of

(ls )) =19.34 £ 0.32 msec BRGR

‘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, R

»_Run | r(;So) ‘msec - _1(381) msec

213 22.56(2.02)  -1031(721)
214 22,36(1.92) -465(160)
215 21.35(1.91) -1127(842)
216 20.24(1.40) -387(101)
217 18,89(1.51) . -347(104).
218 22.07(1.97) 1-1930(3281)
219 - 21.09(1.45) . -399(125)
220 19.57(1.22) -632(226)
221 21.36(1.23) -638(220)
222, 19,37(1.39) -715(348)
223 21.36(1.76) -439(155)
224 17.50(1.07) -514(129)
225 18.21(0.99) ~1172(868)
226 18.28(1.27) -833(369)
227  '18.93(1.27) -876(482)
228 17.35(0.90) . -540(266)
229  20.38(1.94) . -596(237)
230 19.81(1.56) © -748(416)
231 19,64(1.22) - -502(145)
232 20.13(1.26) -823(299)
233 12.92(1.38) -545(205)
234 20.32(1.55) -773(420)
235 17.79(1.02) -275(52)

236 22.12(1.95) - --793(400)
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K =25 and K = 55.

Table 6b. Helium data fitted between

214

Run T(ISO)- msec 1(381) msec
213 19.85(1.39) - -1181(1028)
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(115)
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)
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(e(lsp)) = 19.16 + 0.28 msec - (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 2nR(t) curve even beyond point K =12, causing these
initial points to 1ie below the straight horizontal line. ﬁistance>and
background uncertainties account for the existence of the remaining neg-
ative values of T(Ssl) in Table 6b. A reasonable.lower limit for the

triplet lifetime, therefore, would be

1(381) > 1.0 sec. o ' - (53).

b. vSinglets. If is possible that a 1ingering_pressufe effect still
exists for very slow singlét mefastabies; That ié, thé'scattering cross
. section might incfease with decreasing speed for abbéam atom, thus in-
cfeasing the probability of scattering from a residual helium gas atom;
the effective lifetime fherefore‘becomes shorter. Fitting the first and
second_halves.of the data, shown in Tahlé 3, also verifies the shorter
lifetimes for slower atoms, Beééuse of'this‘additional complication,
the data pointé fitted between K = 12 and K = 40, emphasizing fast

atoms, are used to extract the true radiative lifetime.

3. Neon ‘
Neon has two long—liVéd metastable states Since j-j coupling
applies to neon (though equlvalent LS notatlon is used), only the gen-

eral selection rules in Table 1 apply : The usual. order of states ‘above

3P 33P

2 1’ and 3 P

~ the 2150 ground state is 3

0 respectlvely. Thus, the
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3PO state can decay either by Ml radiation to the 3P1 state'or'by E2

radiation to the 3PO state;:vCIassical arguments (STE-68,‘p.7) éhow:'ﬂE

lifetime of the'SPd state decaying by the above mechanisms is approxi;

mately 1000 seconds. Similarly, the 3p state, decaying by M2 radia-

2
tion, has a lifetime of approximately 77 seconds. _Ih 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 1/2 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 understandlng the extent
of systematic errors, and only those runs taken with the antlparallel
electron beam are listed in Table 7. The standard neon run-consists ofb
the follow1ng | . |

(a) Integrated count rate §=2000 counts/set'at thevupper”detector;

(b) Electron beam direction = antiparallel.
'(c)_Source—to-ghn distamce Zs = minimum possiblé,
(d) - Type of source = slit. |

(e).Source position Xs.; 300 mils;

(H) Gun voltage Vg 50 volts.

(g) Target and focus Voltages at upper detector V.. = 17 volts and

T
VF = 43 volts.
(h) Source assembly temperature T, = 77°K.
(1) Background pressure in drift tube P = 1-1077 torr,

D
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Table 7. Neon data with antiparailel‘electron beam,

Lower Peak

Run 1t (msec)  Channel . Changes
Xg(milsy

157 © 480(68) 19 - 200 ‘large Zg
158 681(107) = 19 300 . large Zg : ‘
159 545(87) - - 18.5 200 ‘large Zg V=0V
160 1743(874) 18 200 ~large Zg Vg = 150 V
161  547(81) 18 200 large Zg '
162 .1567(760) 19.5 400 . large Zg v
163 - 2763(2821) 18.5 300 hole source no magnet

: : o '~ 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 =0V

19,5 300

168

465 (47)

~ hole source
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(j) Channel width A = 200 usec..
(k) Detector distances d; = 1.895 meters and'dz = 6.676 meters,
The usual weighted average with standard deviation of all Tuns

listed in Table 7 is
T = 507 + 23 msec . _ ()

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 initial 15 milliseconds 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 of changing the

source position is indicated by the shift in the peak of the distribu-

tion as listed in Table 7.

C. Error Analyéis

The three main sources of error in the experiment are:
(1) statistical error associated with the total number of counts per. |
channei, (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-

tarices_d1 and dz, and the systematic error arises principally from the

source dependency effect discussed in the previous section.
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1. StatiétiCai Error .

Assuming a PoiSson distribution of the humber of counts about:

-' . X - . - v' | ;/

the average, the standard deviation o, for each channel is equal to n*
where n is the total nunber of counts collected .in-the given channel

(YOU 62, pp. 57-64). Then the error in the #R(t) is

2 2
. 0' o .
ot = m, det | (55)

where, by Eq. 28, R = nz/nl'(gqu_ez, p. 98)." For'the triplet analysis,

1

g

0t o1

Ogen = mQamp o). (56)
And for,the singlet analysis,

[nz(lamp off) + né(lamp on)]11

g
num

Ogeq = [ng(Lamp off) + n (lamp om)]* . (57)

The-Values of OL» computed using Eq. 55, are tpen inserted intq_
the straight line fitting program to compute the error o  for the life-
time measured in a given run. The value of oL according to Appendix H-

is

() By by, - v; (Fitted)1?) |2
i i (58)

T NG Q) - NCGyx)©
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where N is the mumber of fitted points.orvobservations and (yi,xi) is a
particular observation of the paramefers BnR(tj andvf, reépectively.

‘ ‘ LZ for the'obser-
vation in question. All run errors are obtained in this way.

The weights w, are the inverses of the uncertainties o

The average and uncertainty for a given set of runs are obtained.

from the usual statistical formulas for a weighted mean and its corres-

ponding standérd deviation of the meah (TOP 65). 1If a particﬁiar'run is

designated by the index i, then

) = gwi T
2
and ,
: L
DACOIENE
= : (59)
Q<T)r (N? = 1)zwi S ' -
' v . i
where
o o 1
P
1

o, is given by Eq. 58, and N’ is the number of runs being averaged.
i : 3 s

These formulae were used to calculate all the averages and uncertainties .

appearing in the previous two sections,

2. Experimental Uncértainty

The uncertainty in d; and d,, as the main source of experimental

error, arises for two reasons. First, each distance separately measured
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is'accuréfewfé_tl/ié inch, or equivalently, #0.16 cm. Secondly, all
“distances are measured to,the-tehtef of the electron gﬁ@‘which need not

" be the éenter bf the excifation region; that is, no precaution was_taken

tq?confine the electrons totally within_the»limits of the gun. Since

:thevgun height is 1 cm, and sinée,electrons probably do not stray m§re

, fhath.S»cm'frémfeither the cOilectOrfénd-dr the filament end of the
 :gun,la réasonablevuppéf'1imit_on the cértéiﬁty of the central position
: vfof e$citatibn is $0.25 cm,- Taken in quadrature, these two errofs'give»l
an uhcertéinty of +0.30 cm.v Now, one applies the derivatives defined in

Eq. 40 to this uncertéinty by means of the formula (YOU 62, p.98)

.i"v',rz 2 r2 2
ol .(gé—l-)v(adl) +(~§§;) ©t L 60

| »Assﬁming that 6dl = Gdz = 0.30 cm, it follows that, if (1) =20.22 msec,
Or,d ='<T)0{’d = 0.85 msec . | v. (61)

There is some reasoh to believe that the derivdtiVes defined in Eq. 40
overestimate the distance effecf, because a refitting similar to that
listed in Table 6b, for 6d1 = Gdz = -0,25 cm 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. A§ystematic‘Errof

. The following facts have been established concerning the effect

on T(ISO) by the source-dependency effect:
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(a) As Xy increases, T increases;
(b) As xs.increeses,>the speed distribution'ineludes more slow
stcins: : . R o
(c)'Ts = 4°K for x_ = 300 mils affects T in the séme way that TS
= 77°K does for x_ = 400 mils, | |
The conclusion is that a Colder, slower source gas is affected more by
the soufcévdependency than a fast beam. This ie shown by facts (b) and
(e),'where‘slow atoms have a higher probability of being excited into
the collimated metastable beam than fast atoms: Then, to.minimize the .
source aependency probiem, a shift towards faster atoms ehould be taken.
Because of fact (a), the claim is that the lifetime measured;at the cen-
tral stitiQn, X, = 300 mils, is too long and should be eorrected by |
subtracting a small amount §t from {t) for X, é>300 mils. Since 6% is
is unknown, but would probably make (1) fall Between the values ef (1)
for positions'is'=v300mils‘and x, = 150 mils;vit is reasonable to as-
sign one-half the difference between these two aVerages as the erfof due
to the source- dependency effect, that is, +0,37 msec.
| One can also use the following argument to find thls uncertalnty
Since the Sllt is approximately 150 mils long, X, = 225 mlls represents
the position for‘atoms coming from the edge of the slit farthest from
the source assenbly, and'xS = 375 mils represents the pesition_for atqms
coming from the nearest edge; By linear extranolation, the average
change in 1 fron either position is +0.50 msec, using Eq. 48.

By assuming the larger of the two possible errors discussed,

oT’S = 0.50 msec . ' (62)
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If this value happens to be somewhat small, it will be compensated for
by the fact that o_ d is somewhat large. |
, " .

4, Total Error

From Eq. 47, the calculated'statisticel error is 0.22 msec for
(1) = 20.22 msec Taken‘together in quadrature with errors defined by

Eq. 61 and Eq. 62, the total error becomes

0<T> = 1.02'n§ec . " : 'u - .f' (63)

'D. Conclusions

1. Improvements

This experiment can be}vastlydimpreved by building‘e new elec-
tron gun which confines the eIectrens uithin the bounds ofvthevgun and
nas electrons traveiing only parallel or éntiparallel to the atomic beam
axis. By conf1n1ng the electrons one determlnes accurately the center
of the excitation reglon And by restricting the electron motlon per-
pendicular to the beam axis, the source dependency should be e11m1nated
The present gun cannot prevent all transverse motion, malnly because the
- focusing magnetlc f1e1d produces he11ca1 electron motion. Also,vthe new
gun should not allow atoms to str1ke a hot surface and then be excited
‘into the beam. .Asystem of f1ne mesh gr1ds used in the place of solid
surfaces would probably reduce the nunber of fast excited atoms; and an
acceleratlng grid structure surroundlng an equ1potent1a1 region would
restrict most perpendicular electron mOtion;

Another improvement-of the experiment would have the incoming
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cold beam directed pal;alle'l -to the beam aaus to \hew'lp re.duce the .source-
dependency effect and also to e11m1nate most of the beam which has |
11tt1e chance of enterlng the colllmated metastable beam Thus 1t
would be posslble to run a more 1ntense beam without ;ncre351ng the
source chamber preesurev |

- Lastly, the analys1s program could be improved by including a
program which deconvolved the data. This program would 51mply 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 dietribution is found, the two count totals must agree, channel
for channel.;uln this way, more data points would be available for de-
termining T. Also,vslight errors would not exist in the straight—line

analysis as they presently do for the helium triplets.

2..AMeasurab1e Lifetimes

It is important to know the range of lifetimes that can be rea-

- sonably measured by this atomic beam,madhine.lhen one can determine lf'

a particular metastable lifetime of a givenvsource gas is measurable
with reaéonable accuracy. The necessary assumptions are that the_meta-
stable atom will cause an electron to be ejected from a-tafget and that‘
.the metastable\ state can-be isolated ’byv quenching, appearance potent_ial ,
‘or other means. | | | -
First determlne the channel w1dth A such that an apprec1ab1e

fractlon of the time dlstrlbutlon lies between say, t = 10A and t

1 1
= 50A at the lower detector. Generally, if Kin is the first usable

channel and K¢ is the final usable channel at detector 1, then nl(tl)'
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must be gre_at’evx__"than 5% of the’peak value for t; between KB and Keinb-
At thé Vei_'y minimum, Kfln - Kin‘% 20 , since -fewer points no ‘1onger give
a reasonable statistical error to the measured lifetime. |
Then the following two criteria must be met: |
(a) The lower limit of T is defined by -
tET A (68

where, if K : is the peak channel for detector 1,

_ P ‘

2.
Ty I K-

(b) The upper limit on't is deﬁ_érmine'd from
ST A (es)
-d |

where T, =10 -2 _1(K

U T _fin - K

) .

in

Eq. 64 assures that a sufficienfc'_nuvmber of metastable atoms
reach detector 2 before decaying. " Since A = 1. 5 use»c is the minimum
thai: could be programmed for the 'presenfc apparatus_, and »since Kp is
usually made to be '320,-1 must be gfeéfer _th}arll:O.l msec, If T is
greater than this lifnit; Eq.. 64 may bé turned around to determine pos.-
sible values of & whicvh_vcan‘be used. | _

Eq. 65 assures thath'at least 108 of T will be pbserved in the
time-of-flight doniain, which is necessafy if T is to be measured with
reasonable accu'récy. ."Ihis'>‘1v1pper 11m1t can be approximatéd for T s -.-. 77°K

if one again.assumes that Kp- = 20 for detect_or 1. Then A = dl/ 200, where
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o is the most probable speed; and if Kfin - Kip R=60; it'follows that
T SOvM% (msec) . - (66)

where M is the molecular weight of the source gas ‘and o ® 1500 m/sec for

helium.at T, = 77°K. For helium Eq.'66 implies that a lifetime greater

than 100 msec cannot be reasonably measured
It may be possible to reallze both cond1t10ns 64 and 65 51mp1y

by coollng the beam down.

3. Summary

- From data collected for helium and nebn, it can be determined ‘ 

that T(neon) = 0.5 sec and t(helium 2381) Zvl.O sec. The final lifetime

obtained for the helium singlet metastable is, from Eqs. 47 and 63:
(T( So)) 20,2 + 1.0 msec , @ S (3)

which is well within the limits 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 summarizes all the theoretical predic-
tions and previous experimental measurements of the singietvlifetime;
The experimentai 1ower'limit§ are all in agreement (STE 69, PEA 68), but
the last experimenfal value by Pearl diéagfees by a factorvof 2 (PEA 70).
Though this experiment did not verify the theory, it did prove
to be con51$tent. 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.
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20 2 1.0 :j~'=;_ﬁ'“~v§“$ﬂf€*s£ T“;”Present experlment S

3'0 22 (statlstlcal error)
0. 50 (systemat1c error)
0, 85 (experlmental error)
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' APPENDICES

A. Transition Probability

The starting point for all tran51t10n probablllty computatlons

is Ferml S Golden Rule (GOT 66, p. 444):

W ='1¥'|Mfi|§v %Ea,' . - @
where W is theltransition probability per second, Mfi is the matrix ele-
ment for the interacfion ehergy H',,dh/dE is the density of accessible
final states per-unit energy, and the'éverage'is taken over photon'di;
rections and polarizations. -

To observe two-photon emission from an electron .in-a bound state,
which is necessafily a secoﬁd?brder process, fhe fifst¥order-interaction
matrix element must be zeré. The geheral perturbation expansion for the
energy of . 1nteract10n between an atom in state i w1th energy E and the
- electromagnetic field created by the emltted photons resultlng in the

atom's mak;ng a transition to state f with energy Ef, is (SLA 60, p.124)

H!. o
HE, + 2 Cn _fn ni (Interchange) + (higher order terms) (2)

) Eg_» of photons
1 .

where n fepresents the intermediate state with energy En?and the term -

requiring interchangé of photons is necessary because one cannot differ- -

entiate between the photons. The expression (2) replaces the matrix
element Mc. in Eq. (1), and since it is assumed that state i and state f

cannot be connected by a single photon (H!. = 0), Eq. (1) becomes
: £i - V) =4 '
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H! R : .
2. y o _ni Hey n1 2 (Interchange) . «dn (3)
n

W =

T of photons

S n B, - av
where one photon accompanles each interaction term 1n the energy matrix
element, In partlcular with reference to the first summatlon 1et pho--

ton 1 with frequency v be assoc1ated w1th term H'., and photon 2 with

l’
frequency v, be assoc1ated w1th term Hé Slnce the intemmediate state
consists of photon 1 and one real state of the atom w1th energy E (see

Fig. 32),

By =Bpthy . @

. (Remember, energy is not conserved in the intermediate states.) Define
" the frequehcy “hi hy_
B Rt . 5)
Thus the energy denominator for the first summétidn in Eq.v(S) becomes

The'interactibh operator which is treated as a perturbation is’ (GOT 66,

p. 465)
rpg%@MJh o

'As usual, time is not considered in this operator since ithwouldsonly '

produce thevphase factbr
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Intermedmte

State n

Initial -

State . |
L __ Virtual -
State
Final
State f

XBL 7011-7020

Fig. 32. Two-photon decay process. Photons 1 and 2, with frequency
- v, and v,, respectively, are emitted 51mu1taneously with total

energy equal to Ej - Ef
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ey}-lZ‘lT(\);v "‘Vz)t (8)
which will be common to every ternlln both summatlons, and will disap- -
pear when the matrix element is squared

-To evaluate the individual matrix terms in the first summation,
such as

H, = (an']l).,. - o (9)

H' will be considered a small perturbation between eigenstates of the
unperturbed Hamiltonian HY + HA’ where HY and HA are the Hamlltonlans of
the free electromagnetic field and the atom, respectively, ‘The combined
eigenstate,is then a product of two eigenstates, one for each Hamilton-

ian:
) |“> = Il”n> |E1°‘1) P a0

where Iw ) is the e1genstate of the atom in state n and |§ 1% is the
| elgenstate of the free radiation field for photon 1 with momentum hk
and polarization component al. -Equatlon (9) can now be evaluated by
inserting the following Fourier expansion of thevVector potential in

terms of creation and destruction operators (GOT 66, p. 408):

=Ko

o 2. > >
M- g e ey ds o

where w = 2mv = ck V Very large f1n1te normallzatlon volume (always
cancels out, but allows discrete values of k), EKG‘IS a unit polarlza—,

tion vector tor the photon with momentum hK and component of polariza—
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tion a, and aka (or aka) is the creatlon (or destructlon) operator of

the ka-photon. For the creatlon operator

af [0} = [ka) | (12)

where IO) is the vacuum eigehsﬁate for the radiation field (no photons).

Thus Eq. (9) becomes

i 2 . D> > -
. , h 1 . "1k” A
H!. = e z [_‘;)_(_':_\_i_ ]’5 (wn;klalle - T Y[E-k'd’;ﬁ a_k,a:
+ gk,a'.ﬁ alt'a']lwi;0-> RN )

Because of therorthonormality of the radiation field‘eigenstates

<Krar]ka) = <0layq, aka|o> G )

onIy the creatioh operators-néed be considered in Eq. (13). The matrix

element then becomes{v

. %, ok F s -
Hni z [ ] <U’ I . ekra_fﬁ lek’ Gald'.l‘wi>

a

In the electric dipole approximation, which holds for wavelengths much .
~ greater than the characteristic dimensions of the atomic oscillator, -

CeTHeT g | (16)

Also, because the operator ?, acting upon the initial state wi,_induces

% % 7 A” R
__n?c_[____] <wl -iky or 1 ﬁlw> (15).
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the emission of photon 1 as gn;eléctric dipolevoscillator of mass m

would,
L lBle) iy G (Fle) an

where the commutation relation

RN - am

is used to reduce the matrix element of B (GOT 66, p. 470), Thus

Eq. (15) finally becomes

» . ml ;5 ‘ A D>
H!, = -ie [v—vf-] (wnlelorlwi) | | (19)

where EK 5. has been replaced by €, to denote the polarization vector of
photon 1. A similar expression holds for HE .
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)
n(v) = 2%y , | (20)
and because E = hv

gV 2 - (2)

For twd-photonvdecay,.the density of states is a product of phase space

factors’similar to Eq. (21); thus
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dn _ 1 8W 2. 8w 2 ‘
T xFE =" M =V v, - (22)
, c? c© _
where, by conservation of:energy
_pO0 O
E=E° - E
= hvl + hvz - (23)
By fixing vl,iEq. (22) reduces to
- 6, 22 » :
an _ 2%7%% 2 2 S
- hc6 V7 v, dvl S | (24)

Now applying (6), (19), and (24), the transition probability in Eq. (3)

for photon 1 to be emitted with frequency v in interval dﬁl is

10 6 4
= \ _2 e 3.3 2
W= A(\)l)d\)l ——-};—2——-6——- \)1 \)2 lell av d\)l
. c °
where A : _
' ~ -> A -)-. . .. A -> A ->
M. = 2"wflsz'rlwn><wn|$l°rlwi>‘+ ) (wflel'rlwn)<wnl€2'rlwi>
fi _ , L , .
cn Yni * V1 n Yni * V2

(25)
Finally;_the total emission probability for this two-photon decay is
obtained by integrating Eq. (25) over frequency v,

E/h - |
A(vl)dvl ' (26)

DOt p=

AT -

0

where the 1/2 factor comes from counting photon 1 twice in the ehergy |



-131-
interval between 0 and E/h.

B, Inelastic Collisions

The 1mportant aspect of the 1ne1ast1c colllslon of an energetlc
electron w1th a themmal atom is the effect on the atom s final speed.
First, this speed will be calculated uslng only claSS1ca1 arguments;
Then the resulfs will be applied to a cross electron beam_and an anti-

parallel electron beam. ’

1. Final Speed

The relevant parameters are 1llustrated in Fig. 33, An atom of
mass m, energy Ei’ and momentum ﬁi makesva colllslon.w1th an electron of
mass me; energy E, and momentum ﬁ.‘ The electron recoils'with energy E’
and momentum P’ and the excited aﬁdm has final energy E and momentum

?6. By conservation of momentum,

| _ . v . - ' .
p Pi s1nwi Po slnwo P .51nwe

‘Pi.c.osq)i PO COSIJ)O - pr coswe . 1)

where the energiesvahd momenta are related by

‘ 1
- A
P = (ZmeE) ,
I
P, = (2uE,)
1
= ]
.Po = (ZmEO) o | _
s A
P! = (ZmeE!)é . : @

By conservation of energy,
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Final
Atom
Eos Po
Incident
Electron
Ei,Pi
Ficol Incident
At
Electron om

XBL 7011-7021

Fig. 33. Tnelastic collision procesé. An atom and an electron collide,
~with the recoiling excited atom being observed.
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E‘f‘Ei-= Ed + E? f,AE o ' (3) -

: where AE 1s the energy of excitation and is a positive quantlty Assume
that E El, wl, wo, and AE are known Ellmlnate w by shifting all
terms w1th known parameters to the left in Eq. (1) and squaring the

resgltlng,equatlons.v_E'_can be_ellmlnated by using Eq. (3). Thus,

_‘. ) _ 1/2 .- 1/2 . 2
_Zme(E+§i Eo AE) {(ZmEi) cosni (ZmEo) lcoswo]

1
2

+ [(ZmeE) - (ZmEi) siny; - (ZmEo)‘ s;nwo]”, (4)

Upon expanding and simplifying, the following result is obtained:

m, L 1 "m.e L ,
—) - .+ — .
Eo(1+n1) -Eo [ZEi °°$(¢1 lPo) * Z(In E) sm"Jo]

: me- me me 1/2 . _ :
+ (1-2JE; + — 4B - 2( E;E)* siny;, =0 . (5)

Equation (5) is a quadratic eqUation in E 2 U51ng E =mv, 2/2 and

Ei = mv /2 where 2 and v0 are the atom's speeds before and after col-

1151on, respectively,

o
where
m
a=1+-2
m .
s , 1 L.
b = Vi-cos(wi+wo) + ﬁ»(ZmeE) 51nwo
' m " 2m ' ' : .
- _ e 2 e _ 2 A . _
c=(1 _75')Vi + —TTféE' r—n-(Zm.eE) v; sinp, . _ (6)

m
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Now, approximate the,quéntityv'a' by»unity'sincé mé'<< m‘(0.0l% error)
and define'the variable V equal to the expression »

2m E 1
2

X _

Then Eq. (6) becomes

=V sinw + Vi cos(w + wi)

{[V 51nw + vy cos(w +¢ )] -y 2-V2 %§.+ ZViV sinwi}%. (8)"

Note that, in general, two speeds exist for each set of allowable anglesv

(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 b, may be taken as .

zero., Then Eq. (8) becomes

<

Now consider an electron with 40 volts of energy colliding with a helium
atom incident-at angle_wi.'vSince the excitation energy is approximately

20 eV,

AE .
T (10)

.N[D—‘

and because E 40 volts
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V = 511 m/sec . = | (11)

There are two important characteristicé of Eq. (9) worth noting. For a

given incident speed there is a maximm and a minimum angle of incidence

which will give ¥, = 03 thaftis; for:vi 1000 m/seé;

1]

 p;(min) = 8°36" and y,(max) = 60°45' . 12)

Also, for a'giVen angle of incidence, there are two speeds possible for
the atom traveling along the beam axis for each incident speed; that is,

for wi.é 12° and v; = 1000 m/sec,
v, = 782 m/sec and 1175 m/sec . 13

The important conclusion isvthat; even for small angles wi; the observed
speed v, is different‘for-différent angles*of incidence. One can now
see why, if different parts of the electron gun have different sets of
incidence aﬁgles‘available to them, that one paft bf the gun will have a
speed distribufion of metastable atoms different from that of anofher :
part of the gun with a-different set'of_incident angles. The claim is
that this characteristic of a cross electronfbeam accounts for_the

observed source dépendency (see Section II-G (2)’).

3. Antiparallel Electron Beam
For this configufation, let wof= -90° and’wi be replaced by
Y+ 90° (see Fig. 33). -Then Eq.v(8) becomes

,='.coswi

o

; ‘)’_i_vi [a-9 (‘_,‘fi.)z'- sinfy, 1% . ()
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Unlike Eq. (9), all small angles wi'are'allowed, though a maximum anglé'
still exiéfs for each incident speed z 360 m/séc under conditions spec-
ified by Eq. (10) and (11). More important, though, is the fact that,
for small angles bis Vg is almost independent of this incident angle,‘
thus greatly reducing the source dependency effect,

Also, using a slit source withilong dimension paraliel to the v
gun filament néarly equalizes each Set'of allowabie incident ahgleS'
associated with é givén poiht in the gun to theAset for any other.point

in .the guh.

C. Pressure in Source Tube

From the perfect gas law, it follows that diffusion pump speed F

can be defined as

1 . dn

Frrg (a4 @

where

k = Boltzmann's constant
- T = equilibrium source chanber temperature
dn . e s
(_EI')pump numnber/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 that,for equilibrium pumping,

“dn _dny
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Then, for molecular effusion, the rate at which atoms emerge from a

source slit of area A.s is, by elementary kinetic theory (REI 65),

dn “P_uA

_ s S ' ' '
— L E e 3
v( dt )sl1t KT - _( )
where
P, = source tube pressure
'TS = source tube temperature
U = average speed of emefging étoms;v

‘Now, combining Eq. (1), (2), and (3), and solving for source tube pfés-

sure, .
I N O

When both thejSQurce chamber and the 50urce.tube'are at room'femperature
and
i~ 10° cm/sec for helium
As #~0.01 sz,

F & 3000 liters/sec for VHS-6 pump , (5)
it follows from Eq. (4)vthat :

::Ps’2 ‘ . Iy A '

== 12,000 . . : (6)
Psc A ' S

1f the sourée chamber préséure is 2;0f10'6 torr (réad By gauge), the
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5

actual helium pressure would be 1.25?10'_ torr because of helium's les-

ser gauge sensitivity (VAR 65); thus,
P_~ 150 microns . ©

And when liquid nitrogen is used in the source assembly, TS/T ~ 1/4;

giving

. 'Ps & 37 microns . ‘ | (8)

D. Fraction of 2180 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 o.. USing the well-known

attenuation formula (SEG 65, p. 11),
I(x) = I(0) e O™ - (1)

where I(x) is an:intensify at position X, in a media of density n. The
probability of makiﬁg the desired inelastic collision/electron in dis-

tance x is (for smail argument,of'the_eXponential)

1) - 100) - .
oo ls = ONX . 2) v
- 10) - _ - ( , -
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
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Tonx . B ' 3)

Since n = equilibrium number of atoms in the 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:

(4)

f/sec =Io .2,
| ThlS fractlon/sec is better known as the tran51t10n probability per
second for exc1t1ng the de51red state, and is usually found in the form
J _ ' . .
e 9, )
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 metastabilized with speed v is

f= 0o (6)

o]

d
v

- where d is the length of the gun traversed by the atoms. One can now
replace f by a fraction (f) averaged over a mod1f1ed Maxwell speed dis-

trlbution, giving

(D = (1.5T) 599- " o

where

for a source gas of mass m and temperature T.
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Some typical parameters for the gun used are:

J = 0.031 amps/cm® (20 ma)
d=1am
o ® 1500 m/sec . : (8)

The excitation cross section for helium 2180 at 22 volts (near maximum)

is (HOL 65)

18

a(2'sy) = 1.7.10718 . ©)

For higher voltages, the singlet state can be fed by higher excited
states cascading down to the 2180 state. This effects tends to level
off the'singlet ﬁroduction, making Eq. (9) valid for a wide range of

voltages. Thus,

(P =3.5.1070 (10)

1

or, équivalently, 1 atom is excifed to the 2 S0 state for every .

300,000 atoms-entefing the electron gun.

- E. 1Ion Deflection in Electric and Magnetic Fields

1. Magnetic Field

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)

2
_ Inc v ‘ i
R=" - ¢ 1)



-141-

where-é = ion charge and ¢ = speed of lighf. NQQ the.criterion for
determining that the ion just passés throughlbofh first and last colli-.
mators is that the diéténce 2L between collimators be the chord of the .
circle displaced a'maximum distance s from the arc cut off from the
circle, the'distancé s being the diameter of the collimator holes. The

radius of the circle fittinghthis criterion is, for L >> s,

2 2 12 ' '
R = L *+s_ m';E_ L _ ' (2)
: 2s. ~ 2s . : o

In particular, 2L = 71 inches and s = 0,25 inches, indicates that

R = 64.0 meters, Solving Eq. (1)vfor the speed,

v = (4788) BA RM? meters/second T ®

TE.

- 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 = 7.7:10% m/sec ‘ (4)

as the ﬁinimum speed that an ion may have and still reach the first .

détector.

2. Electric Field

The equation of motion for an ion of mass m in a uniform elec- |

tric field E, directed perpendicular to the beam axis,'isb

iy Foo ®
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where e is again the ion charée andvx_ié the tranéﬁerse displacemeht.
It is asSumed that deflection plates, with a gap width d and length
Zp? create the_uniform field. The ihtermediate distance between the
plates and the last collimator (hole diémeter x.) is Z_. Also, it is
assumed’that the ion entering the field region is initially traveling
albng a frajectory parallel to the axis and intercepting one edgé 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
¥ =_9P
p mv
L, - | _
: eE Z : S :
x =-_°2P — ' (6) -
p 2
o 2mv ' :

After passing out of_the field region,-the'ion travels in a straight
line with further transverse displacement = ipZC/v. The criterion for
the ion to pass just thrbugh the last collimator is for the total trans-

verse displacement = x_. - Thus

.z o
T Gy ")
v mv v

In particular, solving for the speed from Eq. (7) assuming
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(s3]
1]

: '500'V/cﬁ‘(d.='i‘cmj

o .
x_ = 0.635.cm (0.25 in)
ZC =137 cm - |
Zp =14 cm, - _ (8)
one finds that-
v = (3.9)M *. 10" meters/sec _ : (9)

where M is the molecular weight of the ion. For heliﬁm ™ = 4),

v = 1.95-10° o -

meters/sec - (10)

is the minimum speed an ion may have and still reach thé first detector.

F. Cpnvolution Studies

1. Limit on the Size of &t

~ Let f(t) be the instantaneous time distribution at time t. Then

for t anywhere in the interval (to, t,+ §t)

- o af | e |
£(t) —vf(to) * (-(—E)to (t-t)+ . - (1)

~ The accuracy of only the first two terms depends on the size of &t and
on how fast f(t) changes in the interval. The count N collected in this

interval is found by integration:.

. to+6t _ - = 2 )
N = f f(t)qt = f(t st + £(t) £§§l— e, (?)_'
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where f' denotes the first derivative. Since it is desirable to have

only the first term contribute to N, the question is asked, when is
|f'(to)|6t << 2(t) (3)

Assuming a Maxwell time distribution with decay of the form

£(t) = ket eV T 3 4)

it follows that the first derivative has the form

20 4 1 |
3T0T ) . | (5)

HORE O

The constant K is for normalization, T represents a decay lifetime, and
L R _
A? = d/a where d = distance to a detector and a is the most probable

speed. Using Eq. (5), Eq. (3) becomes the following question:

| & - 2 - =] - st<<2? - (6)

Because T ﬁ‘ZOymSéc and 6t = 80 usec, the term containing the decay"
lifetime may be ignored. And sinceth is the channel width, t, will be

defined as a multiple of 6t as follows:

t, = K6t . (7)

Using'd1 = 1.9275 meters, d2 = 6,7075 meters, and o = 1500 meters/sec,

o
]

| = 256(6t)°
3136(6)% . (8)

W
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Thus, the following are*thekqenditionsuthat'Gt‘be sufficiently small for o

analysis of the collected counts:

ry =_| 3§§.-_2’| <<,K, for detector 1.
X2 | | |
-?2’- | 3136 -2 << K;_for detector 2 . G

K,?

The values of Iy and Iy are listed in Table 9 for different values of K

usingkthe relation

K, 5.31.Kl = 3.5K - - (10)
since the sets (K ) represent the atoms of.the same speed compared

in. program ANALZ From the table it 15 clear that the extra term added
to the 1ntegral in Eq (2) is small for K1 > 12 (K > 42) but always
remains’ a 6% correctlon Chza correction for detector 2), Thus, in the

ratio N,/N;, there is the following correction:

1+._?..

Koo
. T
.1+.._£

Ky

(11)

From the table, it can be“seeh that; for K, > 12, A is nearly cohstaht

and will not affect the slope by more than a few tenths of ‘a percent.
hIt should also be remembered thatvthe above analysis is carried

out using a‘Maxweli distribution (RhI'65, p. 267) to first order in the

Taylor's expansion. The actual distribution in the experiment is not
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1.90

Table 9. Corrections for size of §t.
. I . Iy

K].‘ I'1 KI- ‘ K2 F2 . K]_- A

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
200 %136 0.068 .30 1.36 0.0195 0.955
22 1.47 0.067 77 1.47 0.0291 0.955
24 1.56 0.065 84 1.56 0.0186 0.956
260 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 0.0109 0.974
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Maxwellian, but these fesu;ts are expected to hold qualitatively,

2. Detailed Coanlution

Let g(s,v)dsdv be the number of atoms with speed v between
v and v + dv, created in gun at time f_= s in time interval ds. Then

2

»»gar(o,t)v? g(O? %')'ii.e't/T :.~' ‘(12)

is the insténtaneous distribution at a detector, a distance d froﬁ the
source, énd at time f, due:to atdms*excitédvinstantaneoﬁSly ét timev
t =0, and allbwing for decay. ‘The convolution can be thought of as
adding the'séme distribution td a given pdiht in time, but shiftéd in

position by a time s; that is,’
gd'(s’t) = gd'(ogt'S) . . (13)

If F(T) is equal to the number of counts in a channel of width 2A where
t = T is the center of the channel, due to metastable atoms created in
the electron gun during a pulse of width 2) centered at t = 0, then

A T+A

F(T) = f ds f ’gd'(s,t)dt _— (14)
A T-A

Then, using Eq. (13) and making a change of variables s -~ t-s,
T+Hd  teh S |
R = [ ae [ gg0,9as (15)

T-A -

Now change the labels s and t.to obtain a symmetric form of the integral
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T+A - - s+A : -
T-A s-A :

Also, define the ratio
= e— (T2 _Tl )/T

R(Tz—Tl) |
d2 géz(O,Tz) . o
d, g4 (0,T)) :
1 d1 'l T1 ) T2
49

where Eq. (12) was used to pbtain thé last relatian,

The goal for the remainder of this appendix is eventually to
compare this ratio with F(Tz)/F(Tl). |
Again,lit is necessary to assume a Maxwell speed distribﬁtion,

but modified by the probability/sec of exéiting an atom as defined in

Eq. (5) of Appendix D. Thus,

: 2 ' :
g4/ (0,t) = £(t) = k' &M /T (18)

’

where

and N is a unitless normalization factor. Eq. (18) is therefore the =
same as Eq. (4), if o is assumed to be a constant for atoms of a11: .
speeds.

Eq. (16) can now be put into the more useful form



)

F ;f.bffﬂx¥éw,  o as)

Taylor expénd f(y +s) about the‘time s, giving
fiy +s) = £(s) + £/(s)y *+ £7(s) Lo+ oo . (20)

After d01ng the f1rst 1ntegrat10n repeat the Taylor's expan51on for
fiy +T), f*'(y + T), and f(4)(y + T), keeping terms up to and 1nc1ud1ng
the fourth derivative of f(t). The final result is

Azﬂz 2

2(4)
Ay A%
@ &+ 501, @

‘ F(T) = ZXZA[£(t) + f"(T)( 5

)+

Upon expanding the derivatives using Eq. (18)

F(T) = 228 £(T) 6(T) @)

where

¢(T) =1+ n(T) .

The correction function n(T) is as_follost

_ _ _ | _ .
1 8 . 20 .4A 22A 4A°
n(m = 2f « 2% |12
6° v 12 T *2‘ 14 16
2 2. .2 4 . .3 2
AY LA A 16AT A 272 A° 24 . 336 . 1356
e (5 S (R S G e 5
o { P T 10 2 T T2
A 8 ‘1 32.. 864 . 2184 120 , 480 _ 840
s (=t + o+ ) + L__-+ + + ].
3 v ™ ‘f:; S

(23)

To simplify Eq. (23) and to apply it to both detectors, let



2KA

T =
A=A
2
Ay = (1024)a |
A, = (125442 )
where
-20A = 80 usec.

" Also, because T is so large compared to A, every term in which it

appears can be neglected. Thus

S 1.667 468 . 2.06-10% . 2.008-10° 1.03-107 . 1.55-10%
ﬂl(K) - - + : + = +
K2 K K6 K8 10 - k12
and
o) = 1:667 _ 5232, 3.265-10° | 3.0-107 1.885-10'0 _ 3.48-10"2
270 g2 K4 K - k8 k0 L2
| @)

These parameters have been computed for a few values of K and are listed

in Table 10. Note that these corrections aré qﬁite small beyond
K, = 12 (K, = 42). | |

Since the goal of thls appendix is to compare Eq (17) with the
ratio F(Tz)/F(Tl), u51ng Eq. (22) and Eq. (18) this ratlo becomes

F(T) 83,01 17 nZ(TZ)} (26)
Ry g (0T 1+ nlch)j A |

1_°2
9%
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Table 10, Convbluti_on corrections. |

nK K n® o A©

5 0.73 - .

6 0.15 21 0.0151 - 0.883

7 - 0.026 A

8 -0.0046 28 0.0004 - 1.005
© 9 -0.034 ' :
10 -0,0084 35 -0.00035 1.008
11 -0.0052 - : o

12 -0.0038 42 -0,00014 - 1.004
13 -0.0021 S

14 -0.0009 49 0.00002 -1.001
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Comparing with-Eq._(17)

FO9 4 R(T, - T,) - A(T,,T.)
F(Tl) 3;' 2 17 l’l2
where
A(Tl,TZ) = (27)
. 1+'n1(T1) S
and
4
T2=va'1—-T1, T, = 2KA .

The parameter A is also qompufed‘and;listed in Table 10 for a few values
of K. | |

There is-OﬁeBother“cOnvolution which could be included with gun
pulse width and collectibn channel width; that is, péSition of excita-
tion in the electroﬁ gun. The distribution g now hasvthrée parame-
ters x, s, and t, where x i# thé positioh.measured positively from the
center of the gun for inCreasing d1 and dZ' Tﬁe total convolved count -
for a givéﬁ detector at a time T is now

A T+A d+$

.F(T).= {de l;A dt £_6 dx g(x,s,t) , ’  | v(28)

where 268 is the height of the electron gun. As before, the convolution

requires that

g(x,s,t) = g(0,0,t - 5+ %-t) . S (29)
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But x/d has a maximum value for detector 1 of 2.6- 10~ ﬁhen x =34

= 0.5 cm, and a correspondlngly smaller maximum value for detector 2,
Since thls extra term is too small to have very much effect, it can be
1gnored; that is, if t ='20A 800 usec (Channel 10), then s. is 5% of

t and ( g-)  _ is 0.26% of t for detector 1.

G. Analy51s Program

[See the follow1ng 7 pages]
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PRUGRAM ANALZ3(INPUT OUTPUT s PUNCH, TAPES= lwqu'TAwEb—uuTPUi)

#*%#%&4#*&%*#&##4*&##**§*§§*”¢* e e R e e e Rk e Bk sk o e e e Aok ok

*
=  ANALYSES DATA FROM NUMFRUUS KUNS N]TH MUUULATIUN um UR UFF,
«  QUTPUTS THE INPUT DATA, THE RATIO OF N2 TU N1, THE LOG OF THE RAVIO,
#  PLUTS OUT THE VARTOUS INTFRESTING uUANTlrlrb
%
RE 3 B 3 S E I IF SE 4 4R 3 3F SE 3E 4 3 3 0 B 3t % B 3 RO
DIMENSTON_N1(300) N2 { 300)
2 T(3000), TALRT(300), TTT300
3 SIGOF1(300),: SIGOF2(300),
ATITLE3(12) o TITLFG4(12) ,TITL
LUGICAL LAMPR, LCOUNT yPUNCWT
REAL N1 N2y INFO
3 3+ 3k 3.3 3 3 3 SF #***Gﬁ*&%éﬁ-ﬂ-##"’-*

Lok
*

A5 B 4 B 3T SH 3 % R W4 B 2 5 2 4 30 % 3 3 3 3b 3% 4 Ok R oo o sk SR 3k el i ko e e Ko R e
DATA D1/1.9345/,02/6.7145/
DATA lSTART/lZ/,NUMCHN/?UU/ : .
DATA TI]L&B/ﬁH RUN y 6H s HHRAT I} y6H= UPPE 6HR/LOWE,
1 HHR WITH,hH  LAMP,y5%6H / i
NATA TlITLEG/ 6 KUN,&H y6H LOGARyAHTTHM (1yhHE KAT L,
| o AHEY WEITHy6H  LAMP 3 5%6H / ’ :
NDATA TITLE /6H RUN y 6H ybhH LARMP AR UFE gahH M AR~k
OEHIPLETS y6H====ST46HNGLET S, 6 NORMyHHAL /

%{&ﬂ#ﬁk&§*#ﬁ§§\#%#Qﬁ“ﬁ%&ii*r***r****“*@*******#*******

+#
#  RECYCLEF BEGINNINGS. START BY ZERUING

3%

AKK 8Y S

LR E-R-E- R R XX
100 CUl NT INUE
DO 5 K=8,12
KSKIP = K=4 :
TITLRE3(K) = 10H
TITLE4(K) = 10H
TITLEP(KSKIP) = 10H
5 CUNTINUE )

DY 10 K = 1,300
NL(K) = 0.0
N2(K) = 0.0
TLIK) = 0.0
T2(K}) = 0.0
R{K) = 0.0

ALR (K) = U. .
TALR(K) = 0.0
TIK) = 0.0
TT(K) = V.U
SIGMAN(K) = 0.0
SIGMAD(K) = 0.0
SIGMAR(K) = 0,0
SIGMAL(K) = .
SIGOF1{K) = 0,0
SIGUF2(K) = 0.0
SIGUNL(K) = 0,0
SIGUNZ2(K) = 0.0
X{K) = 0.0

10 CUNTINUE

LR RS2 EEESEEELESE TR RS R RS I LTS

®
#  READ AND WRITE NUON-EXECUTABLE STAT
- .

Ly

4 33 3 4 3

TH*
—Ch %
cI
I & %
Z %

. -
———— -

)
1

D= e s B =T 7o
~
<

—Zz~TZ2Cr

0
20 0
21 0
0
22 CUNTINUF

LS TR T EEEEEE TS EEE IR TR L R - LR R

AND WRITE FXtCUTABLE STATEMENT
%

<
Bk

— AT Ky %

Xz %

ZU s
MH“OMVNC

C—=C 1
— ] e 2

12
9)

2
9)

G T
Cx
—
e
- —

Dt -
-

2%
*
b3
3¢
e
3

5t

&
®  READ
#*

LA R R R R EEE IR LR ST R T RR S R R LR R

READ 5003, DELTA
READ_500%, LAMP PUNUUT
PRINT 1004, DELTA

T WD B H R E L RN R RR R H TR NRRR PR AR

#

: CALCULATE AND WRITE CALCULABLE PARAMETERS

e 0ot Sl 3 i e A o e 3 6 o ok e ok o o s e ok ol s ok o e Aok e

R N P

LR R R R Y R R L R I R L -

o
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SUBRIUTINE SUMMAT (N.T,LAST,NUMLAby[CELLS’U'DFLTA
A I A B B I B R 0B o ROK K Sk kR s ol XAl s o ok sl e Ak e sie e g sl ok R vl AR e B e e e e koo

INPUT ceeeeecesns

CUNSTANTS ceeecvocse

CHANNEL WIDTH = DELTA
DISTANCE TUO FIRST DETECTOR = Dl

UUTPUT vevonennas

CUUNTS IN CELL OF PAKTICULAR DETECTUR = SUM
COMMENTS seeavoosss ‘

LUWER DETECTOR DETEKMINES THE TIME SCALES

THIS SUBRUUTINE FINDS THE NUMBER OF COUNTS IN
EACH PARTITION-CELL FOR _THIS DISTRIBUTION UF

WITH DIMENSTION = ICE

LRI R R R R R R RN R

SLZEN&IUN T(300), N{(300}), SUM(300), TDELTA(301)
JJ = 1 + ICELLS ' ' '
DU 20 K = 1,JdJ .
TOELTA(K) = De(T(1) + (2%K - 3)*DELTA/2.0)/DI]
20 CUNTINUE
DO 30 J = 1,300
SUM(J) = 0.0
30 CUNTINUE
KK = 0 .
301 KK = KK + 1
IF (TDELTA(Ll) = T(KK)) 302, 301, 301
302 DU 40 K = KK, LAST
400 SF_(BDELTA(léELLS + 1) = T(K)) 40, 400, 400
*&{#%;iﬁﬂ**&iiillll*ﬂllii&I**********************************V****
*
# J =1 WILL NEVER SATISFV THE SEARCH CRITEKRIA
* . .
BB T A B RN B 4 B 40 0 B G0 0 3 0k e ok o ook i o oo ik ol e ok e ok 30k g ke s 3k e e 3ol e o ok 3 v o ok o
401 J = J + 1
IF (TOELTA(J) - T(K)) 401, 110, 110
110 IF (T(K) + DELTA/2.,0 - TDELTA(J)) 410, 410, 420
410 SUM(J =~ 1) = SUM({J = 1) + ENTGRL (NyLAST,KyUa0 40453 NUMLAGy 1.0)
GU - TO 460 '
420 TT = (TOELTA(J) = T(K)})/DELTA ]
SUM(J = 1) = SUM(J = 1) + ENTGRLINJLAST,KyOeUy TTyNUMLAGy L.0)
IF (J - 1 - ICELLS) 450, 460, 460
450 SUM{J) = SUM(J) + ENTGRLANJLASTyK,yTT 0.5y NUMLAG,1.0)
460 IF (TDELTA(J = 1) = T(K) + DELTA/2.0) 48U, 480, 490
4RO SBM{A ;Ol) = SUM{J = 1) + ENTGRLINSJLAST3Ky-Ue55004NUMLAG,1,0)
490 TT = (T(K) = TDELTA(J = 1))/DELTA
SUM(J = 1) = SUM(J - 1) + ENTGRL (N LAST yKy=TT4040,3NUMLAG, 1.0}
IF (J. - 2) 40,4 40, 500
500 SUM%J - 2) = §UM(J - 2) + ENTORLUNSLAST, Ky=Ua5,y~TTy, NUMLAG, 1.0)
40 CUNTINUE
RETURN
END

SUBROUTINE LINFIT(X,Y 1GMA
3 33 8 *a»u*ni#&na«»ﬁ#*#&It*;‘S}&*m*lttlI)éx[ﬁ:;giggiu
#ax LINFIT  #xx%

#

#*

®

: SUBRDUTIN& TO FIT LEAST SQUARES STRAIGHT LINE

R R R R R R R N R e N R LT
BéMEN%I?N X{EOO)qY(300)1TY(300),SIGMAY(300)

©owWi(iy=1, 07(STeMAY (1) =STGMAY (1))
5 CUNTINUI:

% AR %3
?

DATA POINTS = N

DATA TIME SCALF = T

NUMBER OF DATA POINTS = S

LAGRANGIAN TYPE USED = MLAG

NUMBER -OF CELLS IN PA RTITION OF PARTICULAR DETECTUR
DISTANCE TU PAR ICULAR DETECTOR = D

D1y SUM)

PCELLS

DATA PDINTS

B4R g AF 3 4R B 4 3 46 3 3F 3 3F 26 36 31 38 40 48 30 4 3 N0 K e 30 o 3k ok ek A o e e xR R g e e R R e ko

VERSUS TiME AND FNTERSLEHOSE NUMBERS INTO THE ARRAY SUM

So de oy vle e
se R e

”w(ﬁuu)

e vie 8 .
Feske ik

SUML0G0O0L

2 %
&R

=

3t 36 36 3 3% 36 3F 3 3 3% 3 3 3¢ 3F 3 dF 3 3t

I

RS
SUML0O00 2
SUMLO003
SUMI0O00&
SUM1 0005
SuUM1l0006
SUMLIO0O07
SUMIOO0R
SUMLOOOY

*
4
3

SUMLO
SUMlOOZ?
SUMLO02A
SUML0029
SUML 0030
SUMINN3 ]
SUML 0032
SUM10033
SHM1 0034
SUML0035
SUML 30 3A
SHMY0037
SHM1 0038
SUM10039
SUMlooan
SUMEOO4 L
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H. LINFIT Theory

Suppose Y1s Ygs ***s ¥, are the values of a measured quantity y
: witb e;perimental'errors'OYi, ;orrespopging to the values X1s Xp, tt 0,
X, of anothér quantity'x with no experimental errors. Assume also that

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)

1 2 |
=) 2 - A - Bx)“, (@
} -’g-osz Og mA-Bxglms

is minimized. The normal equations, obtained by differentiating Q with

respect to A and B and setting these derivatives equal to zero, are

g wo(yg - A-Bx) =0
Z wx (y, - A-Bx) =0 “(3)

where W = 0;2. To make these equations manageable, define the quan-
tities

Sl =1 Ys

s
S, =) wx
X g S's

Syu= g WY o . @



Sxy = gwsxsyS
S,. =) wx 2 - (4)
XX S s's o
Then Eq. (3) becomes
Sy - AS1 - BSx =0
Sy = AS, - BS, =0 . 5)
Solving for the coefficients A and B,
A=L@ss. -ss. )
A yoxx T Oxxy
B=L(s5_ -55) )
‘ Alxy Xy v 7
where
} o2
A= Slsxx Sx .
The errors in the quantities A .and B are found using (YOU 62,
p. 123)
2
5.2 = ° Sxx-
A A
2 0281" _
e
where
21 , . 2
o“ = N-z wlyg - yg (fitted)]”

‘all modified for the.case of unequal weights. Because T=-1/B, it
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follows that'. |

= 2 5.
o, =T op

@ w ( wylyg - yg(Fitted)]?)
S s _ '

(8)

T

| N W) (-Z. wsxsz). - N wsxs)z'
s 7 s s

This is the quantity computed by subroutine LINFIT for program ANALZ.
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