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CASCADE EFFECTS IN LIFETIME MEASUREMENTSY

Burshtein, E._nv Kazantsev, m...nv Rudakova, .H..S Verolainen, <~...5 St. Petersburg

The cascade effects in the lifetime measurements are discussed. Theoretical
study and experiments with the complex T-metric set up showed that the role of
the cascade effects in the delayed coincidence and the Hanle effect experiments
are principally different. These cascade peculiarities may be responsible for the
data scatter obtained by the different experimental techniques.

I INTRODUCTION

A host of experimental data on the radiative lifetimes () of excited atomic
and ionic states which appeared in the last two decades indicate a constant need
for the reliable values of this atomic constant. Many new experimental methods
were elaborated and the known techniques were refined to get the most accurate
lifetime data which provide important information about atomic physics, plasma
physics and astrophysics.

All experimental techniques for the lifetime determination may be divided into
three separate groups: spectroscopic methods, temporal decay techniques and co-
herent methods which reflect the difference of physical principles incorporated in
the measurement procedure. Spectroscopic techniques are based on the measure-
ment of the spectral characteristics of radiation of excited particles and usually
provide information about the transition probabilities or the oscillator strenghts
from which the radiative lifetimes may be obtained. The hook method, the ab-
sorbtion technique, the spectral line emission technique and the method of the
natural line width belong to the first group. Temporal decay methods, i.e. delayed
coincidence, beam-foil, phase shift techniques make use of the temporal character-
istics of the decay of population or the zero-order polarization moment (¢()) of a
level investigated after the pulse excitation. The coherent methods (Hanle, level-
crossing, quantum beats techniques) are connected with the Zeeman coherence or
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the polarization moments m.uav of the higher orders (xk=1,2) of the upper level of
optical transitions. A great deal of the experimental lifetimes were obtained by the
delayed coincedence technique under the electron impact excitation, the beam-foil
and the Hanle techniques [6]. The critical comparison of the lifetimes measured by
these methods shows that in a number of cases, i.e. for the 4p Ne I, 9s, 9p and
9d Cs I states [11] and for some levels of the noble gases [8] the difference of the
temporal decay and the Hanle method values exceed significantly the given error
limits. These inconsistencies result from the systematic errors inherent to these
experimental techniques and are not considered in the resulting values. The radia-
tive cascade transitions to the investigating level caused ‘by the nonselectivity of
the electron impact, beam foil or gas discharge types of excitation are known to be
the major error source of r measurements by all the above mentioned methods. By
these means, the study of the cascade processes together with the cascade-free tech-
niques elaboration on the basis of the selective laser excitation are the important
problems of atomic physics.

The aim of this work is to demostrate the role of the cascade effects in the
principally different methods of the life time determination which will facilitate the
comparative analysis of errors in different experimental methods and perhaps will
shed light on the possible origin of the data scatter. One of the most simple ways to
realize it is to perform the delayed coincidence and the Hanle effect measurements
in one object under the same conditions. The electron gun producing a beam of
monokinetic low-energy electrons is a very simple universal object of the kind which
without any changes of construction enables to carry on the delayed coincidence 2]
and the Hanle effect measurements [5,8] in one object under the same conditions.

II. THEORY

2.1. Decay curve accounting for cascade transitions

The radiative cascadings to the investigated level are the dominant error source
in the delayed coincidence technique under the electron impact excitation. The
nonselectivity of the excitation leads to the multiexponential decay of population.
Considering the multilevel scheme (Fig. 1) the time dependence of the intensity of
the spectral line after the short pulse excitation at the instant ¢ = 0 is expressed
by

I, = Z%Auv.bs.wlm?
where

NE() = [Ny - 3

J

Ajx — NP (0)
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Fig. 2. Scheme of the Hanle effect under low energy
electron impact excitation with an account for the cur-

vation of the electron trajectory.

Fig. 1. Multilevel cascade
scheme of population.
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2.2. The Hanle signal shape under electron impact excitation

For the most simple and frequently used scheme of the Hanle ammma Qﬂoﬂﬂﬂ.ﬂh
the cascade free signal shape is represented by the Lorentz omwﬁw _s:a_a M_ om, “_ ih
i i tant of coherence of the studied level k.
determined by the relaxation cons cohe fied level k. Tor th
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f the cascade transfer of the po : :
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; ma ow@“r is determined by the atomic constants of all the levels involved in the
part w

cascade process [4].
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collision chamber, will take the form [7]:

t 8 rj; [ Tty o2 4
L, = ~c\, mm\ dt;e "3 ...\ dige™ " ***sin T.“. + wily + ~
> 0 0o 0 7 r(H)

here s - is the arc length with the Larmour radius r(H) = ¢\/2m/e.\/v/H which
corresponds to an electron with the initial energy V, e, m, ¢ - are the electron
charge and mass and the light velocity, L = (arcsin I/r).r - is the total arc length
of the curve which represents the electron trajectory in the excitation chamber of
an electron gun with the length ! (Fig. 2). Calculating the integral (2) we have for

the case | < r:

{ 2 zizE — 1 ? zj + xx

Iy .
ﬂ.wwnm-dﬂx_.N be 2 cn_za.wV:._uHmv B ﬂc+8_‘wx~+8wv

= AT,

I,
(3)
where Tk = Mr&..a\ﬂu..w.

The polarization moment formalism is the most simple way to get the cascade
signal shape for the multi-cascade case [4] (Fig. 1). The polarization moment for
the sub-ensemble of particles which corresponds to the differential of the arc length

ds (Fig. 2) will take the form

3 ) oz _s ] qw
= MAIC.:+.F+3+H\A.;M.~. +1) ﬁ Ji J; zv Ma. baﬁ ?, - NﬂL Nw..bo
j=t J j Je Je 1 (T — 2iw;)(Te — 2iwy)

Here M is a number of cascade routes to the level k, J;, J; are the momenta
of the j and k states, ﬁ...bmav is the polarization moment of the upper state j in
the collision frame of reference with the axis directed along the velocity vector of

electrons, UM“W ?_ o N.MML is the Wigner matrix accounting for the transfer to the

laboratory frame of reference.
The total intensity of polarized monochromatic optical radiation gathered from

all the collision chamber and caused only by the cascade process will be determined

as
L
11 « (=) g(x)
I,=B [ ds) (2c+1 —1)7depi”
e \cv v.aLA K-+ vﬁ.\w Je .\Vﬁ v kP IaAmv,V,

where Omav?»v is the observation tensor with the non-zero components in the

= —1/v/3,8? = ~1/1/30,8? =

laboratory frame of reference expressed as GMS =

GMNW Hy\w/\wm.&mmmnrozcamlnm_nosmnmzo.E:m:wmownra intensity of the
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2.3. 1
Ocsvm:.wn:.\m role of the cascade effect in the delayed
coincidence and the Hanle methods

The peculiarities of the casca

The decay curve in the delayed coincidence
ways represented by a sum of many cascade
(I). The resolution of this decay curve into
orrect problem which brings systematic errors
Only for the small number of cascade transitions

Ve expansion may be rather high and the reliable
Ajk may be obtained.

ase is al

8

On the other hand the cascade part of the Hanle signal for a small number
of cascade routes may be sufficient and will cause uncertainties in the lifetime
determination. It is because of these cascade features that the simultaneous use of
these two methods appears to be advisable. This complex approach will enable to
investigate in detail the characteristics of the delayed coincidence and the Hanle
signal shapes which will facilitate the accounting cascade errors.

III. EXPERIMENTAL PROCEDURE

The scheme of the complex T-metric experimental set-up is given in figure
4. Atoms were excited in the collision chamber of the electron gun (I) generating
a collimated electron beam with the average electron current density of 1 - 10
mA /cm? and the energy straggling of electrons was not much.more than 1 eV. The
electron gun consisted of the indirectly heated oxide cathode, three grid anodes
and a collector, mounted in a glass bulb. The electron impact excitation was inside
the collision chamber with the length of 1-2 cm which was between the third grid
and the collector. The electron gun was connected with the vacuum system and
was filled with noble gases of spectral purity. The pressure was measured by the
McLeod gauge. Light from all the collision chambers was projected on the entrance
slit of the grating monochromator (2) orthogonally to the electron beam. Thus the
electron beam axis was parallel to the entrance slit of the monochromator. The
grating monochromator selected the investigated spectral line which was detected
by the photon counting scheme with the help of the photomultiplier PEM-79 (3).
The signal from the photomultiplier was amplified by the broad band amplifier (4)
and entered the discriminator (5) with the dead time of 80 nsec.

The temporal analysis of radiation by the complex experimental set-up was
performed using the delayed coincidence principle. The electron gun in this case
operated in the pulse regime. The pulse signal was delivered to the entrance of the
time-amplitude converter (c) and finally to the multichannel amplitude analyser
(7). The time scale of the converter changed from 100 nsec to 10 mcsec. The
electron gun for the temporal decay measurements was governed by the pulses
from the generator (8) with the duration of 10-200 nsec, which were the start
pulses of the time-amplitude converter. .

For the Hanle technique measurements the electron gun operated continuosly.
The magnetic field was applied by the Helmholtz coils (9) orthogonally to the
direction of observation and the axis of the electron beam. The linear polarizer
(10) was mounted in the optical channel and its axis was directed parallel to the
electron beam. The magnetic field strength was changed periodically in a stepwise
saw-tooth way with the period of 2.5 sec. Such a signal was formed by the special
signal processing unit (II) and was amplified by the power amplifier (12). The same
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Fig. 4. . i
g- 4. Scheme of the complex r-metric set up on the basis of the electron gun
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IV. RESULTS AND DISCUSSIONS

The complex stud

b .
I it e Y by the delayed coincidence and the Hanle methods was

2p- neon and some states of Kr11. The population decay curves
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Table 1

Lifetimes 7 (nsec) and the cascade shares for the 2p neon levels at the electron beam
excitation with the energy 35 eV

Level  A(nm) . * C(%) & (Hanle) et
2ps 626.6 25+3 115 14 19.5+0.8 19.940.4
2pe 614.3 24+2 175 10 19.1 +1.2 19.74+0.2
2ps -~ 640.2 2614 273 13 18.0+ 0.6 194+ 0.6

) Bennet, W.R.,Kindlmann , P.J.: Phys. Rev. 149 (1966), 38

for the neon 2ps, 2ps, 2py levels showed the strong cascade transitions under dif-
ferent energy of the exciting electrons exceeding the excitation potential of the
upper level. The attempt of the expansion of these decay curves on the different
exponents led to the apparent 7, values which exceeded significantly the same val-
ues obtained in [1} under the threshold electron impact excitation (see Table 1).
In the Table 1 we denoted 7' as the apparent lifetime of the k level obtained for
the two-exponential decay model 7* as the effective decay constant of the cascade
component, C as the share of the Aj; spectral line intensity caused by the cas-
cade component, C = Ajr/(7: — 7j). The estimate of the cascade share C was
made by the resolution of the decay curve for the excitation electron energy 30
eV and the pulse duration of 20 nsec. It was found to be rather high (10-15%)
and we supposed that the multicascade case takes place for the neon 2p-states.
The lifetime determination making use of the complex decay curves appeared to
be a difficult problem. To get the accurate 7; value we increased a number of the
cascade components in the decay model and this decreased the difference between
the measured lifetime and the threshold value, although these values still remained
unequal [10]. A special study of the decay kinetics of the neon level 2pg performed
in [3] indicated that the complete decay model of this state under the electron e-
nergy exceeding the threshold energy comprises 13 cascade channels. Therefore the
accurate study of the temporal characteristics of the excited states by the delayed
coincidence technique under the nonthreshold conditions with an account for the
cascade processes is a rather difficult problem.

The same 2p - states were studied by the Hanle technique for the energy of
beam electrons exceeding the excitation potential of 2p - levels.

Taking into consideration that the effective decay time constant of the highly
excited levels estimated by the delayed coincidence method was about 100 - 200
nsec (see Table 1), the Hanle signal shape of 2p neon level did not show any visible
cascade distortions and appeared to be cascade-free (Fig. 5).
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Fig. 6. Cascade picture for the Krl1 level 5p" F°(a), decay curve of the line 4577 >Qwﬂw¢
eV, Pk,.=50 mTorr) (b): 1 the decay component of the 5p FO level, 2 the cascade decay

component, the cascade Hanle signal shape #u»_ for the line 4577 A at E=80 eV and
Py =30 mTorr (c) (points are theoretical).

experimental set-up. The errors of the lifetimes of highly excited cascade parent
levels are determined entirely by the statistical scattering of data not exceeding
30%. .
The Hanle signals for these states were also studied. The strong narrow Hanle
signal components were observed, the width of which did not correspond to the
natural width of the upper state of the studied transition. We explained the reason
for these narrow components as the alignment cascade effect under the electron

beam excitation.
This conclusion was supported by the fact that the general feature of the Krll

cascade components were in accordance with the theoretical description of the
phenomenon. The delayed coincidence study showed that in this case only a small
number of cascade transitions exists (Fig. 6a) and its influence upon the Hanle
signal shape even for the low cascade population shares (Table 2) may be high,
because the cascade compensation in this case is not possible. The correlation
between the intensities of the cascade components hmuy_ and the momenta of the
cascade parent levels was noticed to be in accordance with our concept. Comparing
the cascade situation for the Kri1 spectral lines 4355 A(Fig. 6) and 4765 A we see
that ~._mm_ (4765) is more than N.wm_ (4355), despite the higher cascade share for the
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Table 2

Relative lifetimes (x),decay constants of the cascade components (t*) and the cascade
shares (C) for some Kril levels under the electron impact excitation with the energy 30

Table 3

Values of mean lives of atomic levels in neon 1.

eV

Level  A(nm) 7 (ns)  r* (ns) C(%) Y 2 Y
5p°Py, 4437 82+ 06 75 0.9 8.49 % 0.75 7.0
5p°DS,, 4762 8.7+ 07 69 1.2 869+035 82405 6.6
5p°D3;, 4619 83406 . 92 1.6 8224033 80403 638
50'S3,, 4145 84407 104 1.4 8.31 + 0.33 5.3
5p'DY;, 4431 78406 72 2.5 8.12 + 0.81 6.4
5p' DY, 4765 83+ 0.7 137 2.2 1018 £ 0.40 8.2
50'DY;, 4355 80408 75 5.6 770£015 7.0+07 6.1
5p°F, 4517 89+ 09 43 3.2 835025 81405 7.1

H Donnely , K.E, Kindlman , P.J., Bennet . W.R.: JOSA 63 (1973), 1438.
3 Fonseca » V., Campos, I.: J. Phys. B 15 (1982), 2349.
* Spector, N., Garpman , S.: JOSA 67 (1977), 155.

line 4355 A(see Table 2). The cascade parent levels for the line 4355 A have the
momenta J;=5/2, 7/2, 9/2 thus the partial cascade compensation of ~Wy_ (4355)
took place. For line 4765 A Ji=17/2,5/2, 3/2, all the cascade deposits (see formula
(4) have the same signs and ~.mw~ (4765) is much more pronounced. This idea is
supported by the cascade effect for the lines 4619 A and 4633 A. Again the small
cascade share but the favourable momenta of the cascade parent levels (AJ;=0,
+2) give rise to the great magnitude of &m. because the cascade polarization shares
do not compensate each other.

The theoretical cascade Hanle profile Nmm_ was compared with the experimental
signal for the Krl1 line 4577 A(Fig. 6c). The relaxation constants of the cascade
parent states measured by the delayed coincidence technique (Table 2) were used to
calculate the cascade part of the Hanle profile Nwm_ﬁmv with the help of the formula
(4). We supposed that the population relaxation constant was close to the aligment
relaxation constant for the low pressure range used in our work. The g; - factors
were obtained from the tables [9). The comparison of the theoretical curve with
the experimental Hanle signal profile (Fig. 6c) showed good agreement,.

Our concept of the role of the cascade effect in different techniques of the
lifetime determination and the influence of this effect on the resulting accuracy of
the experimental data is also supported by the analysis of the independent exper-
imental neon lifetime measurements (Table 3). The beam-foil excitation of atoms
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i i conds
Level Mean life in nanose:
Beam-foil 1) DC,electron beam Hanle DC,laser 4) Theory 5)

o A(7 23(2 2) 19.4(8) 3) 17.5(2) 15.2
wﬁ.ﬁmw\m_» NM.oMmW Nwmwé 19.2(10) 6)  19.4(2) www
3p[3/2)  28.9(9) 22(1) 18.2(7) ;.2% o
3p(5/2)2 27.8(8) mm.HMHMW 7) wm.wmw: WW.WMWW R

s 30.5(9 24.0(1 ; .
wwm“w“_ a.cmuwv 26.3(15) 24.6(5) 25.9(4) ww.w
3d[7/2)s 26(2) 8) _c.m
3d[3/2}), 25(2) o
3d[3/2) 7.25(60) 9) 5
w“m.w\mr_ e 21.5(20) 10) 17.7
m%E“ 37(7) 1) 34.7

D Denis, A.,Desesquelles, J.,Dufay, M.: Comp. rend. B 266 (1968), 1016.

2 J.Z.: Phys. Rev. 141 (1966), 181. .
3) M—oo”h.«., am\—.w.. vasw:amA: » S.A., Matisov, B.G., Polezaeva , N.T:

. Phys. A 322 (1985), 25.
9 w:wmw_moao s .H;AOono , C., Fukuda, K.: Phys. Scr. 26 (1982), 443.

®) Gruzdev, P.F., Loguinov, A.V.: Opt. and spektr. 45 (1978), 1050.

) Garrington , C.G.: Nucl. Instr. Meth. 110 (1973), 285. 0671, 326
7} Osherovich, A.L., Verolainen , Ya.F.: Opt. and spektr. 22 (1967), :
®) Kazantsev , S.A., Polzik, E.S.: Opt. and spektr. 41 (1976),1092.

®) Lawrence, G.M., Liszt, H.S.: Phys. Rev. 178 (1969), 122.

19) Kazantsev, S.A., Eiduk , V.I: Opt. and spektr. 45 (1978), 858.

1) Zhechev, D.Z.: Phys. Lett. (Franc.) 43 (1982), 67.

is known to induce all the possible cascade transitions with a E.NEE:E mﬁob.m;%.
The data obtained by this method (see Table 3) o«om& mwmeoawrnm:% the __.mmsmﬂmw
measured by the delayed coincidence method with the selective _mmmn. oxna_nuwsmm_
by the Hanle method and theoretical values: The 3p _m.<m~ .ﬁ_mg ovem_.soa. y ; e
delayed coicidence method under the non-threshold o_anSo.z impact mxn.;me._os N Mo
exceed the results of the same method under the selective laser excitation, the
Hanle method'and the theoretical results. Ou.zﬁ other hand these values mea-
sured by the Hanle method, the delayed no_uo_maznm method under the selective
layer excitation and the theoretical values are in good mmmwm_.:mi.. .M_Sw are m:?»W
that these peculiarities confirm our idea that mon.:::.i casca m.aocnmm.n e ”.03%9%
decay mefhod is mostly affected by the cascading in comparison with the Hanle
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method, because of the cascade compensation of the total cascade share of the
Hanle signal ﬁwu

A contrary relation between different experimental and theoretical lifetime
values is typical for the highly excited nd neon states (see Table 3). For these
states a better agreement between the theoretical and the delayed coincidence
values takes place. But the results of the Hanle method for nd neon states are
systematically greater. It is known that the number of the cascade transitions to
the nd states is much less than to the np states. .

So, the total cascade compensation of the cascade share of the Hanle signals
for the nd states Nww_ is impossible. The results of the delayed coincidence method
for this case of the limited number of the cascade transitions are closer to the
theoretical values than the same results of the Hanle method.

V. CONCLUSIONS"

The neon and Kri11 complex lifetime measurements show that the role of the
cascade effects in the delayed coincidence and the Hanle techniques is different. In
the first method the radiative cascades for many cascade routes always strongly
affect the decay curve and make the correct estimate of the decay curve distortions
too difficult. Therefore the cascade errors of the measured lifetime in this case
may be high. The resulting effect of the alignment cascade transfer depends on
the number of cascade transitions, its relative contributions and momenta of the
cascade parent levels. In the case of many cascade routes the cascade distortion of
the Hanle signal may be small because of the compensation of cascade contributions
by each other. We believe that apart from the development of the cascade-free
methods the improvement of the experimental techniques founded on the electron
impact excitation or the foil excitation will be of the complex use of the temperal
decay and the coherent methods.
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KACKAJIHBIE E®®PEKTHI B HBMEPEHIHA BPEMEH YKHU3HH

O6cyxpaloTcs xackajunie eddexTH B HIMEPEHEIX BpeMeHE XEIHE. .H.novoa—:nnnom
HCCHEOBAHHE H €XCHEPEMEHTH, HOlydeHHEIEe C IOMOLBIO XOMIIEKCHOR T-H3MEPATENbHOR
YCTaHOBKH, IOXA3ANH, ITO POIb KacKafHHX e(PpPHEETOB B eXCiIEpEMEHTAX IO 3afePHKKE COB-
nanenns ¥ eGdexta Xanne npEHHENEATLHO PasuiAIHH. Taxme XacKafiHEHe OCOGEHHOCTH
MOXHO HCIONL30BaTh HIff B Ka¥eCTBEe HHCHEPCHE PE3yNbTATOB, NOAYIEHHBX C MOMOUILIO

PAaBHEIHLIX eKCHCPEMEHTANRHHX METONROB.
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