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Abstract

Lifetimes of excited levels in P I-P V. L. J. Curtis (University of Toledo
Toledo, Ohio, USA) and I. Martinson and R. Buchta (Research Institute
for Physics, Stockholm, Sweden).

Physica Scripta (Sweden) 3, 197-202, 1971.

We have studied the beam-foil spectra of phosphorus between 600 and 2 200
A and measured radiative lifetimes for 21 excited terms in PI-P V. We
discuss the merits of several methods for evaluating the decay constants and
compare ‘the results with theoretical transition probabilities as well as with
recent experimental studies of oscillator strengths in the PI, SilI, All,
Mg . and Na isoelectronic sequences. '

1. Introduction

A program of systematic studies of oscillator strengths in the
Nal, Mgl, All Sil, and P1I isoelectronic sequences is under-
way at the Research Institute for Physics. The method of beam-
foil spectroscopy is being used, and the results for Na, Mg,
Al, and Si in various stages of ionization have been reported
previcusly [1, 2]. In this paper we discuss the extension of the
work to phosphorus, which also has been studied by Andersen
et al. [3] with the beam-foil method. Whereas Ref. [3] in-
vestigated the air region, the present paper places the emphasis
on the v.u.v. Because of the limited resolution in beam-foil
spectra, especially at moderate beam intensities and low particle
velocities, we present no wavelength analyses but have concen-
trated on decay measurements of excited levels, in particular
those which combine with the ground state by resonance transi-
tions. For such low-lying states, experimental investigations are
valuable, since the theoretical calculations are complicated by
configuration mixing effects.

The possibility of various systematic errors in decay-time
measurements with the beam-foil method has been emphasized
recently [4]. The most serious of these uncertainties is probably
the cascade repopulation of the decaying level under study. We
have applied several results of recent analyses [2, 5, 6] to reduce
such uncertainties and have also developed new approaches for
deducing more reliable lifetimes from the measured decay curves.

2. Experiment

Beams of P++ and P+++ were obtained from the 80 kV isotope
separator of the Research Institute for Physics. Typical beam
currents were 1-2 pA. We used 10 pg/cm? carbon foils to excite
the ions and dispersed the radiation after the foil with a 1-meter
vacuum monochromator, equipped with a Bendix Channeltron
(600-1 000 A) or a sodium salicylate coated EMI 6 256 photo-
multiplier (800-2 200 A). We also recorded a few spectra between
3000 and 6 000 A, using a Jarrell-Ash 0.25 m monochromator.
The pulses from the detectors were fed into an ELSCINT single
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channel analyzer, the ratemeter of which was used for spectral
scans. Decay curves were obtained by pulse-counting for equal
times at various points downstream from the foil, while the beam
current was held constant to within 5%. Every lifetime was
measured until at least three reproducible decay curves were
obtained.

3. Decay curve analysis

We used several alternative techniques to extract lifetimes from
the decay curves obtained. These methods could greatly reduce
the uncertainties which arise from cascade repopulation, subtrac-
tion of random noise, line blending, and statistical fluctuations.
We applied new and exact analytical methods, as well as refine-
ments of the traditional curve-fitting techniques. Cascade contri-
butions are expressed in terms of the replenishment ratio, R(z)
which is defined in Ref. [5]. Its role in curve fits is described in
Ref. [6] and in cascade analysis in Ref. [2].

3.1. Cascade analysis of integrated decay curves

Wherever possible, the decay curves of various correlated levels
in a decay scheme were measured under similar conditions. In
addition to the obvious advantage of allowing cascade lifetimes
to be traced, this permits the use of an exact cascade analysis
technique, introduced and discussed in Refs. [2] and [6]. By this
procedure arbitrarily normalized primary and cascade decay
curves can be integrated over various intervals to generate a
family of linear relationships between the primary lifetime
7, and the initial replenishment ratio, R(0). If a single cascade
dominates, both 7, and R(0) can be determined by the inter-
section of a family of lines on a 7, versus R(0) plot. As an example
of this technique Fig. 1 shows a diagram obtained from the
decay curves of the 3s3d%D term in P IV and its cascade from the
3s4p3P term.

However, in many of the cases studied here, the cascade
transitions were either heavily blended with (or masked by)
other lines, or they fell outside our detectable wavelength region.
Therefore other techniques were developed, which increased
the amount of information extracted from the primary decay
curves.

3.2 Differentiated decay curve analysis

In several cases the primary lifetime, obtained from curve fits,
is very sensitive to uncertainties in the fitted values of the longer-
lived exponentials and to the background subtracted. Further-
more, it is difficult to obtain an accurate value for the random
background, since it may contain foil- and beam-associated
components, and therefore can be confused with long-lived

Physica Scripta 3



198 L. J. Curtis et al.

0 T T T T T ?
0 0.2 0.4 0.6

-R(0)

Fig. 1. Graphical solution of the linear parametric relationships between the
lifetime and the replenishment ratio of the 35343D term in P IV, generated
by cascade analysis. Each line represents a separate choice of end points
for the integration of primary and cascade decay curves.

cascades or blends. However, the average random background
should be the same for all data points, since data were accumulated
for equal times while the beam current was kept constant. Thus
the intensity I”(z), which may contain blending and random
noise in addition to the desired decays, should have the form

I(t) =%, C;exp (- t/r) + B Q)
If we compute the derivative,
dI[dt = —Z,(Cyfv;) exp (~t/7) 2

we notice that the background contribution B disappears in the
differentiated form and the long-lived exponential coefficients in
the admixture are decreased in accord with the appropriate
lifetime ratios. Thus, in the absence of growing-in cascades or
blends with lines from shorter-lived levels, differentiation of the
decay curve should make the lifetime of the level studied, ,,
more dominant. Many of our decay curves were sufficiently
accurate, and the data points sufficiently closely spaced, to permit
numerical differentiation once, twice, or even three times. As an
example, the original and differentiated decay curves of the
3p24s*P term in P I are shown in Fig. 2. Note that the same
exponentials occur in both curves, but in the differentiated
curve the flat background has vanished, and the cascade contribu-
tion is reduced by a factor which equals the ratio of primary to
cascade lifetime.

3.3 Logarithmic derivative analysis

In some cases the fluctuations in the tails of the decay curves
introduced uncertainties into curve fits even when cascading
was rather light. Here it was often possible to extract the lifetime
from a study of the behavior of the logarithmic derivative of the
decay curve (freed of background and blending contributions)
near ¢ =0, with the tails entering only through a determination
of the replenishment ratio. The population equation for a repop-
ulated level, '

dN,/dt =2, Ni(t)Ail - N 3)
can be rewritten in terms of ;the replenishment ratio R(¢) as

dN,/dt = [R(t) — 1] Ny(8)/7, ‘ [e))
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Fig. 2. Exponential fits to the measured decay curve and its numerical
derivative for the 3p%4s*P term in P I. Both curves contain the same expo-
nentials, but in the differentiated curve the background has vanished and the
relative cascade contribution has been reduced by a factor of 4.8/29.

and solved for 7, in terms of the logarithmic derivative of the
population N,(¢), or equivalently, its decay curve I,(#), since both
have the same time dependance. This gives

71 = [1 = R()/[ - d(In 1,)/dz]. (%)

If a portion of the decay curve can be found where the logarithmic
derivative can be reliably calculated numerically, and where the
replenishment ratio is only weakly sensitive to the primary lifetime,
then Eq. (5) can be used to extract the lifetime. Table I lists the
logarithmic derivatives and replenishment ratios (obtained from
a preliminary curve fit) for the decay curve of the P IV 3s3p'P
term, as a function of distance from the foil. Notice that whereas
the logarithmic derivative and replenishment ratio vary widely,
the value of 7, obtained from Eq. (5) is quite stable.

3.4, Data averaging

The less favourable signal to noise ratio on the tails of our decay
curves could often cause substantial statistical uncertainties in
the lifetimes obtained from curve-fitting. In the region of wave-
length overlap between the Channeltron and the phototube, we
found that the former gave more reliable decay curves. In spite
of lower quantum efficiency, the fluctuations on the tails were
very much reduced with the Channeltron, due to its low noise.
The statistical fluctuation of a signal S, obtained after the subtrac-
tion of a background B, is AS =(S +2B)}, and S/B often varied
from 10* to 10! for the measured decay curves. Since uniform



Table I. Determination of the mean life of the 3s3p'P term in PIV
from values of the logarithmic derivative and replenishment ratio at
various distances from the foil

x (mm) R® —d (In I)/dt (ns™Y) 7y (ns)
0.125 0.222 3.58 0.217
0.375 0.400 2.73 0.219
0.625 0.603 1.82 0.221
0.875 0.760 0.94 0.255
1.125 0.820 0.59 0.264
1.375 0.900 0.52 0.192
1.625 0.905 0.39 0.230
1.875 0.918 0.38 0.242
2.125 0.920 0.30 0.265

statistics would require prohibitively long counting times, we
chose to keep the counting time constant and to improve statistics
on the tails by a selective averaging process.

The decay curve tails are dominated by exponentials corre-
sponding to lifetimes greater than the spacing of the data points,
At. Therefore, appropriately far on the tails, we averaged each
data point with those adjacent to form

I(t) = [I(t — At) +nI(t) +1(t + AD)(n +2) (6)

In general, n was set equal to one, but when a derivative was to
be performed, it was given some other value so that the difference
quotient would involve serveral points. When the intensities
conform to multi-exponential forms, the error introduced into
the functional form by the averaging is of second order in At/z;,
but care must be taken that fluctuations are not smoothed into
non-physical bumps.

4. Results

Fig. 3 shows two examples of the spectra, obtained with the sali-
cylate-coated photomultiplier. The lower section has been taken
at 140 keV (using P++ incoming ions) and the upper part was
obtained when 240 keV P**+ ions were sent through the foil.
(Singly-charged ions were also available, but at 70-80 keV the
foils could be bombarded only a few minutes before breaking.)
The wavelengths and ionization states of the strongest lines have
been indicated. We notice that several P I transitions are quite
prominent at 140 keV and they can also be clearly seen at the
higher energy. Also P II and P III transitions can be conveniently
studied at either energy, whereas the higher energy favoured the
production of PIV and PV transitions. It is interesting to notice
that the P V transitions are so prominent in the spectra at these
low energies (cf. also Ref. [3]). A comparison of our work with
the Si-study of Berry et al. [2] shows that in both cases it was
very easy to ionize all but one of the n =3 electrons, leaving the
bound one in an excited state.

In the following we give a more detailed discussion of the
transitions observed and the lifetimes measured.

PI

While our spectra showed all expected doublet transitions be-
tween the 3p®, 3p*3d, and 3p* configurations, the most intense
doublet transition was that at 1859 A (3p*2D-3p*4s2D). In the
quartet system several resonance lines were observed, of which
the 3p®4S-3p24s*P multiplet around 1780 A was particularly
strong at lower energies. For these two strongest lines we followed
the intensity decays. Table II gives the results of our lifetime
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Fig. 3. Survey spectra, obtained with a salicylate coated photomultiplier. The
lower scan was made with 140 keV incident ions and the upper with 240 keV
incident ions. The strongest phosphorus transitions have been indicated by
wavelength and ionization state. Note that the gain is different between
1330 and 1350 A in the lower scan.

measurements, whereas the corresponding oscillator strengths
are shown in Table III. The 1 859 A decay curve was decomposed
into two exponentials, the steeper of which corresponds to a life-
time of 3.6 +0.4 ns for the 452D term, which is slightly longer
than the experimental value 2.9 +0.4 ns, obtained by Savage and
Lawrence [7], who used the phase-shift technique. Lawrence [8]
has also made intermediate-coupling calculations for this transi-
tion and found a theoretical value of 2.89 ns for the 452D term.
We tried several analytical methods for the decay of the 1 780 A
line. Fig. 2 shows that the differentiated decay curve made it
possible to eliminate the background and follow the decay
over a longer time interval. Our lifetime of 4.8 +£0.5 ns is in good
agreement with Lawrence’s calculated value, 4.6 ns [8] and in
reasonable accord with the previous experimental number,
4.0+0.5 ns [7]. The main cascading into the 4s*P term is from
the 3p*4p1S, *P, and *D levels, which have estimated lifetimes of
30-50 ns [9], in fair agreement with our cascade lifetime, 29 ns.

PII

The strongest P II transitions in the beam-foil spectra were com-
binations between 3p® and 3p® configurations. The singlet tran-
sitions were still fairly weak, whereas the corresponding triplet
transitions showed higher intensities. It is interesting to notice
that the 3p**P-3p*sD multiplet (I 532-1 543 A) which was quite
intense in Martin’s spectra [10], only was moderately excited in
the present work. This apparent discrepancy may be due to our
long mean lifetime of the 3p®°D term, 45+10 ns. Savage and
Lawrence [7] obtained a still higher value, 78 +8 ns with the
phase-shift method. The experimental oscillator strengths for the
3p?3P-3p*®D transition in the Sil isoelectronic sequence show
irregular variations with 1/Z. For SiI the f~value is 0.068 [9] and for
P II we obtained 0.013 +0.003, whereas Ref. [7] gives f=0.0076.
Increased f-values can be noted for SIII (f=0.022), Ref. [11],
and for C1IV (f =0.044), Ref. [12]. It would be interesting to study
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Table II. Radiative lifetimes in PI-PV

Lifetime of upper level (ns)

Cascade
Wavelength Other Lifetimes Replenishment

Spectrum A) Transition This work experiments Theory (ns) ratio
PI 1 859 3p% 2D -3p%*4s 2D 3.6+0.4 2.9+ 0.4% 2.89% 23 0.15
PI 1780 3p34S —3p2ds 4P 4.84+0.5 4.0+0.5% 4.60° 29 0.18
PII 1308 3p23pP -3p% 3P 9.0+0.5 6.4+ 0.8% — 0.00
PII 1539 3p23pP -3p® 3D 45+ 10 78+ 8% — 0.00
PII 1 880 3p® 1D -3pdf 'F 2.84+0.3 14 0.14
PIl 4 599 3p4p3D-3p4d 3F 5.0+04 5.0° — 0.00
P III 920 3p2P -3p22P 0.20+0.05 0.7; 6.5 0.13
P I 1341 3p2P -3p*?D 14+2 0.7lc'd; 120¢ — 0.00
PII1 1 380 3p%2D -3p32D 1.8+0.4 — 0.00
PIII 1502 3p22D —4p°P 2.84+0.2 3.1/ 427 0.5 1.4
PII 1618 3d®D -4Af%F 0.7040.15 3;15 0.23
PII 784 3p24P 3p4stP 0.5+0.2 35 0.25
PIV 951 3521S -3s3plP 0.22+0.02 0.254%9 1.7; 18 0.15
PIV 1 889 3s3ptP-3p®D 8.2+0.8 — 0.00
PIvV 756 3p2iD -3p3d iph 0.5+0.3 0.30%¢ 0.9; 6 0.30
PIV 826 3s3p3P-3s53d °D 0.361+0.05 0.215%¢ 1.5;3.3 0.25
PIV 877 3s3d3D-3s4f3F 0.4+0.1 1; 13 0.36
PIV 1030 3s3p3P-3p2 3P 0.324+0.03 0.33%¢ 1.8 0.06
PIV 1 490 3s3d3D-3s4p 3P 1.1+0.3 1.9/ 1.25" 3.3 0.13
PV 1121 352§ -3p?%P 0.70+0.15 0.84%1 0.4;2.8 0.84
PV 865 3p2P -3d3D 0.30+0.06 0.27%* 09;5 0.16

% Ref. [7); Y Ref. [8]; °Ref. [9]; ¢ Ref. [22]; ¢ Ref. [14]; f Ref. [3]; 9 Ref. [19]; * Classification based on Ref. [15]. In view of our reclassification

of the 1889 A line, this assignment is uncertain. ° Ref. [18].

this transition in Ar V and higher ions, so as to determine the
maximum of f. Unfortunately this sequence has not been cal-
culated with respect to configuration mixing. Measurements on
the P II multiplet at 1308 A (3p**P-3p**P) yielded a value of
9.0 +0.5 ns, which is longer than that given in Ref. [7]. We also
measured the decays of the 3p4f*F and 3p4d®F terms (Table II).
Comparison with previous work is not possible for the former,
whereas the 3p4d3F lifetime has been estimated, using the Cou-
lomb approximation [9]. Our work and theory seem to give similar
results. However, the probability for the branch 3p?*P-3p4d*F
(801 A) has not been calculated, but according to Martin [10],
this line is relatively weak. There were no indications of this line
in our spectra.

PIII

As Fig. 3 shows, several PIII multiplets could be observed.
Radiative decays were measured for six levels in P III (Table II).

Table III. Oscillator strengths in PI-PV

Absorption oscillator strength

Wave-

Spec- length Other

trum A) Transition This work  experiments Theory

PI 1859 3p3 2D —3p%4s2D 0.15+0.02 0.18+0.02% 0.18?

PI 1780 3p® 4S8 —3p%4stP  0.30+0.03  0.36+0.04% 0.307°

PII 1308 3p23p —3p3 3P 0.029+ 0.002 0.040+ 0.005%

PII 1539 3p2 3P —3p33D  0.013+0.003 0.0076+ 0.0008%

P I 920 3p2P -3p?%P 0.6+0.2

PII 1341 3p2P —3p%2D  0.032+0.005 0.64%9,
0.0033¢

P 111 784 3p%24P -3p4siP 0.18+0.07

P1V 951 35218 -353p'P 1.8+0.2 1.60%7

PIV 1889 3s3p'P-3p*'D 0.11+0.01 0.12¢f

PIV 826 3s3pP-3s3d3D 0.474+0.07 0.796%

PIV 877 35s3d3D-354f°F 0.404-0.10

PIV 1030 3s3p3P-3p%3P 0.50+0.05 0.481%:9

PV 1121 3528 -3p?P 0.804+0.16 0.679

PV 865 3p%P -3d*D 0.63+0.13 0.69%9

@ Ref. [7); © Ref. [8]; © Ref.[9]; ¢ Ref.[22}; ¢ Ref.[14]; 7 Ref. [19];
9 Ref. [18].
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We obtained a very short lifetime for the 3p22P term, 0.20 +0.05
ns, which is near our limit for short decay times. However, this
value was reproducible when various techniques, described in
Section 3, where used. No theoretical f-values for the
3p§£*P—3p2 :P transition in P III are available, but we notice that
our experimental value, 0.6 +0.2, is relatively close to the theoreti-
cal f-value of 0.93 for the same transition in Si II [13]. Of course,
such a comparison can only be a rough estimate, since fortuitous
agreements may occur. The 3p2P-3p?2D transition in the AlI
isoelectronic sequence has been theoretically studied by Weiss
[13], Froese Fischer [14] and others. The thorough analysis in
Ref. [14] shows that the two 2D states, 3s3p® and 35%3d are heavily
mixed for Sill and PIII, which accounts for a very long
theoretical lifetime, 120 ns [14] for the 3s3p?2D term in P III.
Our decay curves showed a weak, rapid component of 1.4 ns,
which we interpret as the contribution from the CII line at
1 335 A, originating from foil-ejected carbon. The main compo-
nent, 14+2 ns, represents most probably the lifetime of the
3p22D term. The discrepancy with Ref. [14] is not too distressing;
Froese Fischer points out that the theoretical f-value may have
a substantial uncertainty, depending on where between Sill
and P III the transition matrix element passes zero. Unfortu-
nately the 3p 2P — 3p?® 2D transition was too weak in Si II to allow
decay measurements [2], but a comparison between theory and
experiment is possible for STV [11] and C1V [12]. Whereas for
S IV the measured 3p22D lifetime is a factor of two shorter than
the theoretical prediction [14], the corresponding Cl V values agree
to within 309%. The beam-foil experiments filargely confirm
the shape of the theoretical f versus 1/Z graph [14], but the
deviations for PIII and S IV may indicate a slightly different
zero point for the multiplet strength. Our measured lifetime for
the 4f2F term of P III corresponds to a probability of 14 x108s-*
for transitions from this level. This transition has been calculated
by Weiss [13] for Al I and Si IT and in both cases the f-values were
found to be 0.5. The P III measurement might indicate a some-
what higher f-value, but since the 4f*F term also can decay to the
displaced system, for example to 3p?2D, no definite conclusions



can be drawn. Our decay measurements for the 4p2P level give
a mean lifetime of 2.8 +£0.2 ns, which agrees with the results of
Andersen et al. (3), who measured the decay of this term to 4s%S
and 3d*D.

P11V

Several P IV transitions were observed in our wavelength range.
The resonance transition 3s*.S-3s3p'P (951 A) was relatively
strong at our highest energy. We also observed a strong transition
at 1 889 A, which according to Robinson (15) is the 3s3p1P-3s3d'D
transition, whereas the 3s3pP-3p%1D combination was supposed
to be at 1640 A. In his study of the SiIIl spectrum, Toresson
(16) pointed out that this assignment is probably in error in P IV.
Using recent classifications of a 1501 A transition in S V [17]
and a 1246 A line in Cl VI (Ref. [12]) as the 3s3ptP-3p?iD
transition, we assign the observed line at 1 889 A to this combina-
tion in P IV. No transition could be seen in the beam-foil spectra
at 1640 A. A few P IV triplet transitions were observed with the
Channeltron and their decay times could be measured.

As Table II shows, several of the P IV mean lives were found to
be comparatively short, but applications of the analytical tech-
niques described earlier were quite successful in reducing the
uncertainties. All reported lifetimes of less than one ns were
determined from both the original and the differentiated decay
curves. The cascade effects were sharply reduced in the differ-
entiated curves. In the case of the 3p?3P term, the decay curve
(1030 A) could be numerically differentiated four successive
times, with cascade contributions reduced further and further,
but each time containing a main exponential, corresponding to a
lifetime of 0.32 +0.03 ns. Logarithmic derivatives were also com-
puted, which confirmed and sharpened the determinations.
Table I gives the logarithmic derivatives and the replenishment
ratios for the decay of the 3s3p P term. We analyzed six separate
decay curves, and each reproduced the dependences shown in
Table I to within a few percent. We also measured the decay of
the 3s3d®D term as well as the lifetimes of its main cascading
levels, 3s4f*F and 3s4p®P. An integrated decay curve analysis
yielded a sharp 3s3d3D lifetime determination, as indicated by the
intersection in the parametric plot in Fig. 1.

Generally we notice good agreement with theory [9, 18, 19]
and consistency with measured lifetimes of other members of
the MgI sequence. Fig. 4 shows the variation of the f-value
with 1/Z for the 35215 —3s3p'P transition. Unfortunately, the
experimental uncertainties are substantial, due to very short
lifetimes, but there is no real disagreement with the calculations
of Crossley and Dalgarno [18] and Zare [19]. A similar graph for
the 3s3pP-3p*iD transition is shown in Fig. 5. The beam-foil
results are in very good agreement with the calculations of Zare
[19] and Weiss [13]. Much interest has been focused on this par-
ticular transition in the MgI sequence, mainly because of the
interference between 3s3d and 3p2'D, which is particularly pro-
nounced around Al Il

Whereas our results for the 3s3p2P-3p?3P transition agree
with theory [18], a discrepancy prevails for the 3s3p*P-353d 3D
transition, for which the experimental f-value is lower Table IIT).
Our oscillator strength for the 3s3d 2D-3s4f *F transition, 0.40 +
0.10 may look somewhat surprising, because the f-values for
3d-4f transitions are ususally closer to unity. However, an
experimental f-value of 0.4 was also obtained for this triplet
transition in Si III [2]. Edlén [20] has discussed in detail the per-
turbations from the 3p3d®F term to the 3snf®F series in AlII.
The location of the 3p3d *F term is not known in PIV and it is
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Fig. 4. Absorption oscillator strength f versus inverse nuclear charge 1/Z
for the 3s® 1§-3s3p'P transition in the Mgl isoelectronic sequence. The
solid line represents the theoretical predictions of Ref. [9]. The experi-
mental data sources are: Mg, Refs. [1], [23]; Al, Ref. [1}, Si, Ref. [2]; P,
this work; Cl, Ref. [12]. The phase-shift measurement [23] is indicated by
a triangular point; the remaining data are from beam-foil measurements.

difficult to estimate its influence on the 3s4f*F lifetime, but the
calculations of Weiss [21] show that for AlII the f-values are
strongly affected.

PV

Transitions from four PV terms, 3p2P, 3d D, 5f*F, and 5g2G
were clearly observed, and we found indications of a few other
PV lines at our highest energy. The resonance multiplet 3s25—
3p®P was resolved into components at 1 118 and 1 128 A, which
had the expected 2:1 intensity ratio, thus indicating that the
blending from the PIV 3s3p'P-3p21S transition (1 118 A)
was not severe. (Also, in the beam-foil spectra of Cl [12], the
Cl VII 3525-3p2P transition at 800 and 813 A was always 10-20
times as intense as the Cl VI 3s3p'P-3p2'S line at 786 A.)
We measured the mean lives of the 3p?P and 3d 2D levels in P V.
Cascade analyses of the integrated decay curves did not yield
well-defined intersections (between 7; and R(O)), indicating that
both the 3p%*P and 3d D levels were fed by cascades from
several terms. However, our curve fits gave consistent results,
and the cascade effects were largely reduced when the decay
curves were differentiated. The effects of configuration mixing

f L3 P 8
015
Mg I-sequence
3s3p'P-3p"D
010}
005

0.08 1/Z

Fig. 5. Oscillator strength versus 1/Z for the 3s3p 1P~3p® 1D transition in the
Mg 1 isoclectronic sequence. The solid line represents the theoretical pre-
dictions of Ref. [9], whereas the data sources are: Si, Ref. [2]; P, this work;
Cl, Ref. [12], all of which are beam-foil measurements.
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are easier to command in the Na I sequence than for the other
sequences discussed here, and the calculations are expected to be
quite reliable [9]. Our measured lifetimes are also in good agree-
ment with the theoretical predictions of Crossley and Dalgarno
[18]. The decay times of the 3p2P and 3d 2D terms in this sequence
have now been measured with the beam-foil technique for all
ions between Nal and Cl VII. The results, which are graphi-
cally displayed in Refs. [2] and [12], show that experiment and
theory are usually in good agreement.

5. Conclusion

In cases where theoretical calculations of f~values have been made,
reasonable agreement exists with our measured values, even when
the measured lifetimes are as short as a few tenths of a nano-
second. The agreement is best for P IV and PV, indicating that
the calculations on the Na I and Mg I sequences have produced
reliable results. Some discrepancies between this work and theory
can be noted for P III, but even here our f-values give at least
qualitative support to recent configuration-interaction calcula-
tions. Our beam-foil data are also in accord with phase-shift
measurements of P I and P II lifetimes. The oscillator strengths
for lines in the Al I, Si I, and P I sequences show often interesting
trends, and more calulations and systematic measurements are
certainly needed.
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