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p, -atomic Lyman and Balmer series were observed in Ti, Ti02, and Mn using a large
high-resolution Qe(Li) detector. While the relative line intensities are, for the most
part, accounted for reasonably well by a cascade model, systematic differences were
found in comparing the intensities in Ti02 and Ti. The 2P-2s splitting was observed for
the first time in muonic atoms.

The use of large high-resolution lithium-drift-
ed germanium detectors' has made it possible
to observe the spectral series in muonic atoms
and to resolve clearly transitions from states
with principal quantum number n as high as 7.
In the present paper we describe intensity mea-
surements made of the Lyman and Balmer se-
ries for titanium and manganese. These ele-
ments were chosen because the Lyman and Bal-
mer lines lie in the interval 200 keV-2 MeV,
where intensity measurements are most con-
veniently performed.

The germanium detector was a large-sensi-
tive-volume (17 cms) coaxial diode' with a res-
olution better than 5-keV full width at half-max-
imum at 1 MeV. It was surrounded by a 24-
in. thick NaI annulus (inner diameter 2-,' in. ,
outer diameter 7-,' in. , length 5 in. ) viewed by
four RCA 6292 photomultipliers. In addition
to the spectrum of all Ge events (& spectrum)
the spectrum of those events not vetoed by an
NaI pulse (&A spectrum) was also recorded.
In the XA spectrum the Compton continuum of
the Ge detector is reduced. The muon telescope

was similar to that of our previous works ex-
cept that two targets were used and stops in
each target were labeled separately in the man-
ner of Cohen et al. Each germanium pulse
following a muon stop was analyzed for pulse
height and for time relative to the stop. ' A
PDP-8 computer recorded this information
and, making use of the measured relation of
time to pulse height for genuine prompt events,
separated events into "prompt" (x-ray plus cap-
ture y-ray) or "delayed" (capture y-ray only)
spectra. Both spectra were then stored sepa-
rately in an ASI-6040 computer. The delayed
spectrum was used to identify the capture y
rays and correct for their presence in the prompt
spectrum. Electronic stabilization of the sys-
tem minimized the drift and permitted the ae-
eumulation of data over long periods of time.
An extended run was made in the case of Ti
to show the spectral lines with good statistics
and to allow fairly precise intensity measure-
ments. The runs for manganese were of much
shorter duration. Ti metal and TiO, spectra
were recorded simultaneously to measure chem-
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ical effects on the intensities as observed by
Zinov et al. '

Figure 1 shows the muonic Lyman and Bal-
mer x-ray series in Ti and Mn. We include
in Fig. 1(e) a spectrum obtained with Fe as
target showing the Paschen series as recorded
in the ~A mode. This spectrum is contaninated
by carbon x rays produced by muon stops in
the plastic scintillators. A capture y ray iden-
tified by comparison with the delayed spectrum

is indicated in Fig. 1(d).
Below each of the experimental spectra in

Fig. 1 are plotted the spectral intensities cal-
culated in the following manner. The x-ray
intensities per stopped muon are obtained from
cascade calculations similar to those by Eisen-
berg and Kessler. ' Starting with a statistical
population in the states with n =14, the cascade
is followed as it develops through Auger and
radiative transitions until the ground state is
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FIG. 1. Comparison of five experimental x-ray spectra with the predicted line spectra. The calculated intensi-
ties were derived from cascade calculations and corrected for target self-absorption and detector sensitivity.
Channel widths: (a), (b) 0.8 keV; (c), (d) 1.6 keV; (e) 1 keV.
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reached. By statistical population is meant
a population proportional to 23+1 for a state
of angular momentum /. We start the calcula-
tion at n =14, because at this value the muon
Bohr orbit falls inside the electron K shell and
electron shielding was neglected in the calcu-
lation. As mentioned in Ref. '7, the choice of
an initial distribution in a particular level is
less artificial than it would at first seem. This
is due to the fact that the population distribu-
tion changes slowly as long as the Auger tran-
sitions, which favor small quantum jumps (n- n —1, i - l + 1), predominate over radiative tran-
sitions. For the elements under consideration
here, this is true down to about n =7. The as-
sumed initial distribution is therefore a char-
acteristic of the whole group of higher levels
and the results are not very sensitive to the
starting value of n. To compare with the exper-
imental spectra the calculated intensities were
corrected for self-absorption in the target and
for the energy dependence of the detector effi-
ciency. The latter was determined experimen-
tally with the help of the radioactive sources
Gd' and Ra ' using the standardizations out-
lined by Ewan and Tavendale. ' The relative
detector efficiency decreases by a factor of
more than 20 between 200 keV and 2 MeV and
we estimate that the relative efficiencies for
lines widely separated in energy are good to
about 25% only. However, as long as we con-
sider only lines belonging to the same spectral
series, systematic errors due to counter cal-
ibration are not very important.

The predicted spectra shown in Fig. 1 were
normalized by making the calculated and mea-
sured z lines equal in amplitude. In the case
of the Fe Paschen series, however, we normal-
ized with respect to the M~ line because of the
uncertainty in separating the M~ line from the
carbon K lines in its vicinity. Only transitions
of the type np-1s contribute to the Lyman se-
ries. In the Balmer series the main contribu-
tion comes from the transitions nd 2p. These-
transitions and ns 2P, whic-h are close in en-
ergy and contribute of the order of 1%, make
up the main peaks of the Balmer series. The
transitions np-2s, however, are lower in en-
ergy (by 11+ 1 keV in Ti and 18+ 1 KeV in Mn)
and have an intensity which is a few percent
of the main peak. They can be seen where the
statistics are good enough and some of these
secondary peaks are indicated in Fig. 1(a) and
1(c). The 2s-2p splitting, which is mainly due

to the effect of the nuclear size, has been pre-
dicted by Wheeler' and, to our knowledge, is
here reported for the first time. The measured
shift agrees well with preliminary calculations
and will be discussed in a forthcoming paper.

The qualitative agreement between the observed
and calculated line strengths, as illustrated
in Fig. 1, is remarkably good. In addition,
there is little, if any, evidence for transitions
from the continuum into one of the lower bound
states.

A quantitative comparison between the pre-
dictions of the cascade calculation and the ex-
perimental results is shown in Table I. The
experimental intensities were obtained by in-
tegration under the peaks in the X spectrum.
The & spectrum, although it has higher back-
ground, was used because the x rays from the
cascade can produce real coincidences between
the Ge(Li) diode and the Nal annulus. These
coincidences cause a loss of counts in the XA
spectrum which can distort the relative inten-
sities in a series by 10-15%. The data were
corrected for self-absorption in the target and
counter efficiency. The intensities were then
normalized to the n line of each series. The
quoted errors include the statistical errors
and estimated uncertainties in the background
subtraction and counter calibration. The K~/
K~ and K~/K~ ratios measured by Johnson,
Hincks, and Anderson' and Quitmann et al."
are in substantial agreement with our values
for these ratios.

In Table I the calculated relative intensities
are given not only for a statistical initial dis-
tribution but for a more general distribution
of the type

X(E) ~ (2i+1) exp(af),

where a is an adjustable parameter. Positive
a gives added weight to states with high angu-
lar momentum and negative a favors states
with low angular momentum, as compared to
statistical distribution.

Comparison of the calculations and the data
for Ti shows that the resolved lines are in rea-
sonably good agreement with the calculated val-
ues for a = 0 and that values of Ia i

)0.1 are un-
likely as indicated by the y"s in Table I. How-
ever, the predicted intensity of the unresolved
lines with n ) 8 is too low by a factor of almost

The manganese data favor the predictions
of the a = —0.1 calculation, although here again
the unresolved higher lines are significantly
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Table I. Comparison of measured intensities with calculated values.

Transition E (keV) Exper imenta I

Intensities -0.2
Calculated intensities for a =

0. 1 0.0 +O. I +0 2

22Ti I yman

22Ti Balmer

25 Mn Lyman

25Mn Balrner

2p- Is
3p- ls
4p- Is
5p —Is
6p - Is

7p —Is
higher K

X
X

3d,s-2p
3p- 2s
4d, s-2p
4p- 2s

5d,s-2p
5p-2s

6d,s-2p
7p 2$

7d, s 2p
8p-2s

higher 1

2
X
X

2p- Is
3p- Is
4p - Is
5p- Is
6p- Is

higher K

X
X

3d,s-2p
3p 2s

4d,s-2p
4p-2s

5d,s-2p
6p 2s

6d,s-2p
7p- 2s
higher L

X
X

94 2 I.000 + 0.005
1122 0. 102 +0.003
1189 0, 031 +0.004
1220 0.036 + 0.003
12 36 0.041 + 0.003
1246 0.023 + 0.004

1253- 1274 0.099 + 0.005
(higher K-lines excl. )
(higher K-lines incl. )

1.000 +0.006
O.018 + 0.002
0. 180 +0.006
0.006 +0.002
0,099 +0.012
0.006 + 0.002

190
179

255
244
286
275

0, 081 + 0.007301 j

055+ 0.013312

319- 340 0. 102 + 0.033
(higher L- lines excl. )
( higher L- lines inc I, )

I I 75 1.000 +0.018
141 9 0. 121 + 0.009
I 504 0.045 +0.008
1544 0.037 +0.009
1566 0.034 +0.009

1579 - 1613 O. 19 I + 0,015
(higher K- lines excl ~ )
(higher K-lines incl. )

247 1,000 +0.032
228 0.035 +0.010
330 0.164 +O.O15
311 0.006 + 0.002

0. 121 + 0.029372
391 0.15 2 +0.048

404-438 o.317 +o.o56
(hi g her L- lines excl. )

(higher L-lines incl. )

I. 000
0. 146
0.065
0.069
Q. 085
O. 072
0. 184
773.5

1021.3
1.000
0.040
0.268
O. 019
O. 189
0.020

I.000
0. 122
0.051
0.051
0.058
0.046
0. 104
159.6
160.4
1.000
0. 029
0.230
0.013
O. 147
0.013

1.000
0. 102
0.039
0.037
O. 039
0.029
0.055

6.8
73.2
I.000
0.021
0. 196
0.009
0. 112
0.008

I.000
0.083
0.029
0.025
0.025
0.017
0.027
84.5

262.2
1.000
0.015
0. 166
0.006
0.084
0.005

I.000
0.068
0.022
0.017
0.015
O. 009
0.013
261.0
514.6
I.000
0.012
0. 142
0.004
0.063
0.003

0. 175 O. 119 0.079 0.052 0.034

O. 103 0.064 0.039 0.023 0.014
0.210
677.7
688.4

0. 112
170.1

170.2

0.057 0.028
15.3 32.7
17.2 37.8

0.014
116.4
123.5

1.000
0.137
0.053
o.045
0.055
0.245

10.4
23.4
I.000
0.036
0.239
0.015

1.000
O. 115
0.042
0.034
0.040
0. 145

I. I

10.5
I.000
0.026
0.204
Q. 010

-1.000
0.093
0.031
0.024
0.026
0.080

15.6
70.4
I.000

O. 018
0. 173
0.006

1.000
0.075
0.023
0.017
0.017
0.042

42.2
140.9
1.000
0.014
0. 146
0.004

1.000
0.060
0.017
0.OI I

Q.0 I I

0.021
73.1

201.5
1.000
0.010
0. 124
0.003

0.33 I

47.4
47.5

O. 188
13.2
18.5

0. 104
14.7
29.2

O.057
14.7
36.3

0,031
27.5
53.5

O. 163 0. 126 Q. 095 0.071 0.053

O. 142 0.099 0,068 0.046 0.031

more intense than the calculations give. The
iron data are not presented in Table I because
of their low statistical significance and prob-
lems introduced by the presence of capture y
rays and other contaminations.

We have obtained the following values for the

L~/K ratios in Ti and Mn: 0.52+ 0.04 and 0.73
+ 0.06, respectively. The quoted errors refer
to the statistics only. We expect, however,
a large systematic error (of the order of 25%)
due to detector calibration as the counter sen-
sitivity changes by a factor of about 10 between
the K and I. lines. Differences in target self-
absorption effects are also large for these lines.
The calculated L~/K~ ratios (for a statistical
distribution at n = 14) are 0.67 and 0.69, respec-
tively.

The cascade calculations appear to be a use-

ful tool in the understanding and interpretation
of the x-ray series; however, the deviations
are significant and suggest the need for a more
sophisticated model. In general it appears that
one cannot assume the same initial population
in cascade calculations even for elements near-
by in the periodic table. Low-Z elements re-
quire an initial distribution weighted for high-
& states. ' In the neighborhood of Ti (Z = 22) a
statistical distribution is required, while for
higher g a weighting of the low-) states gives
a better fit to the data of Quitmann et al. 'o We
have no explanation of this behavior at present.

The measurements of Zinov et al. ' have shown
that different compounds of the same element
produce different relative intensities in the x-
ray series. This observation is substantiated
in the present work where the relative intensi-
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Table II. Intensity ratios in titanium and titanium
oxide.

Ti02 T102/Ti

3p-1s
2p-1s

4p -1s
2p-1s

5p -1s
2p -1s

6p-1s
2p -1s

higher E
2p -18

4d-2p
3d-2p

5d-2p
3d-2p

6d-2p
3d-2p

higher g
3d-2p

Lyman series

0.102 +0.003 0.093 +0.006 0.91+0.06

0.031 +0.004 0.027+0.005 0.87 +0.120

0.036 + 0.003 0.025 + 0.005 0.69 +0.14

0.041 +0.003 0.028 +0.005 0.68 +0.11

0.122 +0.007 0.062 +0.007 0.51 +0.06

Balmer series

0.180+0.006 0.151+0.006 0.84 +0.05

0.099 +0.003 0.073 +0.006 0.74 +0.07

0,081+0.004 0.051 +0.006 0.63+0.08

0.157+0.009 0.078 +0.016 0.50 +0.11

ties of the Lyman and Balmer lines in TiO, are
compared with those in Ti metal. Our results
are given in Table G. These results show that
the higher transitions in TiO, are systematical-
ly reduced compared to the same transitions
in Ti. Moreover, the L /K ratio was found
to be (12+ 2)% higher in Tio, than in Ti. Both
results show that transitions between states
of high E for given n are more favored in TiO,

than in Ti. The origin of this "chemical" effect
is not clear to us at present.
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