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INTRODUCTION 

Natural osmium consists of seven isotopes, of which 

four (Os1^* l89> 190, 192 ) are present in greater than ten 

per cent abundance. Separated isotopes are not now available 

Osmium falls into the large group of nuclides between 

the closed neutron shell at N = 82 and the double closed 

shell at Pb208. The low-lying energy levels for nuclei 

in this region show a collective nature; that is, they are 

characterized by excitation energies of a few hundred xev 

and exhibit greatly enhanced electric quadrupole transition 

probabilities. Those nuclei which are well removed from 

the closed shells have been found experimentally to have 

particularly simple spectra, which are ascribed to rotations 

about an equilibrium non-spherical nuclear shape. The 

region in which rotational spectra have been observed is 

roughly 150<A<190. The osmium isotopes are seen to fall 

exactly at the end of this region; thus they are. also at 

the beginning of the region where the stable nuclear shape 

is spherical and the lowest excited states are described as 

vibrations about the equilibrium shape. Furthermore, in 

this transition region there may be coupling between the 

two types of collective excitations. There is also a 

possibility of coupling between collective motions and 

the lowest-energy individual particle motions. The present 

theory can thus make no exact predictions of the energy 

levels and transition probabilities for osmium. 
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The method used for study of the osmium spectrum was 

Coulomb excitation--the excitation of nuclear states through 

the long-range electromagnetic interaction between the 

nucleus and bombarding charged particles having energies 

much lower than the Coulomb barrier. Although Coulomb 

excitation can theoretically be of any multipole order, 

the excitations observed experimentally have been found 

almost without exception to be electric quadrupole in 

nature. It follows that only a limited number of states 

of a given nucleus can be excited in this way. Other, lower 

states may be populated by cascade in de-excitation. 

In recent years work has been done on osmium by 

several groups. Transition energies, if not level energies, 

are known in isotopes 186, 188, 189, 190, and 192 from 

studies of the decay of radioactive isotopes of rhenium 

(2 = 75) and iridium (Z = 77) • The 7-ray spectrum from 

Coulomb excitation of osmium has also been observed. In 

the present work the spectrum of internally converted 

atomic electrons was studied. This method has the advan¬ 

tages over observation of y-rays for a complex low-energy 

spectrum in a heavy element that resolution of close- 

lying electron lines is obtainable, and -chat electron 

background from light elements, such as in targec supports, 

is negligible. In addition, inf rmation about multipole 

orders can be gained directly from measurements of rela¬ 

tive yields of electron peaks. 





EXPERIMENTAL TECHNIQUES 

The present work was done using an iron-core double- 

focusing 180° magnetic electron spectrometer having one per 

cent momentum resolution. The spectrometer was originally 

2 ^ 
built by M. S. Moore from a design by Nielsen , but much 

work has been done recently in improving the flexibility 

of operation of the spectrometer and extending its range. 

The revisions in the spectrometer have been treated in 
1+ 

some detail by D. H. Rester. In use the spectrometer is 

coupled to the Rice Institute 5*5 Mev Van de Graaff accel¬ 

erator; a collimated beam either of protons or of alpha 

particles is incident on the target, which has its normal 

inclined at an angle of 30° to the incoming beam. Elec¬ 

trons from the target enter the magnetic field of the 

spectrometer, are bent through 180°, and are detected with 

approximately 1/2 per cent transmission. 

Either of two detectors could be used in the spectro¬ 

meter. For work below one hundred kev a thin-window Geiger 

tube was used. The Geiger tube was also used for some of 

the higher energy work with alpha particles. When the bom¬ 

barding particles were protons, however, the gamma back¬ 

ground in the Geiger tube was quite high. All data with 

protons were taken with a scintillation counter using a 

thin anthracene crystal. The electron peak from the scin¬ 

tillation counter, after amplification, was displayed on 

a twenty-channel pulse height analyzer; as the electron 

energy changed in the course of a run, the gain of the 
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amplifier was changed so that the peak value stayed always 

in the same channel* Twelve channels centered about the 

peak channel were integrated to give the electron yield. 

Distributions were recorded periodically and corrections 

made, where necessary, to the integrated yield to account 

for electrons falling outside the twelve channels* The 

correction was in no case more than ten per cent. 

With the Geiger counter no correction to the electron 

yields for absorption in the window was necessary for elec¬ 

tron energies above 100 kev, corresponding to roughly seven 

times the 15 kev cut-off energy of the Geiger tube window 

used in this work. For the lowest lines, however, a correc¬ 

tion was necessary; the correction curve was determined by 

measuring the relative intensities of well-known lines in 

the conversion spectrum of the Th-active deposit.** At the 

same time these lines served, along with other well-known 

lines, as energy calibration points for the spectrometer. 

The calibration curve is given in Figure 2. It is believed 

to be accurate to within i 0.5 per cent for electron energies 

above 25 kev and below 500 kev. 

The thin-target yield of electrons from Coulomb excita¬ 

tion can be directly related to the cross section for 

excitation. A thin target is one for which** 

t« (|f "V- . 
wnere t is the target thickness and Eg is the electron 

energy in kev. This condition implies, for the low-energy 
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levels in osmium, target thicknesses of a few mg/cma• 

Even for such thin targets, however, the resolution of 

low-energy electron lines is affected appreciably. It 

was found necessary to use targets of about 200 [Xg/cm2 

in order to resolve close-lying lines. The yield from 

such targets is extremely low. 

Target thicknesses were determined by measuring the 

yield of Rutherford scattered protons in a known geometry. 

For these measurements a small scattering chamber, provided 

through the courtesy of J. H. Johnson and R. R. Perry**, was 

used. An example of the proton yield from an OSCI3 target 

on a carbon backing is given in Figure 3* Thicknesses 

measured in this way reproduced to within five per cent 

for successive measurements on a given target. Further, 

the agreement of measurements made on different portions of 

the same target gave confidence in the homogeneity of the 

targets. Whenever possible, measurements on targets were 

made both before and after their use in a run. The thick¬ 

nesses were found in these cases to be unchanged. 

It was necessary, in order to be able to use proton 

scattering for thickness measurements, that the targets be 

mounted on thin backings of low-Z material. Carbon foils 

('>'300 ng/cnf), made by cracking methyl iodide, were used. The 

carbon foils brought up other problemst Osmium metal cannot 

be evaporated safely, so the targets were made by the slurry 

technique; a fine suspension of OsCl^ in ethyl alcohol was 

deposited onto a mounted carbon foil and allowed to dry at 



“ 6 “ 

room temperature. The carbon foil was, however, porous, so 

that the OSCI3 ran through' the foil instead of settling 

out uniformly. This problem was solved by backing the 

carbon foil with a very thin, non-porous VYNS film. The 

carbon foils tended to tear when bombarded with alpha parti¬ 

cles, probably because of thermal shock arising from energy 

loss by the beam in the target. This tendency toward tearing 

was decreased by detaching the foil from the target blank 

except for three or four places along its periphery, thereby 

allowing the target to expand and contract more readily. 



FIGURE 3. SPECTRA OF ELASTICALLY SCATTERED 

PROTONS FROM OSCLs ON CARBON. 



THEORY 

A measure of the effective strength of the Coulomb 

interaction of the target nucleus and a bombarding projec¬ 

tile is the dimensionless parameter ^ defined by 

where the subscripts (1) and (2) refer to bombarding and 

target particles, respectively, and v is the velocity of 

the projectile. The theory of Coulomb excitation has been 

where i and f refer to initial and final values of the para¬ 

meter. Using the approximations thatT^sofend that the transi 

tion energies are negligible compared to the bombarding 

energies, which are essentially valid for most experiments 

in this field, a detailed classical theory has been worked 

out by Alder and Winther. The exact quantum mechanical 

description differs from the classical one by only one or 

two per cent for the values of q and g encountered in the 

present work. 

The classical total excitation cross section is given, 

for the case of electric quadrupole interaction, by^ 

worked out1 in terms of TJ and of 
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The dimensionless function fE2 (l) is tabulated in several 

places.1’'7 is the reduced transition probability for 

Coulomb excitation, in units of 10cm^. 

The reduced transition probability for de-excitation 

of the state with angular momentum I is related to that for 

8 
excitation through 

e* e2- ’ s>T •+1 

For purposes of calculation it is convenient to write 

1 
the parameters and I in the 'form 

z.zj A, 
\ 10.00'* E J >5 \l'0.00'%&\J * ^ 12, 

where AEr is given in terms of the excitation energy £E in 

M6Vby , 

and Eg^/2 is obtained from ^ 

When BO&iJ^is in 10"1*-8 cm*1, then aE2 is given in millibarns 

by this expression"^ 

<T -(&lAs\aA,(E|-A&/V 0^ "Bo. V z4 / OTKTAT)1 e1 ' 
The cross section crE2 is related in a simple way to 

the yield Y(n) of a given electron peak n: 

. \ \ 

where N is the number of atoms of the kind investigated, 

per cubic centimeter of target material, and s is the 

target thickness in cm measured along the beam direction. 

The factor c(n) is the decay fraction for the electron peak 
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n; it gives the fraction of the total number of excitations 

of a given state which de-excites through the particular 

internal conversion peak n, and it can be related to the 

internal conversion coefficients &^ through the expression 

6(1^ - t ft 

Here «W-- W„/IMY * 
The branching fraction p , i.e., the fraction of the 

excitations of the state which decays to the final state in 

question, is unity for the first excited state. The quantity" 

82, which is the square of the mixing ratio and gives the 

ratio of the number of E2 quanta emitted to the number of 

Ml quanta emitted, is infinite for E2 transitions. For the 

transition from the first excited state to the ground state 

in even-even nuclei, then, 

- 1 - 

The ratios v/n can be measured experimentally, and the con¬ 

version coefficient a^n) can be obtained from exact 

theoretical calculations.7* Ftor a mixed transition s2 

has a finite value, which can be obtained from comparison 

of the observed v/n ratios with the theoretical values for 

pure transitions. 

For thin targets vE2 can be written in the form 

cr - -L- . ACC&6_ _ yOrj) 
60^ La ' t 

Here & is the atomic weight of natural osmium, £ the 

Avagadro number, & the isotopic abundance, while e is the 

angle between the beam and the normal to the target. 
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The electron yield is obtained from the area P(n) under peak 

n having momentum p: ryA r\ $ 

yw = ccP)-y% 
The correction factor C(p) is obtained for work with the 

Geiger tube from the window loss correction curve previously 

mentioned; for data taken with the scintillation counter, 

C(p) makes up for electrons not Integrated in determining 

P(n). The dispersion D and the detector slit width AZ are 

constants of the spectrometer and are given in Table I, as 

is the transmission a/kn • The ratio q/e gives the number 

of particles collected. 



PROCEDURE 

The electron energy region examined in this work 

extends from about 20 kev to *f20 kev. Two main consid¬ 

erations entered into determination of running conditions 

over this region. In the lower energy region (E<100 kev) 

the continuous background of electrons ejected from the 

target atoms by atomic processes was the biggest problem? 

the cross section for these stopping electrons is approx- 

inately given ^ . (jf-Yu?? 
\ (\x) * £r^f7cK-c\ (v~etM avA *5 Yts^dvW*! 

Examination of this expression together with the Coulomb 

excitation cross section shows that the optimum bombarding 

condition is obtained when 

£ 0.5 

This condition was (approximately) obtained by using alpha 

particles of the proper energy. The proton energies for the 

optimum condition would have been well below 1 Mev, the lower 

practical limit of the accelerator. 

In the higher electron energy region (E>100 kev) the 

continuous electron background became negligible, with only 

the /“ray background remaining. In this region high-energy 

protons were, in general, used since the highest yields for 

every excitation energy are obtained with high-energy protons. 

A practical upper limit on the proton energy was reached, how¬ 

ever, at *> Mev, where a very strong /-background began, 

presumably from a (p, p*y) resonance in the carbon foil 
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target backings. Some weakly excited transitions observed 

in the r-ray work from states at energies of 500 kev or greater 

were not seen in the present work, due both to this inability 

to reach higher bombarding energies with the carbon target 

backings and, to a greater extent, to the extremely sjnall 

values of the internal conversion c oefficients for these 

energies. 



RESULTS AND ANALYSIS 

The spectrum of osmium is shown in Figure 4. Assign¬ 

ments of transition energies from observed electron energies 

11 
were made using the electron binding energies given by Hill. 

Nearly all the transitions obtained in this way agree remark¬ 

ably well (better than ± 0.5 percent) with transitions seen 

in radioactive decay work. Observed electron peaks which 

could not be attributed to one of the four even-even iso¬ 

topes were assumed to be due to transitions in 0sl89 # The 

five isotopes are considered in detail below. 

188. The decay of Re188 has been studied by, among others, 

Potnis'*'2* ^ and McMullen and Johns'^ > *^. The decay scheme 

they find is shown in Figure 5« The spin assignment is made 

on the basis of angular correlation measurements; the 478 kev 

cascade is found to be 99*56 per cent E2. 
62b     2+ 

 X+ 

0  0* 

FIG. 5 LEVEL SCHEME OF OS188 
16 

Barloutaud has studied the y-ray spectrum from Coulomb 

excitation of natural osmium, using a thick target. He 

attributes only one transition, the 1?5> kev one, to Os188. 

Stelson and McGowan‘S have seen both the 478 and the 633 kev 
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/-rays from the Coulomb excitation of the second 2+ 

state. 

In the present work a transition is found at 155«1 

l8 
kev, as against the value of 155.07 kev given by Hatch. 

The value found for the reduced transition probability for 

excitation of this level is = 'b.’f , which may be 

compared to the value 3*5 obtained by Barloutaud. 

190. The decay scheme derived by Aten'*’9 from the decay of 

Ir190 is shown in Figure 6a. A similar decay scheme, 

20 
obtained by Scharff-Goldhaber from the decay of a chemi¬ 

cally separated isomer of Iri90, is given in 6b. The spins 

are assigned on the basis of assumed rotational structure, 

as well as from K/L conversion ratios. Barloutaud measured 

190 and 380 kev /-rays in coincidence to obtain the level 

scheme shown in Figure 6c. Stelson and McGowan find the 

second 2+ state at 557 kev. 

1676-  to 
16W . ICT 

542. 

t«% 

O 

i046 64 

6570)_ 
t*4 5*6 4+ 

a4 1*27   I4 ‘‘to — 

O4 O   . O — 

FIG.. 6 LEVEL SCHEMES FOR OS190 

:L+ 

3.4 

Oi* 

The present work has shown a transition at 187.0 kev 

attributable to O&^O . The transition which appears to 
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exist at 38 kev (Figure 4) obviously cannot be identified 

as the 39 kev (10" -8+) transition seen by Scharff-Goldhaber, 

though the possibility is not ruled out by the information 

given concerning the 39 kev transition, that the two transi¬ 

tions are the same. 

The reduced matrix element for excitation of the 187 

kev level was found to be BF(E2)/e2 = 2.5; Barloutaud found 
# 

a value of 2.4. 

192. Studies of transitions in Os®2 from K-capture in 

Ir ■ have been made by Baggerly21 and by Kelman22; the decay 

scheme they obtain is shown in Figure 7a. The spin assign¬ 

ments are made on the basis of.I^tLg rL-m- ratios. Both 

Barloutaud and Stelson and McGowan obtain the scheme given 

in Figure 7a based on coincidences observed between 206 and 

290 kev transitions. 

f0G4   

£><2>0.4  (3,4-)* 

4*06.06  Cl,!,*)* 
    2.+ 

205.75 2+ ZOfc O "t 

0   -04 
O —  

   2 

 o+ 

a. fc, 
FIG. 7 LEVEL SCHEMES FOR OS ,192 
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A. transition observed at 205*7 kev can be definitely 

attributed to Os^^ from the present work. A weak electron 

peak at an energy of 125 kev, corresponding to the K line of 

a 199 kev transition or to the L line of a 137 kev transi- 

tioh, could conceivably be identified with the 200.31 kev 

cascade from the second to the first excited state in 

Figure 7a. But the discrepancy of more than 1 kev seems 

large. Furthermore, comparison of the observed cross section 

to the theoretical one at 4.0 and 4.6 Mev shows that the 

observed peak excites much more like a 137 kev transition 

than a 199 kev one. The conclusion is then that the 200.31 

kev transition is not seen, in agreement with the Y-ray work. 

No lines from the 290 kev transition were seen. 

The value of B(E2)/e2 found for the 205.7 kev transi¬ 

tion was 1.8, against the Y-ray value of 2,1, 

186. Although isotope 186 is only 1.59 per cent abundant in 

natural osmium, the possibility of identifying its first 

excited state, known1** * 2^ to lie at 137 kev, with the 125 

kev electron peak could not be overlooked. The value of B(E2)/e 

m —2+ 

(3?   :   7* 
Ou- 0* 

FIG. 8 LEVEL SCHEME FOR OS186 
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for the 137 kev transition in Os*^6 is not known, but the 

systematic change of B(E2) for the first excited states of 

the other three even-even isotopes leads one to expect a 

value of x 10 *** cm4for this transition* 

The average of four determinations in the present work is 

A- s with an uncertainty of perhaps :k 40 per cent 

in each of the determinations, due especially to the poor 

counting statistics, which made it impossible to draw the 

background uniquely. This value indicates that a considera¬ 

ble part, if not all of the yield in this peak must be 

attributed to Os • However, the marked broadening of the 

observed peak (resolution 2 per cent) makes it hard to rule 

out the possibility that another line is also present here* 

The proposed transition would be in Osm . 

189* The ground state of Os**9 is known2*1, to be ^ • Smith 

and Hollander2-* report a strong'f-ray at 24? ;£lO kev with 

••perhaps'1 a weak-f-ray at 135, from the decay of Ir 
189 

.20 Scharff-Goldhaber has seen’the conversion electrons from 

a 30 kev transition in the decay of Ir , and assigns it 

as M3» Barloutaud1^states that ••..., aucun pic important 

n'a pu etre attribue ^Os." 

The strong electron peaks shown in Figure ? represent 

a 69*2 kev transition in Os • The assignment of the 

transition to Os1^ could be made solely by elimination, 

were there not strong evidence for it from the systematics 

of neighboring odd-A nuclei. 1 = 3/2+ nuclei having a 

state near 80 kev are Ir Ir 
m 

» and Au » 
which have 
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states at 83, 73, and 77 kev, respectively#2^* 2^’ 2® 

Since these states have I = | it seems reasonable to 

assign the 69 kev level observed in the present work as 

having I » J“# 

A rough calculation of the amount of mixing, using 

the observed yields of the L subshell, gives E2 = 30 per 

cent, Ml * 70 per cent# A better determination of the mix¬ 

ing ratio could have been made, but for the want of a complete 

tabulation of the theoretical L subshell conversion coef¬ 

ficients# 

The value B(E2)/e
2
 =1*5 was obtained for this transi¬ 

tion. The value was obtained on the assumption of 30 per 

cent E2, along with the assumption that the state is not 

populated at all from decay of higher levels# 

The observed yield of the electron peak at 125 kev was 

used to determine a value of B(E2)/e
2
 for a 137 kev state 

in Os • This could correspond to the 135 keVY-ray seen 

by Smith and Hollander2-*, and would, according to rough collec¬ 

tive model predictions, be a | - state, like those seen2^ at 

about this energy in Irand Ir'^ • The value obtained, 

assuming pure Ml, was , which can be compared 

to ^6.*+ for the states in Ir# As before, the 

uncertainty is quite large, but the possibility of this transi¬ 

tion cannot be ruled out5 further study of the electron 

energies involved is needed# 

Some very slight evidence was seen of an electron peak 

at 164 kev, which could be interpreted to be the K line of 

a 238 kev transition, perhaps identical with the 2*+5 kev 
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*Y-ray seen by Smith and Hollander; and representing the 

cascade from a ^ - state at 375 kev, roughly the expected 

position for such a state. 

No attempt at assignment was made for the tentative 

38 kev transition. That this energy does represent approxi¬ 

mately the difference between the energies of the 69 and 

30 kev transitions may not be significant. 



DISCUSSION 

The estimated experimental errors in determining the 

B(E2) values are these: The current integration is repro¬ 

ducible to within 5 per cent. The target thicknesses are 

also taken to be good to 5 per cent. The transmission, 

measured using a Bi20? source calibrated within 20 per cent, 

has Just that amount of uncertainty. The determination 

of electron peak areas is assumed accurate to within 15 per 

cent. The total estimated uncertainty in the B(E2) values 

is thus about 26 per cent. No attempt was made to correct 

for possible non-symmetric angular distributions of con¬ 

version electrons. 

The negative results of the survey for peaks corres¬ 

ponding to the higher-energy transitions observed in the y-ray 

work are in agreement with calculations made using the B(E2) 

values given by Barloutaud for the higher states. For 

example, the 380 kev cascade from the second 2+ state (590 

kev) in Os1^2 gave a calculated peak height of 6 counts, 

assuming the collection of 166 ncoulombs from a target 250 
2 

Hg/cm thick, the actual values used in the run. The y-ray 

background was for these conditions roughly 200 counts. Use 

of much thicker targets (>5 mg/cm2) might lead to detec¬ 

tion of the higher transitions, provided the background did 

not increase appreciably. 

It is expected that further work on the transitions 

attributed to Osi86 and Os1^ will eliminate uncertainties 
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ln this area. In particular, 

ments on conversion electrons 

tions should make it possible 

Oe3*. 

projected coincidence measure- 

and 7-rays from these transi- 

to give a decay scheme for 



TABLE I 

CONSTANTS OF THE SPECTROMETER 

Transmission, n/4rt 
a. Scintillation counter 0.56 per cent 
b. Geiger counter 0.48 per cent 
c. Geiger counter with shield O.36 per cent 

Solid angle 0.66 per cent 

Slit width, £Z 0.157 cm 

Dispersion, D 17.4 cm 

Optimum target position, 16/64 inches on scale. 

Optimum detector position, l/l6 inch above design position. 

Momentum resolution, 1.0 per cent. 

Recycling procedure: to 0” current of I.50 amperes, to zero current, 
to 0 current of 0.l40 ampere, to zero current. 
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