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P R E F A C E

During the past year, the activities at the institute have been domi-

nated by scheduled, technical development work. The 225-cm cyclotron was

shut down for a period of one year from the end of March, in order to make

possible the necessary connection of the new underground experimental area

to the cyclotron hall. At about the same time, the 80-cm cyclotron was dis-

mantled and its magnet modified for use as a beam switching magnet. The two

rooms previously used for the 80-cm cyclotron activities and located close

to the new area for data acquisition, will house new and existing computers

to be installed in the beginning of 1978. Altogether, the new experimental

hall and the computer rooms occupy an area of about 1400 m2. The new experi-

mental hall was formally inaugurated on December 16 at a banquet held on top

of the concrete shielding constituting the roof of the experimental caves.

The first beam-line in the experimental hall is scheduled to be in operar

tion at the end of March 1978. An international users group has been appoint-

ed and the proposed experiments will be approved by this group.

A specially assigned group, which for the time being is also heavily

occupied with getting the new experimental area into operation, follows the

international accelerator development with great interest, in particular the

development of cyclotrons with supraconducting coils.

The new high-intensity electron accelerator, mentioned in last year's

report and intended for studies of time-resolved atomic and molecular spectra,

is almost completed and will soon be ready for its first test experiments.

A 0.1-10 keV commercial sputtering gun has been ordered and will be

connected t:> an ultrahigh vacuum system which also allows in situ analysis

of the sputtering process, using back-scattering of protons or a-particles

from the 2 MV van de Graaff accelerator.

The experimental nuclear physics activities have been hampered by build-

ing and construction activities and the absence of beam for most of the year.

Partially, this obvious but necessary drawback has been compensated by using

beam facilities at other laboratories, for example at CEPN, Groningen, Orsay

and Ris«5.

The institute participants in the Basel-CERN-Karlsruhe-Stockholm colla-

boration have had a most fascinating year. The project on the atomic proton-

antiproton system has, on a relatively high level of confidence, given the
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first evidence for deeply bound baryonium states, as revealed by the ob-

servation of three "gamma rays" in the energy region 180-420 MeV. *

Investigations of the yrast levels in nuclei, consisting of a 208Pb

core and 2 -5 extra particles, have continued. In Z0l*Pb, strong evidence

has been found that the yrast J= 20 level is not solely due to four valence

neutron holes but rather to a coupling of the valence holes having a rela-

tively modest angular momentum and the core being excited to a high angular

momentum proton-proton hole state. Such core-excited states should be

frequent in many nuclei in the lead region for J £ 20 . In an investigation

on 210At, a core-excited 19+ isomeric state could be used for studying the

isospin effect on two-particle quadrupole core excitation. It was found

that two protons polarize the neutron holes in Z06Pb much more efficiently

than one proton and one neutron.

The attempts to extend the measurements on deformed nuclei to higher

spins and higher excitation energies have continued using new experimental

techniques and methods. Thus, mean values and second central moments in

the distribution of the number of yrays emitted in (a,xn)- and (12C,xn)-

reactions have been determined from measurements using a multiple detector

arrangement. This information has permitted the construction of curves show-

ing the spin distribution in the final nucleus prior to the emission of y-

radiation. The experimental spin distribution curves are in a remarkly good

agreement with the spin distributions calculated from theoretical models.

Furthermore, in the case of the 176Yb(12C,xn) reactions, the shape of the

quasi-continuum of y~rays h a s been determined using a Compton suppression

technique in combination with a data reduction treatment to remove unwanted

events in the detector. The experimental spectrum, thus determined, consists

of a high-energy part, where the intensity decreases exponentially with in-

creasing energy, and a low-energy part, where the y~ray intensity considerably

exceeds the exponential curve. Qualitatively this spectrum agrees with the

spectrum obtained from a theoretical calculation, where the y-decay Lakes place

by collective, stretched E2 transitions as well as by dipole transitions pro-

ceeding in a purely statistical manner. However, a detailed analysis of the

high-energy part of the spectrum shows discrepancies from the calculations in-

dicating that the usual statistical assumptions about the level density and

* Such bound states are expected to give new information on the behaviour

of quarks.
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dipole matrix elements are not valid. Furthermore, the low-energy part of

the spectrum is mainly due to stretched E2 transitions. This may be explain-

ed within a rotational model, if one uses the experimental spin distribution

curve and a moment of inertia which is about 60 % of the rigid body value. The

combined measurement of yray spectrum and average y-ray multiplicity allows

the calculation of the average excitation energy of the final nucleus at the

point of formation. The result, 14 MeV, agrees well with an independent esti-

mate using the energy spectra of the emitted neutrons, the reaction kinematics,

and the ground state masses.

During the past year, the beam-foil group has successfully studied the

possibility of detecting quantum beats when the beam ions are excited in a

gas instead of in a foil. The experiment demonstrated oscillations in the

decay curves of the 3G89 Â line i He I for light, polarized parallel as well

as perpendicular to the beam direction. The most interesting feature of this

measurement is perhaps the possibility offered to make accurate tests of theo-

retical calculations of the degree of alignment in binary collisions.

A new promising technique to study low-dose sputtering effects has been

developed by the surface physics group. By analysing the sputtered material

on a hemispherical collector, using the Rutherford backscattering method, the

absolute number of emitted particles per unit area can be determined for differ-

ent angles of emission. This technique thus allows a determination of the

angular distribution of sputtered particles as well as of the sputtering yield.

The main advantage is the high sensitivity and the possibility of measuring

preferential sputtering. Concentrations corresponding to less than one mono-

layer of the collected elements have been measured. The method will be used

for studies of light ion sputtering (with low yields), dose effects and compound

sputtering, as, for example, in stainless steel. The new sputtering system to

be installed shortly also allows in situ studies of time-dependent effects in

the sputtering process. The results of such measurements are of special inte-

rest to the plasma-wall interaction phenomena in a fusion device.

By extending the studies of atomic and molecular lifetimes to measure-

ments at very low pressures of the target gas, it has been possible to observe

a number of striking phenomena. The influence of trapping radiation from non-

resonance levels in atoms has been shown to constitute a serious systematic

error in lifetime measurements in rare gas atoms. Studies of the CN and CO

molecules have led to the discovery that interactions even at very low pressures

may stimulate transitions between nearby lying levels with hitherto unknown high

cross-sections. Thus the half-life of a certain electronic transition may appar-

ently increase by increased population of the initial state from a close-lying
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state initiated by the long range forces of the surrounding molecules. The

same effect is found by keeping the target gas at a constant pressure and

adding a catalyser with different electric polarizability. It has been shown

that the stimulated population of the relevant initial state, and thus the

apparent half-life of this state, is related to the nature of the catalysing

gas.

In summary, we are looking forward with optimism and enthusiasm on the

years to come. The technical development which has been given.high priority

during the past year has put us in a position where the problems can be solved

in a much more efficient manner than before. All of us at the institute would

like to express our gratitude to the Ministry of Education, to the Swedish

Natural Science Council and to the Knut and Alice .Wallenberg Foundation for

the confidence shown by financing the new experimental cyclotron area and

associated equipment.

Stockholm in December 1977

Ingmar Bergström Carl Johan Hevrlander
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3.1 ATOMIC AND MOLECULAR PHYSICS

3.1.1 DISTORTION EFFECTS IN MEASUREMENTS OF LONG OPTICAL LIFETIMES

(L. Curtis* and P. Erman)

This work ' involves an extensive experimental and theoretical study of

various effects that, might distort decay curves of long-lived atomic and mole-

cular states in measurements using a static gas target. Special emphasis is

given to effects due to the escape out of the viewing region due to thermal

motion and, in the case of ions, due to electrostatic repulsion. Theoretical

models and experimental measurements are presented which indicate that, for a

known geometry, an experimental decay curve can be corrected for the thermal

losses and lifetimes even as long as 1 ms can be deduced if copious excitation

is achieved. Studies of the electrostatic repulsion losses show that this ef-

fect is strongly dependent upon the density of secondary electrons present and

it can easily be eliminated by a supply of additional low energy electrons.

Thus this work shows that it is feasible to utilize the great advantages of

the High Frequency Deflection technique developed at this laboratory and per-

form reliable high resolution recordings of lifetimes even in the > 1 ys range.

There are many examples of excited states in free molecules (in the follow-

ing the term "molecules" denotes molecules as well as atoms) which have optical

lifetimes which exceed one microsecond. Such lifetimes often have important

physical applications, for example in the aurora and air glow, in gas kinetics

and in chemical reaction dynamics. However, this is a somewhat difficult time

domain to study experimentally, since many techniques which are well adapted

to shorter lifetimes (in-flight excitation of an accelerated beam, the modulated

excitation phase shift method, the Hanle effect, etc.) are not presently appli-

cable in this lifetime range. The methods which have been generally applied to

this situation which involve direct lifetime measurements in free molecules

can be divided into two categories: (a) delayed coincidence measurements after

pulsed excitation of a static gas cell and (b) time-of-f light measurements on

a molecular beam. Time-of-flight measurements can be made for a very wide

range of lifetimes, for example of the order of milliseconds and longer, but

static gas cell excitation becomes a questionable method when the lifetime

becomes comparable with the time between intramolecular collisions, with the

time required for a molecule to thermally migrate out of the viewing region

or, in the case of molecular ions, with the time for the ions to drift out of

the viewing region under the influence of their mutual electrostatic repulsion.



Despite these limitations, pulsed excitation of a static gas cell has many

advantages over time-of-flight methods which justify its use whenever these

limitations do not destroy the reliability of the measurement. As an example

of such an advantage, it is worth noting that pulsed electron excitation of

a static gas cell can give light levels which are orders of magnitude higher

than that of a molecular beam. This is due to the tenuous density of a mole-

cular beam, and to ti.a possibility to use multichannel registration of all

delay times simultaneously with a pulsed gas cell. Higher light.levels not

only speed the accumulation of data, but also allow a more selective accept-

ance of light, so that high wavelength resolution spectroscopy is possible,

which reduces backgrounds and blending and allows greater certainty of identi-

fication. In addition, pulsed beam delayed coincidence techniques provide a

variable time window and a reliable time calibration, while the time calibra-

tion of a time-of-flight measurement usually resides in the knowledge of the

beam velocity, which is either thermally broad or inconveniently fast due to

velocity selection requirements.

These advantages have been particularly well demonstrated in the recently
2—6}developed High Frequency Deflection (HFD) technique , which has enabled

registrations of optical lifetimes at 0.04 Â FWHM spectral resolution, which

is 20-50 times higher than what is commonly achieved using other techniques.

This has opened up new possibilities for time-resolved precision spectroscopy

and many new facts, in particular concerning molecular properties, have al-

ready been revealed using the HFD technique (cf. refs. 7-9).

As a part of this program we have made a study of the effects which can

distort delayed coincidence decay curves of long-lived states which are ex-

cited by pulsed electron bombardment of a static gas cell. Our aim is to es-

tablish quantitative estimates of the magnitude of these effects, to devise

methods to minimize them and to correct for them, and thus to reliably extend

this method to the longest lifetimes which are accessible to it.

In considering the thermal migration out of the observation region, we

assume a Maxwellian distribution of velocities with most probable speed, v m

given by

v (cm/usec) = 0.0129 [T(°K)/M (amu)]l/si

m n

where M Q is the mass of the excited molecule. We neglect directed velocities

due to effusion of the gas into the cell, dissociative recoil, and other simi-

lar effects which can only be considered in the context of specific experi-

mental conditions.

If the spatial distribution were initially concentrated along the beam
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at t=0, at any time later the distance from any molecule to the beam axis

would be proportional to the velocity of that molecule. (In a microeosmolog-

ical analog of Bubble's Law, distance and velocity are here proportional.)

A one-dimensional representation of this process is given in Fig. 1. The

FIGDBE 1

One-dimensional illustration
of escape by thermal migra-
tion. The distribution of
particles in space and veloc-
ity (initially localized to
X = 0 with a Maxwellian ve-
locity distribution) is shown
at various times after excita-
tion. If only those particles
within the region -a/2 < X < a/2
are observed, the detection
efficiency is proportional to
the shaded area.

Gaussian function which spreads linearly with time represents the distribution

of particles in both position and velocity space. As time progresses, the

faster particles pass out of the observation volume -a/2áXá a/2 leaving the

slower behind, and the efficiency g(t) is proportional to the shaded area

under the curve. It is clear that g(t) will be an S-shaped function, since

for small t only a few high speed particles on the distribution tails escape,

but this increases until, at large t, only the very slow (and therefore nearly

monoenergetic) centre of the distribution remains, which sinks in proportion

to the normalization factor 1/t. This analysis can easily be extended to
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FIGUBE 2

Detection efficiency for radiation
from particles undergoing thermal
migration: T H is a time which
characterizes the process and
parametrizes the relative extent
of the excitation and observation
regions (e= 0 for congruent excita-
tion and observation region, e = l
for one much larger than the other).
This efficiency is separately com-
puted for the two escape directions
perpendicular to the beam, and the
total efficiency obtained as their
product.

include an excitation region of finite extent, - b / 2 s X s b / 2 , and escape in

two dimensions, along both the width (a and b) and depth (a1 and b') of the

beam. This yields

g(e,t/TH) 1 -
i{1)erfc(eTH/t) - i

(1îerfc(TH/t)

(1-e)(TH/t)
(2)

.(1)where i erfc(Z) is the complementary error function and T R and e denote (for

the imprimed and primed coordinates along the width and depth of the beam) the

geometric parametrizations

T H = (a+b)/2 v,
m and e = |a-b| /(a+b) (3)

Â one-dimensional projection of Eq. (2) (i.e., the bracketed portion of Eq. (2),

or the entire expression with T^ •*• °°) is plotted in Fig. 2. Its asymptotic

properties are given by

g(e -* 1, t < T H) -*• 1 (4)

g(e •+ 0, t < T H) -v 1 - t/TH /iT (5)

g(e, t > TH) -> (1 + E)(TH/t vÇ) (6)

Notice that for t < T H the variation of g with time can be greatly reduced by

designing the excitation and observation regions to be very dissimilar in size.

For t > T H the efficiency falls off as 1/t
2 (1/t for each direction of escape)

and long lifetimes could be determined through delayed observations on the

slow, nearly monoenergetic remnant after several T H intervals, which could be

efficiency-corrected by multiplying by a factor t2.

We have tested the predictions of Eq. (2) on decay curves of long-lived
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molecular states which exhibit non-exponential curvatures. Our results indi-

cate that these distortions are well described by Eq. (2), and this has per-

mitted new measurements of higher precision for the mean-lives of these sys-

tems.

One such candidate was the Lyman-Berge-Hopfield system in N2. Our un-

corrected measurements, using the HFD technique (See Fig. 3), showed clear

10'

N2
DEDUCED REAL DECAY
IT-

MEASURED Ü C À T

Tn=«0(«

10 20 .... 30 40 50

FIGURE 3

Experimental determination of
the lifetime of the 1ng, v= 1
state in N 2 using the HFD tech-
nique and 0.15 mTorr target
pressure. The recorded decay
curve yielding T = 35 ± 3 us is
distorted by thermal escape
losses but is restored to the
correct curve by applying the
corrections deduced in sect. 2.2.
From the corrected curve is de-
duced a real lifetime T = 72G±20US.

non-exponential curvatures which, if ignored, would infer an effective mean-

life of 35 usec. These distortions were only very weakly affected by pres-

sure variations, indicating that inelastic collisions were not a serious de-

excitation mechanism. Earlier reported measurements of this mean-life ranged

from 5 to 170 usec. After deconvolution of g(t) from our measured decay curves

.̂the deconvolution was relatively insensitive to the temperature assumed within

the source gas, but followed correctly the predicted geometric dependence

(with a, b, a1 and b') the semilogarithmic plot became completely linear,

yielding a lifetime of T = 120 ± 20 ysec.

Concerning the electrostatic drift out of the observation region, we have

to consider the mutual electrostatic repulsion between ion-molecules which,

unlike the thermal case, causes an accelerated motion outward from the axis

of the beam path. Again using a one-dimensional example, we consider an ini-

tially uniform sheet of charge distributed within -b/2iXsb/2. For an ar-

bitrarily selected ion at a position X(t) within this expanding sheet, it can

be shown from simple electrostatic consideration that the acceleration, veloc-

ity and position are given by

X(t)/X(0)

X(t)/X(0) t/2T

X(t)/X(0) = 1+(t/T c)
2

(7)

(8)

(9)
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with the characteristic time T defined as

T (ysec) = 1070 [ M (amu)/pQ (ions/cm3) ] l / z (10)

where p0 is the initial charge density. Eq. (9) clearly shows that, since

the positions of all ions scale with their initial positions, the distribu-

tion will remain homogeneous throughout the expansion, and the instantaneous

charge density is proportional to X(0)/X(t). The situation is illustrated

in Fig. 4. If the region -a/2£X£ a/2 is under observation, the efficiency

will be given by the shaded area in Fig. 4, which is proportional to the re-

ciprocal of Eq. (9) (unless a> b, in which case the efficiency will remain

constant until the distribution expands to fill the field of view, after which

it too decreases in proportion to the reciprocal of Eq. (9). This treatment

can easily be extended to two dimensions by consideration of an initially uni-

form cylinder of charge along the beam, and setting E(t) equal to the ratio

to
z
Hi
o

-X

OISTANCE

i

EXCITE

OBSERVE

t=2Tc

FIGURE 4

One-dimensional illustration
of escape by electrostatic
drift. Initially all ions
are in the region - b/2 s X& b/2,
but only those within
- a/2 s XS a/2 are under ob-
servation. At successive
times the distribution expands,
and the detection efficiency
is proportional to the shaded
area.



- 7 -

of its initial volume to that after some expansion time, which yields

t/T (TT/2)
I/2 erfij (11)

which can be inverted using tabulations of the imaginary error function

erfi(Z) or by a novel expansion of this function . The latter approach

yields

„ *]-»/2 (12)

Fig. 5 shows the numerical inversion of Eq. (2) (solid curve) together with

the approximation of Eq. (12) (dashed line). The asymptotic forms of Eq. (11)

can also be inverted to give

E(t exp(-t2/Tc
2)

E(t < TH) •* [(t/Tc)
2

(13)

(14)

Although Figs. 2 and 5 look superficially very similar, their behaviour for

times short relative to the characteristic times are quite different. Com-

parison of Eq. (13) to Eqs. (4) and (5) shows that the electrostatic drift

OE1ECT1ON EFFICIENCY

{COULOMB ESCAPE]

FIGURE 5

Detection efficiency for radia-
tion from particles undergoing
electrostatic drift. T c is a
time which characterizes the
process. A cylindrical geo-
metry is assumed. The solid
line denotes a simple algebra-
ic approximation formula.

t/T,

will, even for short times, introduce a parabolic curvature into the semilog-

arithmic plot of the decay curve which will render meaningless the concept of

a 1/e folding time. For large t the two efficiencies do become quite similar,

with Eq. (14) having a small logarithmic distortion to the 1/t2 power law of

the two-dimensional case of Eq. (6).

Comparisons with experimental results are not as simple in the electro-

static drift case as in the thermal migration case, since the charge density

Po is made up of two components

(15)
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where p0
+ i s the charge produced by the excitation pulse, and i s calculable

from
p(mTorr) i(mA) x(ysec) a - (10~16cm2)

p + (ions/cm3) = (6.03 * 109) ^ ü
0 T(°K) A(cm2)

(16)

Here i is the average beam current during a pulse of effective length r,

is the total cross section for all ionization processes and A is the

cross sectional area of the beam. The quantity p0
+ represents the density

of electrons which are in the environment, and their contribution is much

more difficult to assess. It is very sensitive to experimental parameters

and can vary greatly with experimental geometry and operating conditions,

making comparisons between different experimental measurements very difficult.

Nevertheless, the presence of a negative space charge is very beneficial

for the measurement of mean-lives. If experimental conditions are such that

pj~=po
+ all charge effects should disappear, and in fact comparisons between

experiments and the presently developed theory have revealed that in most

studied cases pQ < 0.05 p* , i.e. the positive space charge has been neutral-

ized to more than 95 % by secondary electrons in the environment. The pre-

sence of low velocity electrons among the positive ions should not affect

their excitation or ionization. Both the number of electrons involved and

the cross sections for ionization and excitation are down many orders of mag-

nitude relative to those appropriate to the conditions of the excitation

pulse, and recombination times are very long on this scale. Thus we have de-

veloped a technique whereby we can control pQ~ through a secondary source

of low energy electrons injected into the excitation region. As this neutral-

izing current is gradually turned up, the charge distortions can be seen to

diminish, until complete neutralization is obtained. After this point the

neutralization is retained, since overcompens ation is space charge limiting

and s elf-regulating. Thus complete neutralization is signalled by the sta-

bility of the decay curve under further increases in neutralizing current.

This technique has already revealed a number of cases where older measure-

ments were in error by a factor of 2-3 due to these charge effects (cf. the

subsequent report).

* Present address: Institute of Physics, Lund University, Lund, Sweden
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3.1.2 EXPERIMENTAL OSCILLATOR STRENGTHS OF MOLECULAR IONS

(P, Erman)

It follows from the preceding report that direct measurements of life-

times of long-lived levels in ionic species by using static gas targets may

be distorted by Coulomb repulsion effects. In the present work this is

demonstrated on the oscillator strength of the A-X system in CH+ which is

very important from an astrophysical point of view. It is shown that earlier

estimates using the phase-shift technique yielded f-values which were 2-3

times too large because of space charge distortions. The new value is in

close agreement with very recent ab initio calculations
2)

It follows from the recent extensive treatment of space charge ef-

fects that the magnitude of the Coulomb distortion on lifetime curves depends

strongly on the number of electrons which are present in the environment.

Thus the positive space charge formed by the cloud of positive ions during

the periodic excitation is essentially neutralized by the simultaneously form-

ed cloud of low-energy electrons from various processes. Consequently the

Coulomb effect is strongly dependent on the geometry of the target volume rath-

er than the current of the exciting electron beam or the target pressure.
2)

From this fact, it was concluded that a complete neutralization of the pos-

itive space charge could be accomplished by adding the needed few extra per-

cent electrons from an additional electron supply. Such a space charge neu-

tralization device was tested in a number of experiments using the HFD tech-

nique, and it proved to be possible to maintain the great advantages of this

technique (high excitation efficiencies and a high spectral resolution) and

still obtain lifetime results undistorted by Coulomb effects.

In particular, the errors caused by the Coulomb repulsion effect are ex-

pected to be serious in measurements using the phase-shift technique from

which a large number of oscillator strengths for astrophysically important

species have been derived. This is so because in these measurements the

strong modulated exciting electron beam is continuously creating new ions

which could build up a considerable positive potential. Moreover, the phase-

shift technique is a single-channel procedure where, generally, only a few
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points are recorded on a decay curve, making a possible distortion harder to

discover. Accordingly, there is the possibility that phase-shift measurements

of ionic lifetimes are distorted already at lifetimes of a few hundred nano-

seconds.

The CH+ ion-molecule is one of the most important radicals in interstel-

lar space, and it is of interest to establish a realiable oscillator strength

for its A-X system for the purpose of absolute abundance determinations. The

lifetime T ( C H + , A ^ ) has baen the subject of some controversial discussions

in the literature. The first direct measurement was performed using the phase-
3)shift technique and yielded T(A, V= 0) = 70 ±25 ns . Renewed measurements

at high spectral resolution with resolved rotational structure on the V = 0-4

levels using the HFD technique showed that the earlier value was almost 6

times too low and probably originated from an air contamination. A repeated

phase-shift experiment yielded a considerably lower average value [T(A,

y=0) = (250 ±75) ns] from measurements on non-resolved rotational components

than that given in ref. 4, and a corresponding increase of the ƒ„ 0(A-X) value

was recommended. '

Figure 1 shows a new measurement of the lifetime of the CH A-X (0,0), Q(2)

transition using the HFD technique and C2H2 as a target gas bombarded with

7 keV, 10 mA electrons. The lower decay curve is registered without extra

u -

TS

1
10'-

io2

WITHOUT EXTRA ] \
NEUTRALISATION V*"
T=410±30ns J

v=98.15 kHz
. 500ns .

C H * A'TT-X'Z{0.0),Q(2)

[WITH EXTRA SPACE CHARGE
\ NEUTRALISATION

"•Ss lT=630±50ns

CHANNEL

FIGURE 1

Decay curves of the A'll-X^ (0,0), Q(2) transition in CH+ recorded using the
HFD technique and a 2-m grating spectrometer. The shorter lifetime is obtain-
ed in the normal experimental geometry, while the longer one follows after ac-
complishing an extra space charge neutralization in the target volume. The
difference between the curves reveals that electrostatic repulsion effects
shorten the studied lifetime about 35 % at the normal geometry where the neu-
tralization is not complete.



- 11 -

space charge neutralization in the same way as quoted in ref. 3 and reproduc-

es the former result 3S5 ±30 ns within the error limits. The upper curve is

recorded with additional space charge neutralization and yields t(CH A, tf=0,

N=2) = 630 ±50 ns (total estimated experimental error). A minor increase in

T with increasing rotational level is observed as well as a substantial in-

crease with increasing vibrational level. These new lifetime values are in

close agreement with two independent sets of ab initio calculations '

Thus it seems to be obvious that the earlier experimental estimates have

been perturbed by repulsion effects.

This is particularly true in the case of the phase-shift measurements

which yield lifetimes that are 2.5-3 times lower than the new experimental

and theoretical results from which an oscillator strength

5)

/0>()[A-X,Q(2)] = (7.2 + 0.8) 10,-3

is recommended. The given error includes the uncertainty in the estimate of

the transition moment which was performed in the same way as in ref. 4.

In other words, electrostatic repulsion effects have frequently escaped

earlier attention since they appear in a treacherous way and may not distort

the linearity of decay curves for several half-lives. Also the repulsion ef-

fects are sometimes present and other times absent with the same equipment

and are thus strongly dependent upon the experimental geometry including the

secondary emission. Thus it is hard to establish any "thumb rules" concern-

ing its magnitude in a given case. However, it will always decrease the cor-

rect lifetime, thus yielding too low abundances. For a given experimental

geometry the distortion will increase with increasing lifetime, exciting cur-

rent and target pressure. The best approach to avoid repulsion effects seems

to be to accomplish an additional space charge neutralization as shown in

ref. 2. The complete macroscopic neutralization is obtained by supplying a

great excess of electrons, and an "ovcrcompensation" has no influence on the

lifetime measurements. Experimentally the absence of repulsion effects is

then demonstrated by the independence of the lifetime curves on the compen-

sating current above a certain threshold. This is demonstrated in the present

work on CH+ where it is possible to measure lifetimes at high resolution and

still get results undistorted by Coulomb effects. A number of oscillator

strengths of ionic species of astrophysical interest will be checked using

the HFD technique with extra space charge neutralization.
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3.1.3 LIFETIMES OF EXCITED LEVELS IN SOME IMPORTANT ION-MOLECULES.

PART II : 0 2
+

(P. Erman and M. Larsson)

In the current series of studies of lifetimes in ion-molecules using the

HFD technique, the 02
+molecule has recently been studied .

The first and second negative system of 02
+ are the most prominent fea-

tures in low pressure discharges through oxygen vapour and appear in emission

from the night sky, the aurora and stellar atmospheres. For a full interpre-

tation of the involved phenomena knowledge of the radiative lifetimes is nec-

essary. Earlier studies of transition probabilities and lifetimes of these

systems are inconsistent, mainly because of too low spectral resolution and

Coulomb repulsion effects. With a high resolution recording it is possible

to resolve, at least partly, the structure of the first negative system,

b ""Eg - a ""Ily , which contains 40 branches, and to measure lifetimes of un-

blended transitions.

The second negative system A 2IIU - X
 2üg has a simpler rotational struc-

ture, and the lifetime measurements have been performed close to the intensity

maximum of various b-a and A-X bands originating from v' = 0-7. The life-

times are expected to be in the range i 1 ys, and therefore particular cau-

tion has been paid to avoid distortions due to Coulomb repulsion effects.

These can be avoided by adding low-energy electrons to the target region, as

discussed in contributions 3.1.1 and 3.1.2 above, and this has been accom-

plished in the present studies of 0* and the pressure dependence has been

checked down to 0.01 mTorr. Examples of recorded decay-data are shown in

Fig. 1. Tests at still lower frequencies show that decay curves are linear

for a large number of half-lives and no cascade components are visible*.

The results from the present lifetime investigation are in the range

1350-2050 ns (T(b,v=0-7)) and around 1000 ns (T(A, V = 0 - 7 ) ) . These life-

times are 30-50 % longer than earlier obtained ones, and the most plausible

explanation for this is that the latter are shortened by Coulomb repulsion

effects.

The variation of the b-state lifetimes indicates a strong variation of
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FIGURE 1
Decay curves of the b-a (7,5)
band and A-X (0,7) band of 02

+

yielding T(b, v=7) = 2050±150 ns
and T(A,v=0)= 1020±7O ns.
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the electronic transition moment Rg with the r centroid which can be deter-

mined using our experimental T , values and calculated r centroids and Franck-

Condon factors. A good fit within the interval 1.21 r£ 1.65 Â is given by

R R 2
- 38-03 12-03

This Re variation with error limits included is displayed in Fig. 2.a.

FIGURE 2

The electronic transition moments of the
b-a and A-X systems in 0* as a function
of the r centroid deduced from the life-
time values measured in the present work.
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The lifetimes of the A state levels are found to be practically independent

of vf. Thus, the transition moment variation is much smaller for the A-X

system than for the b-a system.

The variation for 1.2$ x£ 1.5 A deduced from the present lifetime in-

vestigations can be expressed with a linear fit

R»Z - R<? o(- 1-13 + 1.71 r)



From the variation of transition moment of the b-a system one can inves-

tigate possible predissociations of the b-state for v' à 4. Since the v' â 4

levels are above the lowest dissociation limit in 0^ ( 0(3P) + O+Os")), 6.75

eV, they could be subjected to predissociation. Such a predissociation has

been discussed but never observed experimentally. Since the Re variation is

reasonably well determined already from the experimental values T e xP-T e xP,

which are equal to the radiative lifetimes T * - T ' , we can extrapolate the

transition moment variation from the (3,v") range to the (4,v") range and de-

duce T,, from the relation between T and Rg. This gives T£ = 1760± 150 ns,

which should be compared to I®*5 = 1730 ± 130 ns. This gives an upper limit

for the nonradiative transition probability A,, (b) = l/rexp - 1/T* < 10s s"1.

This is a very low limit and it seems safe to state that the b state of the

02 molecule is not subjected to any significant predissociation for v'S 7.
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3.1.4 LIFETIMES OF SOME LEVELS IN NEUTRAL CARBON, NITROGEN AND OXYGEN ATOMS

(J. Bromander, N. Buric*, P. Erman and M. Larsson)

Strong transitions to the lowest excited terms in C, N, 0 mostly occur in

the visible and near infrared region and are frequently observed in spectra

of the sun and the stars. However, for estimates of, for instance, the solar

photospheric C,Nand 0 abundances, these transitions are often inferior to

those occurring in molecular compounds containing these atoms. The reason for
2 3)this is, as follows from recent estimates of the solar C, N and 0 abundance ,

is frequently the lack of reliable f-values.

Since lifetime measurements have proved to give the most accurate f-values,

we have undertaken an experimental investigation of radiative lifetimes and

associated f-values of the above-mentioned transitions using the HFD technique.

For the present investigation of C, N, 0, target gases of C2H2, N 2 and 02

were used. Fig. 1 shows a recording of the excited spectrum of 0z, where the

assigned lines are infrared 01 transitions, whose lifetimes have been measured

in this work.

The results of the present lifetime investigations are compiled in Table I.

Since no other experimental lifetime values are reported (except for NI 3p *P°),

we have converted our lifetime results to f-values using estimated branching

ratios, as given in the table. Our obtained f-values are compared with those
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FIGURE 1

Sections of a low resolution
survey spectrum of 0 2 gas ex-
cited by 7 keV, 15 mA elec-
trons using the HFD technique.
The assigned lines belong to
transitions in 01 which have
been utilized in the present
lifetime investigations.

adopted in the NBS compilation , with Coulomb approximation calculations

and semiempirical calculations , as well as very recent, refined calcula-
7 81tions * (for 01) including limited configuration interaction.

TABLE I Radiative lifetimes and multiplet oscillator strengths for visible
and near infrared multiplets in neutral carbon, nitrogen and oxygen

Spectrum

CI

NI

OI

3s

3s

3s

3s

3s

3s

3s

3s

3p

3p

3p

Multiplet

ip.

XpO

3gO

3SO

SgO

SgO

3P

5p

SP -

-4p

- 4p

-3P

- 3p

-4p

-5p

-3p

- 4p

- 4d

- 4d

5d

>P

3P

3P

3P

5P

5P

3D0

5D0

5D0

Wavelength

5380.3

5052.2

8216.3

8446

4368

3692

7773

3947

7002

6157

5330

Measured
lifetime

(ns)
This work

295 ± 15

190 + 20

55 + 5

40 + 3

153 + 10

271 + 15

39 + 2

193 + 10

80 + 10

96 + 4

191 +10

Branching
ratio

0.33

0.22

0.69

1

0.58

. 0.32

1

0.08

-

0.54

0.44

Deduced
multiplet
f-value

0.0048

0.0075

0.18

0.80

0.032

0.0072

0.70

0.0029

-

0.053

0.016
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Eight multiplets of types 3s - np and 3p-nd in 01 were studied. The

two An=0 transitions (8446 and 7773 A) can be accurately converted to

f-values, since they have no alternative decay channels. The results are

10-30 % lower than other reported values, indicating that the 01 f-value

scale should be correspondingly decreased. The An^ 0 transitions are all

competing with other branches, but the branching ratios have been estimated

from the calculations . The experimental f-values are in some cases

(3s 3S° - 4, 5p 3P) considerably larger than those obtained from calculations

based upon the Coulomb approximation , but agree reasonably well with the

calculations given in ref• 8. For CI, the lifetimes of the 4p P and 4p D

levels were measured, yielding 295 ± 15 ns and 190 ± 20 ns, respectively.

From their log gf-values found in the semiempirical tabulation , their

branching ratios and the associated f-values were calculated. The results

agree fairly well with earlier experimental and theoretical results. Only

one multiplet, 3s "P - 3p "P3, was investigated in NI. The result, T=55±5ns,

is somewhat larger than the value 39 ns obtained from a beam-foil measurement.

The derived f-value is notably lower than the Coulomb approximation value.

Determination of the solar phtospheric C, N, 0 abundances from experi-

mentally determined equivalent widths and f-values have been extensively

discussed in refs. 2 and 3. Concerning the solar carbon abundance e(C), the

3s - 3p, 3p - 4s and 3s - 4p arrays yield a value log e(C) = 8.58 which is

20 % lower than the grand average result, log e(C) = 8.67 ±0.10, which is
21obtained ' by including all the indicators (the CH, C2 and CO molecular

bands and the forbidden CI transition X8727). This minor difference would

vanish if we adopted our new f-values for the considered CI transitions.

In deriving the nitrogen abundance e(N>, a number of NI 3s - 3p multi-

plets have been considered, yielding the average result log e(N)= 7.99±0.10).

The Coulomb approximation predictions were used for all NI multiplet f-val-

ues. Our investigation shows that this approximation yields a too large

f-value for the 3s **P - 3p ''P0 transition, but more f-values have to be meas-

ured accurately before it can be concluded that the f-value scale should be

corrected in the same direction for all the 3s - 3p multiplets.
2)In the estimate ' of the solar oxygen abundance e(0), the main emphasis

is put on the X7773 multiplet yielding log e(0) =8.79 using the Coulomb ap-

proximation f-value (= 0.93). Using our new experimental value f=0.70±0.04,

this abundance value increases to log e(0)=8.91 in excellent agreement with

the grand average given in ref. 2, log E(0)=8.90±0.10, where also the for-

bidden À6363 transition and the OH A-X bands are considered.

Permanent address: University of Belgrad, Belgrad, Yugoslavia
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3.1.5 TRAPPING OF NON-RESONANCE RADIATION IN ATOMS AND ITS INFLUENCE ON

MEASURED LIFETIMES OF THE 4p AND 5p LEVELS IN Ar I

(P. Erman and S. Huldt*)

In this work , lifetimes of 17 levels of the 3p5 4p and 3p5 5p con-

figurations in Ar I have been measured using the High Frequency Deflection

technique at target pressures in the range 0.04- 10 mTorr. An anomalous pres-

sure dependence is found which indicates that the studied 4p, 5p •*• 4s (non-

resonance) transitions are subjected to trapping effects which occur because

of exceptionally long lifetimes of the 4s levels due to either 4s •+ 3p reso-

nance trapping (4s, J=1) or metastability (4s, J = 0 , 2). A theoretical fit

to the observed pressure dependence based upon this process is given as well

as corrected zero pressure lifetimes which in several cases are considerably

shorter than earlier published values.

Emission from excited resonance levels in atoms may be strongly absorbed

and re-emitted by neighbouring atoms in the light source provided that the

ground-state population is sufficiently high, as in the cases of rare gases

and alkali vapours. This "resonance trapping" process has been known and ob-

served for a long time, and several theoretical investigations have been de-

voted to it. For the particular case of high pressures, it was found that

the transition probability Aj of a resonance transition from a level 1 to the

ground state 0 (see Fig. 2) becomes reduced to the apparent value A^ p p by

trapping in such a way that

Aap P 1.6

c^Rj • /ir-í-n k^Rj
(1)



- 18 -

Here the trapping is assumed to take place in an infinite cylinder with radi-

us Rj, and k° is the absorption coefficient at the centre of the absorbed

0 -»• 1 transition given by

* Si'Ai * no
(2)

where v0 is the most probable atomic ground-state velocity, and the remain-

ing parameters have their usual meanings (cf. Fig. 2). However, since the

trapping factor y must always be less than unity, the restriction to high

pressures means that eq. (1) is valid only for kIR1 » 1.

Recently, calculations of trapping effects 3) have been made also for

the case k°Rx « 1. For the same limiting case of an infinite cylinder with

radius R and kx « 1, the trapping factor is given as

1 - (3)

Since Yx < 1, the effect of resonance trapping is always to increase the ob-

served lifetime of an atomic state which has one allowed branch to the ground

state.

The 4p, 5p -»• 4s transitions in Arl appear very strong in the HFD spect-

rum, and lifetime studies of all the 2pj levels (except for 2p10) are in prin-

ciple straightforward from an experimental point of view. However, all the

lifetimes show a remarkable pressure dependence when the measurements are ex-

tended to very low pressures. Thus in a T(0)/T(p) vs. p plot (see Fig. 1),

this ratio starts at unity for very low pressures, decreases in the range

0.01 mTorr, and then approaches a constant value in the range 1-10 mTorr.

In Fig. 1, this is illustrated for the case of the 1s2 - 2pj transition. The

other 1s£- 2pj transitions show a similar behaviour but even more pronounced.

In fact, the prolongation of the 1s3-2p9 transition (X = 8115 Â) starts al-

ready at such a low pressure that X2p9 (0.04 mTorr) = 94 ns (instead of ex-

pected « 25 ns, see Table I) and no reliable zero pressure extrapolation is

possible. Similar pressure dependences are found for the 1s£-3pj transitions

but T(p) approaches T(0) faster in this case, making the extrapolations sim-

pler.

The pressure dependence of the 2p£ (and 3p£> lifetimes in Ar I observed

in this work strongly resembles what is to be expected in a resonance trap-

ping process. Since, however, the 2pi levels in Arl have no allowed branches
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k°R «1 FORMULA
k°R»1 —" —

0.01 0.1 p tntorr 1 10
Experimental lifetimes x(p) of the 1s2 - 2px transition in Ar I plotted as a
function of the target pressure p. The full-drawn curve represents a fit to
the experimental points using the formulation of trapping of non-resonance
radiation developed in section 4 and the "low-pressure" formula (7). The
dashed line is an equivalent fit using the "high pressure" formula (8).

to the 1p ground state, the trapping must be caused by the (lower) 1s£ levels.

Such a trapping via an excited state requires an exceptionally high density

(tij in Fig. 2) of atoms in this state and such a process has never been ob-

served earlier to our knowledge. We think that it is possible to achieve

this high density in the present particular case in two ways: 1. The radia-

tion from the Jl = 1 (1s2 and Is^) levels to the ground state is very strongly

trapped, causing the apparent lifetimes of these levels to be very much longer

than the radiative lifetimes (2 ns and 8 ns, respectively). 2. The J1 = 0 , 2

levels (1s3 and 1s5) are metastable against photonemission but they are never-

theless excited by electron impact. Thus if the lifetimes of all 1si levels

become sufficiently long because of trapping or metastability, densities nt

could be built up which are large enough to cause trapping of the 2p ->• 1s

radiation.

We now would like to make an estimate of the observed pressure dependence

of the lifetimes of the 2p •*• 1s radiations using the formulae (1) - (3). If

we consider the case of the 2pj lifetime displayed in Fig. 1, this is dominated

by the 2px •+ 1s2 branch, allowing us to write eq. (3) in the form

T(0) AfPP
1 - • k2'R2

with

* g2 * A2

gl

(4)

(5)
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A2, À2, k2

Is, (2s,J3d,...)
J,=0-2

2pi(3pi)
J2=0-3

noi9o J0=0
GROUND STATE

FIGURE 2

Schematic description of trapping of radiation from resonance and non-reso-
nance levels in atoms. In the well-known first-mentioned case, the radiation
from an excited resonance level 1 is absorbed and reemitted by neighbouring
atoms in a light source if the ground state density n0 is sufficiently high,
like in the case of rare gases and alkali vapours. Under normal circumstances
this process does not occur for non-resonance transitions 2 ->• 1, since the
density nl of atoms in the excited state 1 is normally very small. However,
in the particular case when the probability Ax for a transition 1 -*• 0 is ex-
ceptionally small a considerable density nl could be built up, making pos-
sible a trapping even of the 2 •*• 1 transition. In the present case of the
2pi(3pi) •* 1si transitions in Arl , this condition may be fulfilled, since the
1s3 and 1s5 levels (with Jt = 0 and 2, respectively) are metastable and the
lifetimes of the 1s2 and 1s„' (Jx = 1) levels can be very prolonged by the
ordinary 1 -*• 0 trapping process.

It should be noted that probably Rg^Rj since the trapping of the 2 -»• 1 radia-

tion takes place in excited atoms which could have a different spatial distri-

bution than the ground state atoms.

In view of the very complex physical situation, it is only possible to

make a rough qualitative estimate of the equilibrium density nj of the ex-

cited 1s2 atoms which are effective in the 2px -• 1s2 trapping. It is to be

expected that nl increases as some function F(I,O") of the appropriate electron

excitation cross-sections 0" and the density I of the average exciting current,

which at the applied repetition rates (0.5 - 2 MHz) could be considered as a

chopped constant current in the time scale of the apparent decay of the 1s2

level. This increase is not necessarily linear with I, since the probability

for a second excitation of a given atom may not be neglected if AaPP is small
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enough- Some of the excited levels are removed by collisions with surround-

ing ground-state atoms, which increase AfPP with a term nQ v0 a
c o 1 1. In the

present time scale we also have to consider the thermal motion of the atoms.

In ordinary lifetime investigations of long-lived excited states, the thermal

motion causes a drift of some of the excited atoms out of the viewing region

before they emit a photon, yielding an apparent nonexponential decay curve

with a steeper slope than the correct curve at all times. In the present

case, an equilibrium situation must exist where nj rapidly assumes a constant

value after the (pulsed) excitation is switched on and this value is then modi-

fied by a thermal escape factor E (e,T) which depends on the geometry e of

the experiment and the temperature T of the gas.

If all these factors are added up, we get the approximate expression

n0 • E(E,T)
ni w

A?» + novo acoll
(6)

If the apparent transition probability A^pp («Aj) given by (3) is in-

troduced, we can write (4) in the form

2Í2I , -, _ JSEL (7)

where X and Y are pressure-independent parameters determined by the (no-in-
dependent) quantities in eqs. (5) and (6). If AaPP is given by (1) , the cor-
responding relation i s of the form

T(0) .
T(p) " n/ç 'P

(8)

with pressure-independent parameters Ç, TI, Ç.

Thus, if all the parameters entering in (5) and (6) were known and (6)

were a sufficiently accurate description, it should be possible to deduce

the observed pressure dependence via (7) or (8). Since, however, this is

not the case, we will here restrict ourselves to consider only X, Y or Ç,

H, ç as variable parameters and check if a reasonable fit can be obtained

to the observed dependence given in Fig. 1. We find that (7) with X = 0.66

and Y = 0.30 gives a reasonable fit to the experimental T(0)/r(p) points

within the whole studied pressure range, only a slight overestimate is dis-

cernable for pi0.5 mTorr. On the contrary, eq. (8) gives a good fit (for

£=0.66, ri=20, Ç = 100) to the region p> 0.5 mTorr, but tends to give an

overestimate for lower pressures. These two trends of the two formulae (7)



- 22 -

and (8) are in accordance with their expected ranges of validity.

The most important conclusion from the fit of (7) to the experimental

points of Fig. 1 is that (fairly insensitive to the choice of X and Y) the

p-dependence becomes almost constant for pS 0.05 mTorr. Thus, although the

present formulation of the trapping of the non-resonance radiation is not ac-

curate enough to allow a more detailed test of the process» it clearly shows

that the zero-pressure extrapolation from the measured points may yield T ( 0 )

with satisfactory accuracy. The same conclusions follow from the T-investi-

gations of the other 2pj and 3pi levels although in the general case several

different branches have to be added in eq. (4) which then has to be summed

over all possible final states. The situation becomes particularly complex

in the case of the 5p (3pj) levels which may decay to the 5s and 3d levels

in addition to the 4s levels. However, we find that the total trapping ef-

fect for the 5p •* 4s radiation is considerably smaller than in the case of

the 4p -*• 4s radiation and the derivation of T ( 0 ) is accordingly easier.

We can now make some general qualitative predictions concerning the ex-

pected relative shape of the T(0)/r(p) curves of the different transitions

from the 2p£ and 3s£ levels. The smallest trapping effect is found for tran-

sitions from the 2p£ and 2p5 levels (and 3p£ and 3ps levels). This is ex-

pected since all these levels have J2 = 0 (see Fig. 2) and may just decay to

levels with Jj = 1 which have allowed transitions to the ground state with

lifetimes which are prolonged only by trapping„ On the other hand, as al-

ready mentioned, the largest trapping is found for the 1s„ •*• 2pg transition.

This is readily explained by the fact that the 2p9 level is the only 2p£

level with J2 = 3 and this is consequently the only level with only one decay

branch (J2 = 3 -*• J1 = 2) which leads to the metastable state 1s5 which is

strongly populated by electron impacts. Similar arguments are valid for the

3pg lifetime. The radiation from the 2p8 and 3pa (J2 = 2) levels is also

strongly affected by trapping in view of the strong branches to the 1s5 level.

It follows from Table I that the new lifetime results for the 3p£ and

3p£ levels in Arl obtained from extrapolation to very low target pressures

are lower than most oî the earlier results, in particular so in the case of s

3p£. For instance the lifetime of the 3p8 •* Is,, (4300 Â) transition which

has been partially used for normalization of the Arl f-value scale should be

changed accordingly.

Thus, the presence of trapping of radiation from non-resonance levels in

atoms seems to be well verified by the present investigation involving stud-

ies of the pressure dependence T(p) of the lifetimes of the 2p£ and 3p£ lev-

els in Ar I. One of the reasons why the trapping of non-resonance radiation

has not been observed earlier is probably the associated shape of the pressure



- 23 -

TABLE I Experimental results of the lifetimes of the 3p^ and 2pi levels
in Ar I

Level

3 P l

P2

P3

Ps

P6

P7

Ps

P9

PlO

T ns

A

65+5
150+ 10
150 ± 15
90+5

125 + 10
90+ 20

120 ± 15

115 ± 15
85 ± 10

T ns

B

95

180

160

105

190

170

185

215

200

Level

2Pi

P2

P3

P»

Ps

P6

P7

Pa

T ns
A

20+2
24+3
21 ±4
20+3
21+3
20+ 3
20±3
25± 5

T ns

B

21

26

26

30

21

25

28

28

A
B

this work, experimental
average value of results given by a number of other investigations

dependence which appears in a very treacherous way which easily escapes at-

tention of the observer. Thus, as follows from Fig. 1, T(p) may appear as

almost constant at normal target pressures (p £ 0.5 mTorr) and the anomalous

behaviour appears .first at very low pressures. The obvious way of minimiz-

ing the effect in electron excitation work is to have a geometry with as

small dimensions as possible (cf. eqs. (3), (4)) and/ or to accomplish a low

efficiency excitation. However, both these arrangements are afflicted with

serious disadvantages and exclude the possibility of high-resolution lifetime

recordings.

Analogous effects should appear in other rare gas atoms. Thus, for in-

stance, there is a large scattering in the reported values of the 3p^ life-

times in Ne I, one group of values being about 20 ns and another £ 100 ns.

In particular T(p9) values as high as 200 ns have been reported and there is

little doubt that these investigations were strongly influenced by trapping

of the radiation from the 2p^ levels in Ne I in the same way as in the case

of Ar I.

Permanent address: University of Lund, Lund, Sweden
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3.1.6 OBSERVATION OF ZERO FIELD QUANTUM BEATS IN GAS-EXCITED HELIUM

PROJECTILES

(J. Bromander, L. Liljeby and I.A. Sellin*)

ft .

The 400 kV heavy ion accelerator was used to accelerate He ions to

energies between 200 and 350 keV. The experimental arrangement was similar

to that of conventional quantum beat beam-foil experiments, with the exciter

foil replaced by a I mm diameter beam stop and a 1.5 mm long gas cell held

at a fixed distance from each other (Fig. 1). The target cell motion was

DIAMETER <15mm FIGURE 1

Arrangement of the exciter gas cell.

accomplished by a stepping motor driving a precision screw. Argon was cho-

sen for the exciter gas, since it is heavy enough to provide a large pres-

sure difference at the cell walls, but light enough to limit beam spread.

The argon gas was fed into the gas cell through a flexible tube to facili-

tate the movement of the cell. Because of the cell length limitation, no

differential pumping was used. The pressure difference between the cell

and the target chamber was established only by the small beam entrance and

exit apertures. To avoid excessive rest gas excitation outside the gas cell,

the argon pressure was always kept at such a low level that the pressure

gradient outside the cell was only noticeable as a varying background with-

in 1 mm from the cell. The total pressure in the target chamber was approx-

imately 1 xlo"1* Torr, which is still enough to produce a constant background

of light from rest-gas excited beam particles. This background could be cor-

rected for by measuring the rest-gas excitation between the 1 mm diameter

beam collimator and the upstream cell wall. In a typical run at optimum

pressure, this background correction amounted to 20 % of the total signal.

The 3889 Â line in He I was observed using a 35 cm Heath monochromator e-

quipped with a cooled EMI6256 photomultiplier. The coupling of the mono-

chromator to the beam was achieved by two lenses giving a 1:1 correspondence

between the 0.25 mm wide entrance slit and the length of the beam being
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observed. In the parallel light beam between the lenses, a Polacoat 105UV

polarizer and a Hanle wedge depolarizer were located, thus making it pos-

sible to compare the intensity of light polarized parallel and perpendicular

to the beam without correction for the instrumental polarization in the mono-

chromator. Decay curves were generated by recording the light intensity as

a function of cell position in 0.5 mm steps and adding together the result

of several such runs. The scanning speed was regulated by a monitor photo-

multiplier, which recorded light at a fixed distance from the cell. The

energy of the beam was measured to within 0.5 % by a 0.5 m mean radius elec-

trostatic analyser.

In Figure 2, a decay curve at 3889 A is shown recorded in light polar-

ized parallel (I,,) and perpendicular (Ix) to the beam. The light was ob-

served at an angle of 90° to the beam. The beat frequency was measured to

10 15 20 25
DISTANCE FROM THE GASCELL (mm)

30 35

FIGURE 2 Observed quantum beats in the 3889 A line of "HeI. The upper
curve was obtained with the polarizer parallel to the beam and
the lower curve with the polarizer perpendicular to the beam.

be 662 + 9 MHz in good agreement with the more precise measurements by Tham

who obtained the value 658.76+ 0.13 MHz. As can be seen from the figure,

the two polarization directions have a phase différence of IT radians, with

In having a maximum at the gas cell position. Measurements with foil exci-

tation by Burns and Hancock give the same result.

Since the only beat signal that can be resolved in the present experi-

ment arises from the interference of J= 2 and J= 1 levels, the intensities
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can be written

Cj(1 + a,, cos o)i2 t) exp(-t/T)

C2(1 + a^cosw^ t) exp(-t/t)

(1)

(2)

The relative amplitudes of the beat signals (a,, and ax) are related to the

alignment tensor AÇ°*(t) in the following way 3 ~ 5 ) :

a,, = Aa0l(0)/(1-5/9Ao0l(0)) (3)

(4)

„col 5)
where A„ (0) is defined by Macek ' as

)) = <3L 2-L(L+ 1)
z

The different signs of a,, and ax reflect the phase difference of ir radians.

When measuring the relative beat amplitude, a correction has to be made for

the finite length of the gas cell. For the data displayed in Fig. Zs ob-

tained at 238 keV beam energy and a gas cell length of 1.5 mm, an amplitude

correction of 1.15 is required.

TABLE I The degree of alignment, A^° (0), in Ar excited 3p 3P in He I as
measured from the zero-field quantum beats ( J = 2 - J = 1 ) in the de-
cay of the 2s 3S - 3p 3P transition at 3889 Â, measured at 238 keV
beam energy. The values come from a least-squares data fit, the
error limits representing two standard deviations.

A^CO) - -a,,/(1

= 2ai/(1

- 5/9

- 5/9

a,,)

a.)

- 0.046

- 0.045

± 0.

± 0.

008

019

Using a 10 yg/cmz carbon foil for the excitation, A^°
- 0.080 + 0.01 at 238 keV beam energy.

(0) was measured to be

Table I summarizes the measurements of A^° (0) as obtained from Equa-

tions (3) and (4). The results are compared with foil excitation data ob-

tained by us under very similar conditions - the same beam energy (238 keV)

and the same beam current after the exciter (2 pA). At 330 keV the beat sig-

nal indicated an alignment comparable to the one measured at 238 keV.

In this experiment we have demonstrated the possibility of using a mov-

ing gas-cell target in fast-beam quantum-beat experiments, when a moderate

degree of spatial coherence is sufficient (beat frequences of a few hundred

MHz). The most appealing advantage of this new technique is the possibility

of testing theoretical calculations of alignment of a few per cent or more

for single binary collisions. Such small alignments are very difficult to
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determine in i n t e g r a l (non-quantum-beat) p o l a r i z a t i o n measurements, because

they tend to time average to near ly zero.

* Permanent address : The Univers i ty of Tennessee, Dept. of Physics and
Astronomy, Knoxville, Tennessee 37916, USA
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3.1.7 A COMMENT ON THE OSCILLATOR STRENGTH FOR THE 2s2 'S - 2s2p *

TRANSITION IN B II

(J. Bromander and L. Liljeby)

The radiative lifetime of the 2s2 XS - 2s2p *P transition in B II has

been remeasured using the beam-foil technique. The present result agrees

well with previous measurements, but is at variance with results recently

obtained using sophisticated theoretical methods. The reason for this dis-

crepancy is discussed.

The beryllium isoelectronic sequence has awakened considerable interest

both in theoretical and experimental determinations of oscillator strengths.

All experimental values but one stem from measurements using the beam-foil

technique. The other method that has been utilized is the phase shift tech-

nique .

Especially the resonance transition 2sz 1S - 2s2p *P has been thoroughly
2)

investigated by theoretical methods; thus Sims and Whit ten have been able

to make accurate estimates of both upper and lower bounds for the f-values

along the sequence. If all experimental data for this sequence are plotted

in an f vs. 1/Z diagram , it is obvious that the experimental points fall

below the theoretical values. However, more accurate beam-foil experiments

involving a thoroughly performed cascade analysis, as for example in Be I ,

show an excellent agreement with theory.

In the case of the B II transition at 1362 Â, the experimentally deter-

mined f-value, however, is significantly at variance with the theoretical

value. This problem has been noticed by Day and Larson who have made a

detailed theoretical investigation of this f-value, scrutinizing all previous

values. Their recommended f-value is 0.985±0.015,in good agreement with
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previous theoretical predictions. The f-values from previous beam-foil meas-

urements are all about 20 % lower (0.84+0.04 7 ), 0.73 + 0.06 and 0.71 +

± 0.05 ) , all of them outside the region established by Day and Larson

The phase shift value 0.9 ±0.2 is of less accuracy and thus less suitable

for conclusions on systematic errors.

B+ ions were accelerated to energies between 100 and 300 keV using the

Stockholm 400 kV heavy-ion accelerator. New measurements of the 2s2p lV

mean lifetime were performed by recording the decay curve of the transition

at 1362 Â, using a Seya-Namioka spectrometer. A 35 cm Heath monochromator

was used to make a simultaneous recording of the B II transition 2s2p P -

- 2p2 *D at 3451 A, which is one of the main transitions that cascade into

the 2s2p 'P level. A typical decay curve for the 1362 A transition is shown

in Fig. 1.

103

10'

en
z
ÜJ

101

_J I I I I

5 10
DISTANCE FROM THE FOIL (mm)

15

FIGURE 1

Typical decay curve of the 1362 A transition 2s2 *S - 2s2p *P in B II

After a careful analysis of 12 independent decay curves, we obtained a

value of 1.00 ±0.03 ns for the lifetime of the 2s2p *P level. All decay

curves were corrected for a long-lived cascade of about 14 ns lifetime, aris-

ing from the 3451 A transition. The lifetime value obtained from the cas-

cade agrees well with the value obtained directly from the analysis of the

simultaneously recorded decay at 3451 A. Thus we feel confident that the

correction for long-lived cascading is correctly performed. To make a fur-

ther check on the cascade situation, we also performed an ANDC analysis

of the 1362 A, 3451 A system. This analysis was consistent with the two-ex-

ponential curve fitting analysis performed using a least-squares computer code.
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Results from four independent beam-foil investigations are presented

in Table I and Fig. 2. As can be seen from the table, the experimental

lifetime values seem to be dependent on the acceleration energy used in

the beam-foil experiment, lower accelerating voltage giving shorter life-

times. This suggests that lower accelerating voltage gives more accurate

lifetime values, a conclusion that is not as surprising as it may seem,

since lower beam energy means less excitation of higher levels and thus a

more favorable replenishment ratio (less influence from transitions cas-

cading into the level of interest)•

TABLE I Results from different beam-foil measurements of the radiative
lifetime of the 2s2 !S - 2s2p 'p transition in B II

Source

Ref. 7

Ref. 8

Ref. 9

This work

Lifetime (ns)

Main decay Cascade

0.99 ±0.05

1.15± 0.10

1.17+ 0.07

1.00+ 0.06

16 ± 2

?

18 ± 1

14+4

Acceleration
energy (keV)

40 - 80

300 - 1500

110 - 1600

100 - 300

Theoretical lifetime value derived from recommended f-value in ref. 6
(0.847 + 0.013) ns.

FIGDRE 2

Comparison of different values for the
mean lifetime of the 2s2p XP level in
B II. The numbers in parentheses re-
fer to the ref. list.

1.2

1.1

1.0

0.9

0.8

t(ns) .

(9)
"(10)

(8)

this work

{(27)
theory

In Fig. 3, a partial level diagram of B II is shown. All transitions

that may seriously affect the decay of the 2s2p '*F level are indicated in

the diagram together with experimental lifetimes of the respective upper

levels. It is easily seen that 2s3d 'D, 2p2s XP and 2p3d *D all feed into
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FIGUKE 3
Partial level diagram of B II.
The boxed numbers are lifetimes
in nanoseconds.
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the decay of the 2s2p XF level. If an ANDC analysis is performed using the

decays of 1362 Â and 3451 Ã there are still possibilities that 2s3d *D and

2p2s lV may affect the result. Since the radiative lifetimes of these high

levels are very similar to the lifetime of the 2s2p *P level, it is experi-

mentally very difficult to resolve their influences on a decay curvej especial-

ly since very little is known about the relative initial populations. An ANDC

analysis involving four different decay curves is also almost impossible to

perform.

We believe that the discrepancy between theory and experiment for the

f-value of the 2s2 lS - 2s2p 1P transition in B II is due to a very unfavour-

able cascade situation involving three high-lying levels with approximately

the same radiative lifetime as that of the 2s2p *P level. Thus the theoretical

f-value 0.985±0.015 should be the best presently available.

The relation between experimental lifetime value and excitation energy

suggests that the best way to perform an accurate measurement is to use the

lowest possible excitation energy, preferably resonance excitation.

Another conclusion that can be made is that it is necessary to have a

rough knowledge of the entire level scheme (including f-values) of the inves-

tigated spectrum before any conclusion on the reliability of measured lifetimes

can be made. This can be achieved by a computer code based on some semiempiri-

cal way of calculating transition probabilities, e.g. the Coulomb approximation.

More information on relative population in beam-foil spectroscopy is also

needed.
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3.1.8 A STUDY OF TRANSITION PROBABILITIES AND BEAM-FOIL EXCITATIONS IN Zn

(S. Hultberg, L. Liljeby, L. Lundin, S. Mannervik and E. Veje*)

We have measured beam-foil decay curves for approximately ten terms in

Zn II. In addition, we have determined the relative initial beam-foil level

population for levels in Zn II by means of a quantum-efficiency calibrated

monochromator (2000-6000 Â). The purpose of this study is to see whether

the experimental decay curves, which show long cascade tails in some cases,

can be reproduced from the measured initial level populations and theoretical

transition probabilities calculated in the Coulomb approximation. These cal-

culations are made in cooperation with A. Lindgárd and S.E. Nielsen, H.C.

Örsted Institute, University of Copenhagen.

The relative level population data give information about the beam-foil

excitation mechanism. This is the first time that this mechanism has been

studied by use of a medium-heavy element. It is seen that p and f levels, i.e.

levels with odd parity, are populated somewhat more strongly than levels with

even parity (s and d levels). This is in agreement with earlier results from

this institute (Physica Scripta J£ (1975) 58), where Be was used as a projec-

tile. Fig. 1 illustrates this behaviour for a number of previous measure-

ments, together with our new results for Zn.

We note that the excitation functions for different levels in Zn II are

proportional to each other in the projectile energy range used (50- 350 keV).

This seems not to be the case for Zn I levels. Zn III lines are very weak and

so are transitions from doubly-excited levels of Zn I and Zn II.

In Fig. 2 we see the relative population as a function of the principal

quantum number. The Zn data agree in the expected way with earlier results.

* H.C. 0rsted Institute, University of Copenhagen
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3.1.9 MEASUREMENTS OF LIFETIMES FOR EXCITED LEVELS IN Er I, Er II, Tb I

and Tb II

(N. Spector*. I. Martinson*, J. Bromander, L. Liljeby and L. Lundin)

A study has been made of the beam-foil spectra of Er and Tb in the

region 2000 - 6000 A, using 200 - 350 keV ions from the 400 kV accelerator at

AFI. As expected, the spectra obtained were quite complex and problems with

spectral resolution prevented us from lifetime measurements in a number of

cases. The Er II lifetimes have earlier been studied but the better de-

tection efficiency in the present experiment was used to measure additional

lifetimes. No such data were previously available for Tb II, which is of itn-
2)

portance in connection with studies of solar abundance of this element
3)In classifying the Tb data we used a recent, unpublished work of Meinders

An analysis of the lifetime data is in progress and the preliminary results

indicate the need for additional measurements at different ion energies.

* Permanent address: Lund University, Lund, Sweden
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3.1.10 LIFETIME MEASUREMENTS IN Ga II AND Ga III

(L.J. Curtis*, B. Denne*, S. Huldt*, L. Liljeby, U. Litzén*, L, Lundin

and S. Mannervik)

The lifetimes of the resonance and low-lying nonresonance levels of the

Cu I and Zn II isoelectronic sequences are of particular importance because

of the serious contamination problems which the high-charge members of these

sequences (for example Mo XIV and Mo XIII) may impose upon controlled fusion

devices such as Tokamaks and other fusion reactors. We are therefore making

a systematic study of the lower members of these sequences in order to evalu-

ate the reliability of theoretical calculations of these lifetimes, and to

provide better values for the extrapolation to higher charge states.

The beam-foil lifetime measurements were performed using a 400 keV heavy

ion accelerator with a universal ion source, automated data collection with

high positional reproducibility, and a precise post-foil velocity measurement.

However, additional problems are present in the Ga II and Ga III measurements
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which required supplementary measurements. Possible severe blending prob-

lems between Ga II and Ga III lines were complicated by an incompletely

known term scheme. It was therefore necessary to perform a high wavelength

resolution term analysis study using a sliding spark light source . In

addition, theoretical calculations indicated that the Ga III system may con-

tain an unusual similarity between primary and cascade meanlives which re-

quired special care in analysis of the decay curves.

In Ga II we have measured the decay curves of the transitions 4s2 S -

- 4s4p 1P, 4s4p *P - 4s5s 1S, 4s4d *D - 4p2 *D and 4s4p *P - 4s4f *F. A

specially interesting feature here is the strong mixing of the two D terms

which explains the long lifetime of the level previously designated 4s4d D.

In Ga III the 4s - 4p and 4d - 4f decay curves have been measured.

This spectrum contains a most unusual lifetime "crossing" between the primary

resonance transition and one of its indirect cascades. This is due to a

shift in relative lifetimes characteristic of this type of isoelectronic se-

quence, whereby the lifetimes of the cascades are longer than that of the

primary for low-charge members, but as the charge increases the cascade

lifetimes shorten more sharply than does the primary. Thus although the Cul

resonance transition is shorter-lived than any of its cascades, the situa-
2)

tion in Ga III is quite different. Theoretical lifetimes suggest that

there will be strong growing-in cascades, and at least one cascade which

could be nearly the same as that which we seek to extract. The final ana-

lysis of the experimental data will be terminated shortly.

* Lund University, Lund, Sweden
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3.1.11 AN EXPERIMENTAL INVESTIGATION OF THE DOUBLY EXCITED SPECTRUM

OF NEUTRAL LITHIUM

(J. Bromander, S. Hultberg, L. Liljeby and S. Mannervik)

The assignment of transitions belonging to the doubly excited system in

neutral lithium have recently been discussed in papers presenting new and differ-

ent values for some of the doubly excited levels. These new calculations

suggest that some previously assigned transitions in Li** are very doubtful.

Therefore, a new spectral study has been undertaken tilth better resolution in

order to obtain more accurate wavelength values and new possible transitions.

In particular, the line at 5038 Â has proved to be double, the distance between

the two completely resolved lines being about 4.5 Â (a precise evaluation is in

progress).
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3.2 SURFACE PHYSICS

3.2.1 HELIUM-INDUCED SURFACE EFFECTS RELATED TO FUSION RESEARCH OBSERVED

BY LASER-BEAM REFLEXION

(L. Adieis*, M. Braun and B. Emmoth)

Radiation blistering, i.e. the deformation and partial exfoliation of

surface layers due to hydrogen or helium bombardment of solids, is an impor-

tant surface effect which may be a consequence of light-ion bombardment of

the primary walls in a fusion device. One typical feature of the blistering

phenomenon is that the surface damage appears instantaneously when a certain

ion implantation dose is exceeded, and therefore it is useful to define a

critical dose n c for blistering to occur. In order to get a deeper insight

into the mechanism of blistering, it is valuable to measure accurately how

nc is related to different parameters, such as energy, dose rate, tempera-

ture, etc.

Studies of the critical dose for blistering has up to now been performed

by means of:

a) microscopic inspections of the samples after ion irradiation ex-

ceeding the critical dose ,

b) measuring the residual gas pressure in the target chamber, which

increases when blistering occurs (bubbles with high pressure col-

lapse 2),

c) measuring the light emission from excited sputtered atoms of the

target material which, under certain experimental conditions, in-

creases when blistering occurs .

Recently in situ SEM (scanning electron microscope) measurements have been

performed in the target chamber at the Sandia Laboratories at Livermore,

allowing in situ observations .

The aim of the present work is to apply a complementary method to make

an in situ determination possible. In order to determine the critical dose

for blistering, a method based on detecting the change of the reflectance

of the irradiated area has been developed. There are two obvious ways of

applying this technique, as is schematically shown in Fig. 1. One way is to

measure the decrease of the light intensity reflected specularly, the other

is to measure the increase of the light intensity from randomly scattered

light owing to the roughness of the target surface. The first method will

give a bad signal-to-noise ratio, the second a considerably better one, as was
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found at an early stage of the experiments. Thus only the second method

has been used here. In fact, the enhancement of cne scattered light inten-

sity due to the heavy surface erosion is big enough to be observed by the

naked eye.

light source light source

FIGURE 1

Illustrating the laser beam reflection at the target surface.
a) Polar diagram which gives the scale of the light intensity of the

reflected laser beam as shown in b) and c). The marked point in-
dicates the angle and intensity of the incoming laser beam.

b) Light intensity distribution of the laser beam reflected from a
smooth, fresh target surface. The arrow indicates the incoming
laser beam.

c) The same as in b) but here the laser beam reflected from the target
surface is strongly damaged by He+ ion irradiation.

He Ne laser beam

i imovablt / window!

I [Faraday-cup

monochromator

and RM. tube

ULTEK 236
sorption pump

•tectr ical wiring

FIGURE 2 The UHV target chamber showing the experimental set-up.
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The experimental set-up in the target chamber is schematically shown in

Fig. 2. Polycrystalline Al samples of high purity (99.999 %) which have

been electropolished, chemically etched and rinsed, were implanted with

23-70 keV He + ions using the 100 keV isotope separator at AFI. The beam hit

the target surface at normal incidence and was, to ensure uniform irradia-

tion, x-y scanned across a circular aperture with a diameter of 2 or 4 mm.

Implantation doses were raeasured with a Danfysik current integrator. The

absolute beam current was determined by means of a movable Faraday cup. The

current was also monitored and kept constant during the bombardment by meas-

uring the current directly on the target, which was held at a positive po-

tential of 50-100 V for electron suppression. This made it possible to de-

termine doses with a relative accuracy of ± 3 %.

The pressure of the residual gas was held < 5 • 10~9 Torr in the target

chamber with the help of an ultra-high vacuum system. Special care was

taken to avoid target surface contaminations from the ion accelerator system

by using several liquid nitrogen-cooled traps.

A HEATH EUE 700 monochromator was employed to detect the backscattered

laser light at 6326.5 A a few degrees off the target surface plane. The

laser beam was adjusted to hit the same spot at the target surface as the

ion beam. The incidence angle of the laser beam was 45° with respect to the

target surface plane (see Figs. 1 and 2). Single photon pulse counting

techniques were used to follow the scattered laser light intensity as a func-

tion of the bombardment dose. To lower the noise signal, arriving from the

randomly reflected laser light in the target chamber, the specularly re-

flected light was directed out of a window and thus eliminated.

There are several advantages of using a laser instead of a conventional

light source:

1) The monochromatic light makes it suitable to study other optical

phenomena simultaneously, such as the photon emission from excited

sputtered particles leaving the surface during the ion bombardment.

2) The comparatively high photon intensity of the laser beam allows

easy detection of the scattered light, which would be much more

tedious if one uses a continuous light source having weak intensity.

3) Easy handling of a collimated laser beam.

Following the backscattered light intensity as a function of the He +

bombarding dose, one observes a drastic increase in the scattered laser

beam intensity at a dose corresponding to the critical dose for blistering

to occur. The critical dose n c was here defined as the point where the

light intensity has risen to three times its starting value. This is
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FIGURE 3 Reflected laser beam photon intensity variation as a function of
He+ bombardment dose. n c is the critical He

+ implantation dose
for blistering to occur. nc = 4xlO

1 7 He+/cm2. For n/nc2 0.77,
the step length is 0.003. '

illustrated in Fig. 3, which shows the result of one single run during which

exfoliation occurs. For doses exceeding nc, the intensity of the randomly

scattered laser beam increases in steps until it settles at an intensity

about 200 times larger than the signal during the starting period.

The observed enhancement effect of the laser beam is caused by blister*

ing. This is concluded from the fact that microscopic inspections have shown

that the blistering phenomenon and the increase of the laser beam signal oc-

cur at the same He implantation dose. Aluminium samples which were irradiated

to a total dose of 0.96 nc, i.e. just before blistering starts, showed no ob-

servable surface erosion in a scanning electron microscope (SEM). The mean

value of the critical dose (nc) was determined by the laser signal technique

described above. The reproducibility of nc was better than 5 %. Bombarding

a sample to a total dose of 1.04 nc showed large-scale erosion effects such

as exfoliation or blistering all over the bombarded surface area. As an exam-

ple of the exactness of the method to determine critical doses, the He+ irra-

diation was stopped at a total dose of 1.005 nc, as recorded by the laser

signal. SEM inspections showed that complete exfoliation had occurred even
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at this stage, which indicates that this kind of erosion process develops

very rapidly laterally across the irradiated area, once the critical dose

is exceeded.

The laser beam technique to determine nc thus makes it possible to stop

the ion bombardment almost instantly when the blistering process starts.

SEM studies have shown that for a polycrystalline aluminium sample, the sur-

face exfoliation starts at the grain boundaries.

Critical doses were measured for He+ ions of several energies between

23 and 70 keV. It was found that nc increases with the ion energy, however

neither linearly nor proportionally to the mean projected ranges of the im-

planted helium atoms. Further studies with the laser beam technique, com-

bined with SEM studies, will show if there is a relationship between n c and

the flake thickness when the helium energy is varied.

* Chalmer's University of Technology, Gothenburg
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3.2.2 LOW-TEMPERATURE MIGRATION OF Si INTO THIN Au/Pt FILMS ON Si SUBSTRATES

WITH AN INTERPOSED Cr LAYER, INVESTIGATED BY TWO METHODS OF DEPTH ANALYSIS

(G.M. Mladenov* and B. Emmoth)

Investigations of the composition of annealed metal-silicon contacts,

consisting of metal films deposited on silicon wafers are needed in order to

be able to control the stability of the silicon semi-conductor devices, and

also to better understand the solid-solid reactions during heating in the

interface region between the thin metal film and the silicon substrate. The

important consequences and the wide range of applications of the Au/Pt multi-

layer structure in microelectronics have stimulated intensive investigations

of the solid phase growth by a low-tempera heat treatment procedure

Frequent in technological applications is the use of an interposed Cr layer

between the Pt film and the Si substrate in order to increase the adhesion

of the contact metallization. This can, however, change the kinetics of the

formation of suicides in such multilayer structures during low-temperature

neating conditions.
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It has recently been shown that the formation kinetics of CrSi2

films are independent of the thickness of an interposed Pd2Si layer. In

ref. 5, it was also shown that the formation temperature of CrSi2 in the

Cr-Si reaction is about 450°C and this can be compared with Pd2Si which is

known to form at about 300°C. In the case of an interposed Cr layer, one

therefore expects a hindrance of the low-temperature (< 450°C) reaction

between Si and a metal film on the top.

In this work the change of the film composition during annealing of one

metallization system, Au/Pt/Cr on a Si substrate, has been studied. The

samples were prepared by depositing the films on <111> Si wafers, previously

cleaned by both a chemical treatment and by RF ion etching with Ar+ ions.

The films of Cr, Pt, and Au were deposited by RF sputtering in one vacuum

cycle. The thickness of the Cr film was chosen to be either 100 k or 400 Â,

approximately. The thermal treatment of the samples was perforait d in a

vacuum annealing furnace which was pumped with an oil diffusion pump provided

with a LN2 trap. The pressure during the annealing was about 4 uTorr. One

method for the depth profile determination was optical detection of excited

sputtered particles. The samples were bombarded with an Ar+ beam. The sput-

tering was done at the 100 kV accelerator at AFT. The RBS technique was also

used and the energy spectra of backscattered 1.8 MeV He+ ions were analysed

in a standard manner at the 2.0 MeV VdG accelerator at tb,is institute. The

experimental arrangements at the two accelerators have been described ear-

Iier6'7>.

The identification of each element in the multi-layer structure and their

depth profiles was carried out by optical detection o£ sputtered sample par-

ticles. The samples were bombarded by a 20 keV Ar+ ion beam and the charac-

teristic line radiation from the excited sputtered particles was detected

by a monochromator, the intensities being determined by the single photon

counting technique. Fig. 1 shows the depth profiles of the multi-layer

structure before annealing, as determined by the optical method. In this

figure all maximum intensities have been normalized tr that of Au. The tails

of the observed intensities that extend into the next layer are probably a

result of a shortcoming of the sputter-etching method. The beam energy of

the Ar-beam had in this case its minimum, 20 keV, and it was found that in

spite of the use of a x-y-sweeping of the beam, the shape of the ion-etched

crater showed an irregularity of the crater rim. This limits the possibility

of analysing deep-situated thin films, but from Fig. 1 it is apparent that

in this case the exactness of the Si signal should be sufficient for an in-

vestigation of the Si migration. That is also confirmed by a comparison of

the background intensity to the intensity of the Si signal before one reaches
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FIGURE 1 The photon intensity dependence during sputtering with 20 keV
Ar+ ions of the sample before annealing. The measured spectral
line intensities are for Au 2427 Â, for Pt 2659 Â, for Cr 4254 Â
and ::-2r Si 2881 Â.
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FIGURE 2 Intensity of the Si atom line during sputtering of the samples,
o before annealing, A after annealing at 350°C in 10 min,
n after annealing at 350°C in 120 min, + after annealing at
400°C in 30 min.

the Si surface. This corresponds to an Ar dose of about 1.8* it)17 atoms/cm2,

and before this dose the Si signal is close to the background. After anneal-

ing, a spectrum similar to Fig. 1 shows no significant change of the Àu, Ft

and Cr signal within the experimental accuracy, but the Si signal, before

the Ar dose 1.8 *10 1 7 was reached, showed a dependence on the annealing tem-

perature. This change is shown in Fig. 2, where the optical signal of sput-

tered Si is shown both for unannealed and annealed samples. It is clear from
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the figura that after annealing in vacuum during a time from 10 min up to

120 min at a temperature of 350°C, the Si concentration in the Au/Pt film

has an increased value compared to the unannealed sample. At the temperature

of 350°C, there is no change in the Si signal in the investigated time inter-

val. When the annealing temperature was lower, no change was found between

the Si signal from unannealed and annealed samples, implying that the migra-

tion of Si starts at about 350°C. Fig. 2 also shows the result of annealing

at 300°C in 30 min. The Si component is now considerably stronger in the

Au/Pt film and this could be due to a phase change that starts between 350°C

and 400°C. This is not surprising in the case of Au, because the eutectic

temperature for Au-Si is 375°C.

It is interesting to note in Fig. 2 that in spite of different average

sputtering yields of Au and Pt, the Si signal is not changed during sputter-

etching through the Au/Pt interface in the case of annealing at 350°C. It

is not yet clear how to explain this, but the reason could be either a dif-

ference in preferential sputtering yield or a change in the excitation pro-
8 9)bability, both these effects have been reported in the literature ' for

other element combinations. Fig. 2 also shows that migration of Si into the

Au/Pt film gives rise to a change in the average sputtering yield of the

Au-Si and Pt-Si compounds. The optical method used in this work has its

limitations like other methods based on sputter-etching, but an advantage is

that a simple and clear identification of various elements is possible. In

order to check the sputtering yield values for a quantitative evaluation and

the actual thicknesses of the films, backscattering analysis can give com-

plementary information to Fig. 2.

Figure 3 shows superimposed backscattering spectra of samples before

and after annealing. The Au and the Pt components are in general not resolv-

ed, but due to contaminations of the Au/Pt interface one can in this case

see a decrease in the backscattering yield at the position where the inter-

face falls in the spectra. In these spectra, Cr and Si as well as Au and Pt

signals are indicated. After annealing (from 10 min up to 120 min) at 350°C3
the Au/Pt plateau has a reduced height and an increased width. The Cr peak

has moved in the direction of smaller energy. This is a consequence of an

increased energy loss for the He particles, probably due to migration of Si

which dissolves uniformly in the Au/Pt film during the heat treatment. The

analysis of the spectra shown in Fig. 3 was carried out in the manner de-

scribed in ref. 10.

In conclusion, the measurements presented in this report show that an

interposed layer of Cr of the thickness 100 Â does not change the possibility

of suicide to grow in Au and Pt thin films deposited on a Si substrate
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FIGURE 3 Energy spectra of backscattered 1.8 MeV He+ ions from an Au/Pt/Cr
film deposited on silicon <111> monocrystal. o before annealing,
A after annealing in 350°C in 10 min, a after annealing at 350°C
in 120 min. The Au film was 1000 Ã, the Pt film was 1000 A and
the Cr film was 100 A.

during heat treatment in the temperature region 350-400°C. In ref. 9, simi-

lar invariable kinetics of the formation of high-temperature suicide (CrSi )

on a low-temperature suicide (PD2Si) or on bare silicon was reported. The

difference is that the growth rate of the high-temperature suicide formation

is independent of the thickness of the interposed film at the temperatures

used. A similar investigation was carried out in this work, but with a 400 A

thick Cr film acting as an effective barrier for the solid phase reaction at

our annealing temperatures. This cannot be explained by macro-defects (pin-

holes) because after annealing at 325°C in 40 min, no change of the multilayer

composition was observed. Our conclusion is that the saturated thickness of

the CrSi2 layer, which grows at 350°C, is bigger than 100 A but smaller than

400 A. The mechanism of low-temperature removing of Si atoms from the Si

lattice when Si is in contact with a metal film is similar in both low-tempe-

rature and high-temperature metals 5). The process is energetically based on

a change of electronic states of the Si valence electrons from covalent to

metallic. The heating provides an activation energy for the moving of the

silicon and metal atoms into a suicide phase. At 350°C this mobility in a
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Pt/Cr/Si system is very low, but at 400°C to 450°C it rises and there is

no limiting factor for the suicide growth.

* Perm, add.: Inst. of Electronics, Bulgarian Academy of Sciences, Sofia
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3.2.3 EFFECT OF TEMPERATURE ON THE FORMATION OF CONES BY SPUTTERING*

(J. Whitton**, S. Kofed**, M. Braun and B. Etnmoth)

We had earlier established that the formation of cones (or pyramids),

Fig. 1, on single crystal copper by bombardment with 40 keV argon ions is

very dependent on the orientation of the crystal with respect to the ion

FIGURE 1

SEM picture of Cu ̂ crystal sur-
face after bombardment by 2
40 keV Ar ions/cm2.

beam. A controversial point concerning this formation is whether the cones

(pyramids) are made by erosion of surrounding material or by' growth . A

growth process implies surface diffusion, which should be suppressed at lower
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target temperatures. We have, therefore, bombarded the copper crystal (at

the correct orientation) at 173 K, 100 K and 20 K. Cones or pyramids are

observed to form at all three temperatures. Although this result does not

rule out the possibility of growth, it nevertheless tends to minimize the

importance of surface diffusion in the formation of these surface features.

* This work was performed in co-operation with the tfrsted Institute, Copen-
hagen.

** Permanent address: tfrsted Institute, Fhys. Lab. II, Copenhagen
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3.2.4 INVESTIGATIONS OF SOLID-SOLID REACTIONS IN THIN FILM STRUCTURES

(S. Petersson*, J. de Sousa Pires*, P.A. Tove*, B. Emmoth and M. Braun)

For many filins used in electronic applications, changes of properties

are observed on heating and this can be traced back to chemical reactions

or the migration of atoms occurring between the film and the substrate.

The formation of suicides is, for instance, observed at temperatures

far below the eutectic temperature. Rutherford backs catter ing analysis

(RBS) is an ideal tool for studying the process involved. Suicides with Pt

Rh, Os, Ir and Gd are presently being investigated at the 2 MeV VdG accelera-

tor at AFI.

The PtSi has been investigated as a front contact in surface barrier de-

tectors, and a report is published .

* Institute of Technology, University of Uppsala, Uppsala, Sweden

REFERENCE

1. S. Petersson, E. Mgbenu, H. Norde, P.A. Tove, Nucl. Instr. and Meth. 143
(1977) 525



- 46 -

3.2.5 THE INFLUENCE OF ALUMINIUM OXIDE LAYERS ON ION BOMBARDMENT INDUCED

LIGHT EMISSION

(M. Braun and B. Emmoth)

During ion bombardment of a solid a fraction of the secondary particles

will leave the surface in excited states due to inelastic collisions in the

solid. Thus characteristic optical radiation is observed close to the sur-

face. Previous studies of the photon emission from sputtered excited atoms

have shown that the light intensity is strongly influenced by the presence
1-6)of surface oxide layers . The photon intensity during ion irradiation

of a clean metal substrate is usually enhanced when the target surface is

covered by oxygen, introduced either by anodic oxidation or by chemisorption.

It has been proposed ~ that this effect is a consequence of a radiation-

less deexcitation mechanism taking place in the vicinity, of a metal surface.
7 8)According to Hagstrum ' , there is a possibility for an excited atom,

escaping from the metal surface» to undergo non-radiative deexcitation through

an electron transfer process, either by resonance tunneling or by a two-

electron Auger process. The condition for a resonance ionization process to

occur is that the upper level of the excited atom energetically matches one

of the empty states in the conduction band of the metal. The probability P

for an excited particle to escape from the metal surface without radiation-

less deexcitation.is related to the particle velocity component normal to

the surface (vx) through the expression

P = exp[-A/(avx)] ... (1)

where A and a are constants correlated to the nonradiative process. For a

metal oxide the nonradiative electron transfer process is forbidden if the

upper electron level falls within the energy gap, i.e. one would expect an

enhanced photon emission yield.

In this report we present results from optical studies of sputtered

excited particles from aluminium and aluminium oxidelike surfaces during

ion bombardment. The experiments were done on the 100 kV isotope separator

at this institute. High purity (99.999 %) aluminium samples, electropolished

and chemically etched, were irradiated by 40 keV Ar+ ions at normal inci-

dence to the target surface. The photon emission during the bombardment

was detected with a monochromator using single photon counting techniques 9^.

The total basic pressure in the target chamber was 1 x io~9 Torr and the

oxygen partial pressure could be varied between 5 x 1 0 " u - 5 x 10"6 Torr.

Table I presents the intensities of the kSL 1 - hi III lines observed

when a clean aluminium sample (partial pressure of oxygen 5 x lo"11 Torr) is
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TABLE I Photon emission from sputtered excited aluminium particles at
two different oxygen partial pressures.

Line

2210 I
2269 I
2373 I
2575 I
3057 I
3092 I
3961 I
1989 II
2192 II
2631 II
2816 II
2995 II
3587 II
3655 II
4663 II
1854 III
3601 III
3612 III
3713 III
3980 III
4512 III
4529 III

Int. at
5xl0~lx Torr 02

100
180
846
2050
1830
56300
83500
9020
3390
3990
11100
816

20100
2730
2680
4600
8080
4030
2940
2930
1460
3790

Int. at
5xlO~6 Torr 02

4520
10170
69900
172000
120000
5460000
9940000

7220
2750
6240
12800
1150
21300
2860
2970
3470
8400
3890
2790
4790
2090
4110

Int. ratio

45
57
83
84
66
97
119
0.8
0.8
1.6
1.1
1.4
1.1
1.1
1.1
0.8
1.0
i.O
1.0
1.6
1.4

Upper level
to vacuum (eV)

- 0.36
- 0.52
- 0.76
- 1.17
- 2.98
- 1.96
- 2.84
- 5.18
- 1.33
- 3.53
- 7.00
- 1.61
- 3.52
- 2.35
- 5.57
-21.76
-10.63
-10.64
- 7.29
- 1.91
- 7.89

irradiated by 40 keV Ar+, as well as the line intensities when the partial

pressure of oxygen is raised to 5*10""6 Torr. The photons are detected close

to the target surface. During the whole experiment the beam current is kept

constant. It is notable that the intensities of all A& I lines increase

drastically when the oxygen gas pressure is enhanced in the target chamber,

whereas no appreciable change of the AÎ, II and AS, III line intensities is ob-

served.

Figure 1 illustrates the band structure of aluminium and aluminium oxide

in relation to the upper energy levels of excited A&, A&+ and A£++ given in

Table 1. As seen from Fig. 1, the conduction band of aluminium and the band

gap of aluminium oxide energetically overlap with some of the upper states

belonging to AS, I, AS, II and AS, III. For the AS, I lines belonging to this

group, the light emission increase may be explained by the above-mentioned

resonance tunneling process. At the lower oxygen partial pressure, the alu-

minium surface is likely to be free from oxides to a high degree, and one

would expect a high probability of radiationless deexcitation. At the higher

oxygen pressure the surface is more oxidelike which, due to the band gap,

would prevent this kind of electron transfer and thus cause an increase of
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FIGURE 1

Energy level diagram for AS,,
AS, 0 and Au. I, Ail II and AS. III.
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the photon emission, as the only way of deexcitation would be by radiative

decay. Obviously, resonance tunneling does not occur for the singly and

doubly ionized sputtered excited aluminium particles, although altogether six

Ai, II and AS. III lines with upper levels above the Fermi level are observed

and found to be unaffected by surface oxide formation. In principle, one

may expect a smaller light enhancement effect for these AS, II and AS. Ill lines

due to the fact that sputtered excited aluminium ions are ejected with a high-

er velocity than aluminium atoms. According to the expression (1), this would

lower the probability of nonradiative decay.

Considering Eq. (1), excited particles escaping from the target surface

with low effective velocity are more likely to undergo radiationless decay

than excited particles with high velocity. Consequently, the high intensity

of the photon yield from a metal oxide surface, where resonance tunneling is

forbidden, should be due to slow ejected particles capable of keeping their

excitation and radiating well outside the surface. For a clean metal surface,

these slow particles would deexcite nonradiatively. This means that the velo-

city distribution of excited sputtered particles should be more in favour of

low energy particles for a metal oxide surface than a clean metal. An esti-

mate of the effective velocity distribution of excited sputtered particles

can be obtained by following the photon intensity decay from the target sur-

face for a specific line '.

We found that the decay curves for all AS, I lines using clean aluminium
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Increase factor as a function of the distance from the target surface for
the line 3092 AÍ, I.
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Increase factor as a function of the distance from the target surface for
the line 3587 A A£ II.
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surfaces and chemisorbed oxygen surfaces (from which the photon yield is in-

creased) are not identical. Fi';. 2 shows the increase factor of the 3092 Â

AS- I line as a function of the distance from the target surface. As can be

seen, the enhancement factor decreases with the distance from the target

surface. This is consistent with the nonradiative model, as one expects

more low-energy excited atoms to leave the surface in the oxide case. The

opposite effect is observed for the AS. II lines, as can be seen from Fig. 3

which shows the increase factor for the 3587 A AÎ. II line.

The above-mentioned behaviour of the A£ II lines is not understood at

present. From SIMS measurements it is known that a fraction of the sput-

tered charged particles from an aluminium target consists of aluminium oxide
12)molecules . Some of these molecules may leave the surface in excited

states which could predissociate into its atomic constituents in the vacuum

outside the target surface. As this kind of compound sputtering is in-

creased when the surface is oxidized, it would result in an enhanced photon

emission from aluminium ions deexciting outside the surface. As the increase

factor at some distance from the target surface for the A£ II lines is much

smaller than the increase of the A£ I lines, the effect of molecular sput-

tering may be concealed for the AH I lines.
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3.2.6 SPECTRAL INVESTIGATION OF EXCITED SPUTTERED BERYLLIUM

(G. Mladenov*, M. Braun)

In this experiment beryllium samples of high purity (99.8 %) were bom-

barded with 40 keV argon ions from vhe 100 kV heavy-ion accelerator at AFI.
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DThe arrangements were similar to those described earlier , the main dif-

ference being the introduction of a newly constructed UHV target chamber.

The targets were movable in the beam direction and could also be rotated

for grazing ion incidence. The ion current density was 10 JJA/cm2 measured

directly on the target with secondary electron suppression. Typical rest

gas pressures in the unbaked stainless steel chamber were 2*10~9 Torr. Con-

trolled gas inlet could be achieved by a leak valve in order to vary the

partial gas pressure of, for instance, oxygen between 5><10~n - S^lO^Torr.

The optical emission from the secondary, excited particles was detected with

a Heath EUE-700 35-cm scanning monochromator using single photon pulse count-

ing techniques. The spatial intensity distribution of several beryllium

lines was measured by moving the target in the beam direction and by record-

ing the number of photons per unit beam charge as a function of distance from

the target surface.

Table I gives the Be lines which were investigated during the sputter-

ing process. The symbol Tj refers to the mean lifetime of the emitting lev-

el, whereas Tj refers to a higher-lying level known to give cascade contri-

butions in beam-foil experiments.

TABLE I

Spectrum

Be I

Be I

Be I

Be II

Be I

X [A]

2349

2495

2651

3131

3321

Combination

2s2 lS - 2s2p *P

2s2p 3P - 2s3d 3D

2s2p 3P - 2pz 3P

2s 2S - 2p 2P

2s2p 3P - 2s3s 3S

Mean life of upper term
<ns)

T.

1.83 a

5.4 b

2.4 b

9.5 b

6.2 h

T.

20 a

76 ±3 b

-

-

56 b

Ref. 2 Ref. 3
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targets Ar*(40kë/)

Monochromcrtor

O 1 2 3 A 5 6 7 8 9 10 11 12 13 IA 15 16 17 18 19

distance from the target (mm)

FIGDBE 1

Spatial decay curves for different lines from excited secondary particles
during sputtering of beryllium. Notation: + 2349 A Be I, a 2495 A Be I,
• 2651 A Be I, o 3131 A Be II, A 3321 A Be I.

Figure 1 presents the spatial decay curves for some of the brightest

lines we observed in the Be spectrum. Under ideal conditions, neglecting

cascade effects, the intensity of a line is given by:

x
VT

(1)

where Ix is the line intensity at a distance x from the target surface, I o

the initial intensity close to the surface, v the velocity of the secondary

particles and T the mean lifetime of the decaying level. For a given T,

equation (1) then, in principle, makes it possible to estimate the velocity

spectrum of the excited sputtered particles. However, as pointed out in

ref. 1, a detailed interpretation of the decay curves is rather complex, due

to the fact that the particles emerging from the substrate surface are not

all emitted perpendicularly to the surface. In addition, also cascade pro-

cesses from higher-lying levels may be of importance for some lines. It is

clear that the decay curves shown in Fig. 1 are multiexponential.

As mentioned above, during the analysis of the spatial decay curves,

one has to consider the influence of cascade repopulation on some of the

excited states studied. In Table I the lifetimes from higher-lying levels

which affect some of the studied transitions are indicated. The data are

taken from beam-foil measurements, where one can assume that the excitation

processes are similar to the ones occurring in sputtering experiments, i.e.
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in both cases the excitation is a result of atomic collisions in solids.

The only beryllium lines which are observed under UHV conditions in this

work, and not influenced by cascade effects, are the 2651 A Be I and 3131 A

Be II lines.

Since the decay curves shown in Fig. 1 are measured for lines which have

different lifetimes, it is difficult to compare the velocity distributions

from the shapes of the curves. A more adequate representation of the decay

curves is to plot the line intensities as a function of the distance to

lifetime ratio for each line. This representation is used for the decay

curves shown in Fig. 2, where all data points are taken from Fig. 1. In or-

der to reflect the importance of cascade effects occurring in connection with

some of the beryllium lines, the following procedure was used to draw the de-

cay curves. In Fig. 2a the spatial decay curves are drawn without paying any

attention to cascading, i.e. only the T£ values given in Table I are used.

Figure 2b shows the decay curves for the same lines, but here only the longer

0.1 0.2 0.3

distance/ lifetime ( m m / n s )

FIGURE 2
Line intensities as a function of the distance to lifetime ratio for dif-
ferent beryllium lines. Same notation as in Fig. 1.

a) Without cascading, only the Ti values in Table I are used,
b; With cascading, using the Tj values in Table t.

For the lines 2651 A and 31.,,. A which are not influenced by cascading,
the T£ values are used, both in a) and b).
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lifetimes TÎ are used for the cases where cascading is present, and f£ for

the lines 2651 Â and 3131 Â. From Fig. 2a it is evident that there are quite

large discrepancies between the shapes of the curves. However, the two de-

cays which are assumed to be uninfluenced by cascades (2651 Â and 3131 A)

approximately follow the same decrease function. The faster intensity de-

crease of the 3131 Â line compared to the 2651 Â line, in the first part of

the decay, may be due to the light from the latter line being obscured in

the vicinity of the target surface. If cascade effects, when present, are

taken into account, the tails of all curves have the same slopes. This is

shown in Fig. 2b, where the region of interest starts at some distance from

the excitation source, where the contributions from cascade effects are ex-

pected to influence the decay curves considerably. If one assumes that all

excited sputtered atoms have the same velocity distributions, then the dis-

cussion above shows that it is necessary to include cascade effects in order

to get consistent shapes of the curves.

In order to examine to what extent the measured decay curves reflect

the velocity distribution of sputtered particles in general, we have perform-

ed numerical calculations, based upon known sputtering data, to obtain the

spatial decay of the cascade-free Be II line (3131 Â ) . Taking into account

the angular and energy spread of the excited ejected particles, expression

(1) has to be modified, so that the spatial intensity decay takes the form:

= I e "" F(9) G(E) (2)

where we have assumed that if the collision cascades in the solid leading

to sputtering are isotropic, it is appropriate to write the angular distri-

bution of the sputtered particles as F(0) = cos0, where 9 is the ejection

angle with respect to the target surface normal. We have also assumed that

the angular distribution of the excited ejected particles is the same as for

all sputtered particles. From previous measurements it is known that for

energies exceeding •** 50 eV, the energy distribution G(E) of the sputtered

particles is close to G(E) = E"2.

The calculations are performed by numerical integration of the light

emerging from the cross section of a plane translated in steps parallel to

the target surface. The radius of the disk is determined by the height of

the monochromator entrance slit. In Eq. (2), R is defined as the distance

from the beam spot on the target to different volume elements on the disk.

It is also taken into account that the flux of particles reaching the disk

decreases as R~2.
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Figure 3 shows the calculated decay curve (drawn line) and the experi-

mentally obtained points for the 3131 Â Be II line. As can be seen, the

agreement between the calculated and the measured decay curve is good. This

indicates that for the case studied here, the excited sputtered ions have

the same velocity distribution as the secondary particles in general, for

energies exceeding 50 eV.

FIGURE 3
Calculated decay curve and ex-
perimental points for the 3131 k
Be II l ine . The straight lines
show some velocity components of
the decay curve.

1 2 3 4 5 6 7 8 9 1 0 11
distance from the target (mm)

We have also studied light intensity variation when the partial oxygen

pressure in the target chamber is changed from 5 x 1 0 " " Torr to 5 x 10~6 Torr,

and observed that the photon yield increases 5 to 20 times for all Be lines.

The observed effect is not a result of rest gas excitation, which is con-

firmed by the fact that once the beryllium specimen has been exposed to oxy-

gen, a restarting of the Ar+ bombardment under UHV conditions gives line in-

tensities which are still high, decreasing only slowly to the original value

for an unexposed sample. At a basic pressure of > 10~7 Torr, we also observ-

ed, in addition to the beryllium lines given in Table I, a broad band feature

around 4989 Â, corresponding to the Be H 2II-2E ground-state transition. This

feature disappeared under OHV conditions. Within the experimental accuracy,

the line widths of all lines were independent of the partial oxygen gas pres-

sure.

The observed alteration of the photon radiation, induced by the change

of the partial oxygen pressure during the ion bombardment, is due to the

creation of oxide layers on the beryllium surface. When the rest gas pres-

sure in the target chamber is 2 * 10~9 Torr, the beryllium sample is kept

free from surface contaminations thanks to continuous cleaning by the Ar+
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sputtering. By raising the oxygen pressure to 5 *10~6 Torr, the surface will

be covered by a beryllium oxide-like layer, which under equilibrium conditions,

i.e. for a fixed beam current intensity, maintains its structure. As the

electron band structure changes when the beryllium surface state is changed,

the observed photon intensity variations can be explained by a radiationless

deexcitation mechanism close to the surface . This non-radiative process

would result in a reduced photon emission for a pure metal surface compared

to an oxide-like surface. The excited energy levels lie between - 1.6 eV and

- 4.1 eV with respect to the vacuum level for the Bel lines. It is inter-

esting to note that the intensity of the 3131 Â Be II line, with the upper

level lying as deep as - 14.3 eV below the zero potential, is also influenced

by the creation of an oxide layer, although the band structure of beryllium

oxide is not accurately known.

* Permanent address: Institute of Electronics, Bulgarian Academy of
Sciences, Sofia
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3.2.7 ENERGY LOSS OF He IONS IN SOLIDIFIED GASES

(W.K. Chu*, M. Braun, J.A. Davies**, N. Ilatsunami*** and D.A. Thompson****)

The energy loss of 0.5 to 2.0 îleV ""He ions in Ar, 0 2 and C02 in their

solid phases has been studied in order to check for solid state effects.

The "*He ions were backscattered from a low-temperature substrate on which a

thin layer of gas had been condensed. The substrate was a beryllium disc

with a thin gold layer of known thickness on its surface. The energy loss

was obtained by recording energy spectra of "He ions backscattered from the

target before and after gas condensation.

The basic principle is illustrated in figures 1 and 2. The observed

shift in the Au peak position gives the energy loss in traversing the thin

condensed film*furthermore, the ratio of the Ar to Au peak areas gives the

thickness of the film, since the number of Au atoms/cm2 is known.

The low-temperature goniometer, helium cryo-shield and detector assembly

(Fig. 1) has been described earlier . Within the cryo-shield, the effective
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FIGOBE 1 Schematic diagram of the target chamber assembly, including the
cryo-shield and the solid state detector for Rutherford back-
scattering (BBS) measurements.
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CHANNEL NUMBER
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FIGURE 2

Schematic spectra for 1 MeV *He+

ions backscattered from a Be sub-
strate with a thin Au surface layer
(top figure), and from the same
sample covered with solid argon
(bottom figure). Inserts denote
schematically the target configura-
tion in each case.

pressure of condensible gases (i.e. all gases except H2, He and Ne) is below

10"ia Torr; hence when the "gas inlet" needle valve is closed, the build-up

of condensed gas on the Be surface is negligible, i.e. <1 monolayer/hour.

When the needle valve is partially open, gas condensation rates of several
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microns per minute on the Be target are easily achieved without any signi-

ficant pressure rise in the external vacuum system. A 10 W heater in the

copper target block permits complete removal of the condensed gas layer in

5-30 seconds, without appreciably raising the temperature of the cryo-cooler

and shield.
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FIGUKE 3 Detailed version of the high-energy part of Fig. 2, showing the
shift and broadening of the Au peak due to the coverage of solid
argon.

Figure 3 gives an example of the spectra for 1 MeV He ions. Centered

about channel 420 is the Au peak corresponding to the top portion of Fig. 2.

After condensation of an Ar layer, the Au signal has shifted to about chan-

nel 360. This energy shift of the Au peak is given by:

AE (NAx) e ( Íout ) ] (1)

where (NAx) is the number of Ar atoms per unit area, K A u is the Kinematic

factor for He backscattered from Au, and e is the stopping cross section of

He ions in solid Ar evaluated at some averaged incident and outgoing energies
Ein and Eout' The total number (NAx) of Ar atoms per unit area is determined

from the ratio of the Ar and Au peak areas in the backscattering spectra,

i.e.

Y(Ar) ff. (EJ E,
(NAx)Ar Y(Au) üAr<V Eo

(Nt)Au (2)
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where Y (Ar) and Y (Au) are the total number of counts under the Ar and Au

peaks in the lower and upper portions, respectively, of Fig. 2. The Ruther-

ford differential scattering cross sections, a^u and aAr» are evaluated at

the energy E o. The multiplication factor (EJ/EQ) is the appropriate cor-

rection term for the variation of a^r due to the finite thickness of the Ar

film. The total number of Au atoms per unit area (Nt)^u is obtained by an

independent measurement.

The energy Ej in Eq. (2) is unknown and must be obtained by an itera-

tive procedure. We assume Ex = E o and obtain a first estimate of (NAx)^r
2 3)

from Eq. (2). Then we calculate E l f using published gas values ' of

e(Ein). Once E is obtained, a better (NAx)^r can be calculated. Both

(NAx)^r and Ej converge rapidly and only one iteration is typically required.

When Ej and (NAs)^r are obtained, e can be evaluated by either of two

approaches.

One approach starts from Eq. (1) which gives

in

AE

NAx
k
I Au

|cos e| e(Iout>
(3)

The ratio e(Ëin)/e(È"out) depends only on the shape of the stopping power

curve and not on the absolute values. An iterative procedure is used to

establish the proper shape and Eq. (3) then provides the calculated value of

the stopping cross sections.
4)The other approach follows Warter's work with a slight modification

of geometry. We have checked a few calculations using this approach and ob-

tained consistent results.

Our experimental results for 0 z, Ar and C02 are summarized in Figs. 4-6.

Each point is the mean of four or more independent measurements, the error

bar denoting the standard deviation. Included in each figure are the cor-
2 3}responding gas-target data obtained by the Baylor group * , this being

the only group that has studied all three gases. At energies higher than

1 MeV, the solid and gas data are in reasonably good agreement; at lower

energies the solid target data fall somewhat below the corresponding gas

curve, indicating that a small solid-state effect probably does exist in all

three cases. Note also that the maximum energy loss occurs at a somewhat

higher energy in the solid phase.

However, it should be noted that this condensed phase effect is only a

few per cent even for a low-Z target, such as 0 2 or C02. Hence, as seen

in Fig. 4, the observed gas/solid ratios for oxygen are much closer to unity

than predicted by Ziegler et al. '. Their suggestion that the observed
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FIGURE 6

Comparison of our Cge data
in solid C02 with the gas-
target data of ref. 2.
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Bragg's Law discrepancies in various oxides (SiO2, A12O3, Fe2O3, etc.) might

be attributed merely to a condensed-phase effect is obviously not consistent

with our data. Evidently, the difference in chemical bonding between the

metal or molecular oxygen on one hand and the metal oxide on the other has a

much stronger influence on the stopping cross section than has the physical

state of the system.

It is interesting to note that the "all gases" prediction in Fig. 4 fits

our experimental data rather well. However, the agreement is apparently for-

tuitous. This curve was obtained by averaging the normalized gas/solid

ratios for 10 different elemental gases, varying in atomic number from 7 to

54; on the other hand, the "solid 0 2" prediction was based on the lowest

four (i.e. N 2, 0 2, Fz, and Ne) and so is the more appropriate one to use in

this comparison. Furthermore, the "all gases" curve is weighted almost equal-

ly by inert gases (Ne, Ar, Kr, Xe) and by molecular gases (N2, 02, F2, Cl 2 >

B^2» I2)» whereas the "solid 02" curve is based mainly on the more relevant

molecular gas data.

Recently, H.H. Andersen et al. have measured £ne in many gaseous

targets and obtained significantly lower values than the Baylor group. These

more recent data would indicate an even smaller solid state effect than that

shown in Figs. 4-6; indeed, in some cases our solid values lie slightly above

Andersen's gas data.
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3.2.8 DEPTH DISTRIBUTION Of OXYGEN IMPLANTED INTO ALUMINIUM

(M. Braun, B. Emmoth and R. Buchta)

It has been established that the photon intensities of AÎ.I lines, ob-

served during the sputtering of an aluminium sample, are strongly influenced

by the presence of oxygen on the metal surface . Thus an increase of the

light intensity from atomic lines is observed owing to the introduction of

oxygen, whereas no such behaviour is seen close to the surface for the AÍ. II

and Ai III lines also present during the sputtering of aluminium. These ef-

fects are explained by radiationless decay processes taking place in the vi-

cinity of the metal surface in the case of neutral excited aluminium parti-

cles leaving the target surface. The probability of such a nonradiative

decay is much higher for a clean aluminium surface than for an oxide-like

surface.

We have made use of this observation to measure implantation distribu-

tions of oxygen into aluminium. The technique involves spectroscopical in-

vestigation during sputter-etching. High purity and carefully cleaned alu-

minium samples were implanted with 40 keV oxygen ions. The implanted sample

was then irradiated with 40 keV argon ions so as to sputter away the material

successively. During the sputtering process, a spectral line intensity from

excited sputtered AÍ, I was studied in order to reveal the oxygen concentration

profile.

The upper curve, shown in Fig. 1, which ir. related to the concentration

distribution of the implanted oxygen, was obtained by recording the 3092 Â

Aí, I resonance line. The mean projected rar;ge of 40 keV oxygen in aluminium,
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FIGURE 1

Light emission variation observed
during the sputter etching of an
oxygen-implanted aluminium sample.
Filled circles correspond to the
optical signals from the 3092 Â AH I
line and the open circles to the
3587 Â A£ II line. The implantation
dose was 6 *10 a 6 0+/cm2. The beam
current was kept constant to within
± 2 % during the run.

200 400 600 BOO 1000 1200
depth (Â)

2)
predicted by theory , agrees well with our experimental data. The range

straggling in Fig. 1 is, however, considerably bigger than the theoretically

predicted one. No special efforts were made in this experiment to improve

the depth resolution, for example by preventing crater rim effects. This

may explain the rather big value of the broadness of the peak in Fig. 1. As

seen in Fig. 1, there is, as expected, no change in the 3587 Â AS.II line in-

tensity during sputter-etching.

These preliminary results show that it is possible to measure implanta-

tion profiles for oxygen in aluminium and certainly also other elements which

show the same optical effects as aluminium during ion bombardment. It should

be possible to calibrate the photon yield enhancement due to the presence of

oxygen by implanting different doses of oxygen atoms and by measuring the

concentration profile for each dose. This would enable continuous studies

of the oxidation process of an aluminium surface.
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3.2.9 ANGULAR DISTRIBUTIONS OF SPUTTERED PARTICLES

(B. Emmoth, Th. Fried and M. Braun)

We have measured the angular distributions of sputtered particles under

various conditions for the targets Mo, Ag and W, and for beams of He+ and

Ar . There are a number of questions that have to be answered by experi-

ments. Thus, for example, the sticking probability of the collector has to

be measured. This has been done by comparing the total amount of sputtered

particles with the number of collected particles. So far we have found that

the sticking probability on an aluminium collector is very close to unity.

This is a remarkable fact as the sputtered particles have a typical energy

of about 10 eV and one expects that particles of such a low energy should

be reflected to a great extent. We have also looked for a possible depend-

ence of the collector temperature on the sticking probability but we did not

find any difference between a cooled collector (60 K) and a collector at

room temperature. With this background we believe that the distributions

measured at AIT are reliable and Fig. 1 shows an example of a measured

0°

FIGURE 1

30° 60"
Angle from the normal.

90e
40 80

Energy in keV

FIGURE 2

The angular distribution of sput-
tered particles for 15 keV Ar+ on
W, compared to a cos 6 curve.

The energy dependence of the ratio
C/Cj. The ordinate scale is loga-
rithmic.

distribution together with a cos 9 curve. To all the experimental angular

distributions the expression

F(9) = cos9

where Cx and C2 are constants, was fitted. In order to compare the relative

importance of the cos 9 and cos2 9 terms, the ratio a = C2/Cj was investigat-
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ed by keeping some of the parameters constant. For a constant energy of the

Ar+ beam on both Ag and W, ex decreases with increasing Uo (surface potential).

The importance of the cos2 9 term seems to increase with increasing surface

potential of the target. However, also the mass ratios change, and therefore

no unequivocal conclusions can be drawn. An investigation of the'dependence

of a on the energy has the advantage that the involved masses do not change

and that the surface potential remains constant. Fig. 2 shows for the two

cases a as a function of energy. The doses were changed for each energy in

order to get the same total number of sputtered particles. It should be

pointed out that the number of experimental points are few and that the un-

certainties are of the order of 30 % in this figure. No clear trend can be

observed for He on Ag. In the case of Ar on W, not shown in the figure, C2

has a negative value. Ar on Ag shows. a strong energy dependence of the angu-

lar distribution, and it is obvious that the cos2 6 term becomes relatively

more important for lower energies. However, this trend is established only

in the narrow energy region covered in our work.

REFERENCE

1. B. Emmoth and M. Braun, Proc. 7*^ Vacuum Congress and 3rd int. Conf. on
Solid Surfaces, Eds. R. Dobrozemsky, F. Rüdenauer, F.F. Viehböck and
A. Breth, Vienna, Austria, Sept. 12-16, 1977, p. 2285

3.2.10 RADIATION BLISTERING OF ALUMINIUM STUDIED BY SEM

(M. Braun, L. Adieis and B. Eramoth)

Today a considerable effort is concentrated on the design of a controlled

thermonuclear reactor (CTR). One of the main obstacles to obtaining a posi-

tive energy output is the presence of impurities in the plasma. These impuri-

ties will lead to serious limitations of the plasma stability and temperature,

electron to fuel ratio, as well as it will lead to a decrease in the thermonu-

clear reaction ratio and increase the ignition temperature. The impurities

are released by different erosion effects such as chemical erosion, physical

sputtering, blistering and flaking of the first vacuum wall of the CTR. Inde-

pendently of which type o£ reactor will be the final solution, there will al-

ways exist a leakage of fuel (D,T) particles and rest products (n, He) our of

the dense plasma region .̂ The consequence of this effect is that the first

vacuum wall in a CTR will be subject to ion bombardment in the energy range

0 - 100 keV (for He probably also higher energies). The work described here

will only deal with one of the wall problems in a CTR, namely the blistering

process.
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Some typical features of the blistering phenomenon are:

- The surface damage appears momentaneously when a certain ion im-

plantation dose is exceeded.

- Blistering causes up to three orders of magnitude higher erosion

rates than sputtering (i.e. the ejection of particles due to ion

irradiation).

- The character, size and type of the surface damage depend on the

following parameters:

a) energy of incident ions (i.e. their range,

b) total dose,

c) dose rate of incident ions,

d) orientation of the crystal structure to the ion beam,

e) material properties, e.g. yield strength, lattice, etc.

Studies of these phenomena have been reported in several works, for example

in refs. 2-4. The basic mechanism of blistering is, however, still poorly

understood, and detailed studies are therefore of importance. When the in-

cident ions have lost most of their energy, they are slowed down and get

trapped because of their low diffusivity. Since the solubility of helium in

metals is extremely low, most of the helium atoms close to the mean projected

range precipitate and then agglomerate into small bubbles. These bubbles

coalesce at a critical size and turn into large scale bubbles. A prerequi-

site condition for blistering to occur is that the blister covers are not

sputtered away, i.e. a sufficiently low sputtering yield is required for the

ion-target combination in question. As an example, no large scale blistering

is present when an aluminium target is implanted with 40 keV Ar+ ions, be-

cause the sputtering yield is as high as «1.0 atoms/ion. For 40 keV He+

the sputtering coefficient is more than one order less and therefore blister-

ing does occur. The blistering process is schematically shown in Fig. 1.

tar9et I I I I I I I I ! I I I
- n - f n r i t , I * * ' I I 1 1 I 1 1 I

A l.:.•.:.;.'•....;..:': •

Density

a) b) c)

FIGURE 1

Schematic illustration of the creation of blisters during the implantation
of He+ ions.
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This gives the following requirements for blistering:

a) low solubility of the incident gas atoms,

b) low diffusivity,

c) low sputtering yield,

There are two possible explanations for the sudden formation of large-

scale blisters or flakes at a gas-ion irradiated surface. Either the gas

pressure, which is built up below the surface, is the driving mechanism, or

the release of lateral stresses created close to the surface is the origin
3 5)of the exfoliation • In order to establish which of these processes is

the dominant one, one would like to know how the skin thickness of the blis-

ters or flakes is correlated with the projected range of the bombarding ions.

We have therefore measured the thickness of flakes arising when aluminium

samples are bombarded with He+ ions of different energies to a dose exceed-

ing the critical dose for exfoliation to occur. The skin thickness was

measured by the scanning electron microscope (SEM) technique. Fig. 2 shows

a part of some flakes bending up from the aluminium surface after helium ir-

radiation with energies between 20 and 75 keV. It is obvious that the thick-

ness of the flakes increases with increasing energy of the bombarding He+ ions.

FIGURE 2 The flake thickness for different He+ bombarding energies. Magni-
fication lOOOOx. Note the rough surface of the flakes on the
ruptured side, a) 20 keV He+ implantation, b) 40 keV He+ implan-
tation, c) 75 keV He + implantation.

:
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For each energy thé irradiation was stopped immediately after' the ex-

foliation had started, which was possible by using the laser beam technique

for determining the critical dose for exfoliation . This means that the

flake thickness was not reduced by sputtering, as would be the case for a

prolonged ion bombardment.

In Fig. 3 the thickness of the flakes is plotted as a function of the

calculated mean projected range of helium atoms implanted into aluminium

As seen in Fig. 3, the thickness (AX) is not equal to the mean projected

range (5p) but is found to follow the relation R_ =2.3 AX - 2500 in units

of Angstrom. This indicates that in the case studied here, it is not the

pressure built up at the mean projected range by gas-ion implantation which

is the main driving mechanism for the observed exfoliation. Lateral stres-

ses may also be created during the bombardment and give rise to the flaking

process. This is also in accordance with the fact that exfoliation is ob-

served to start at grain boundaries. It would be desirable to go to lower

He+ ion energies (< 10 keV) in order to understand the mechanism of exfolia-

tion in aluminium. If the release of lateral stresses would be the main

origin of exfoliation, the flake thickness would exceed the mean projected

range at very low energies. With the new "Danfysik" low-energy accelerator

(10 eV - 10 keV), which is going to be in operation in the near future at

this institute, such low bombarding ion energies will be possible.
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FIGURE 4 Blister formation at a target temperature of a) 440°C , b) 580°C
Magnification 1000*

Figure 4 shows the surface structure when the He+ bombardment was

performed at elevated target temperatures. Large-scale bubbles are formed

under these conditions, due to the increased mobility of the helium atoms.

In Fig. 4a, the target temperature was 440°C and in Fig. 4b 580°C, and as

can be seen, the blister size decreases with increasing temperature. A

similar surface structure (size and number of blisters/cm ) as shown in

Fig. 4b was also observed when the irradiation was performed at room tempera-

ture but with a partial oxygen pressure of 10~6 Torr in the target chamber.

This indicates that the type of surface structure is influenced by the oxy-

gen coverage chemisorbed on the surface. Although the implantation was per-

formed at UHV conditions, the surface might be covered by oxygen due to the

release of imbedded gas, which can diffuse to the surface at this high tem-

perature.
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3.2.11 ABSORPTION OF HYDROGEN IN PLATINUM METALS AND THE FORMATION OF

THEIR HYDRIDES AND OXIDES

(R. Scullman*, B. Emmoth and M. Braun)

An investigation has been initiated by the authors on the formation of

hydrides and oxides at the surface of platinum and palladium. This work

originates from the study of emission spectra of hydrides and oxides of

several metals, particularly platinum, at the Institute of Physics at the
1-3)

university of Stockholm, using a hollow cathode discharge . The cathode

was lined with a platinum metal foil which was sputtered by argon in the dis-

charge gas. It was found that the oxide was much more easily formed than

the hydride. The experiments on platinum hydride showed that the prehistory

of the cathode was important . When the cathode had earlier been exposed

to oxygen, the hydride formation was sometimes suppressed. The basic pres-

sure in the apparatus used was in the region of 10~6 - 10~5 Torr and thus one

may suspect that the results could have been influenced by rest gas impuri-

ties.

In the UHV equipment at AFI, impurities should be easier to avoid. For

that reason a cooperation was established, and a first experiment was per-

formed by bombarding a Pt foil with 40 keV Xe+ ions at a pressure in the

chamber of 3 • 10~8 Torr. The wavelength region 2000- 5000 A was investigated,

using the ORSP (Optical Radiation from Secondary Particles) technique
5)

Whereas lines from Pt I were observed, the HD line was not, indicating that
fcs

the foil had a low hydrogen content. Work is in progress to extend our

-tudies at AFI to the wavelength region (> 5000 A) where, for example, the

: r;est oxide and hydride lines are to be found. The importance of the

jorV. new initiated lies in the fact that absorption of hydrogen in platinum

matais is of great interest in the development of new energy sources and

storage methods.
* Physics Department, university of Stockholm
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3.3 NUCLEAR PHYSICS

3.3.1 m-BEAM Y-BAY SPECTROSCOPY ON NEUTRON-DEFICIENT ODD Sr NUCLEIDES

(S.E. Arnell*» G. Finnas**, A. Nilsson, S. Sjöberg*, Ö. Skeppstedt* and

E. Wallander*)

Our work on these nucleides has been continued, using the Abo cyclo-

tron (Ea < 21 MeV) and the Uppsala tandem-van-de-Graaff (Ea i 18 MeV) for

the irradiations, whereas the data reduction has been performed in Gothen-

burg and Stockholm.

In the case of 83Sr, several levels were already known from B-decay

work . In particular, the 9/2 level is no longer the ground state as it

is in 85»87Sr, but lies 35.5 keV above the 7/2+ ground state. It was thus

necessary to study Y~Y~coincidences also with a small Ge(Li) X-ray detector

in one branch, since most transitions from high-spin states (J5 11/2) should

proceed via the 35 keV level. Otherwise the standard techniques in this

field were used.

The level scheme obtained for.B3Sr is shown in Fig. 1. A positive pari-

ty for all levels except the 1/2" isomer is inferred from the high mixing

ratios of those transitions which are not pure E2. The reason why we do not

observe the 17/2" and 13/2" levels as we did J in 85Sr, is probably that

the former is not an yrast level in 83Sr.

3615

3177

23/2*

FIGURE 1

Partial level scheme of 83Sr,
as obtained in this work. The
known 8IfSr levels are included
for comparison.

- ir, a*)

5"
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FIGURE 2

Level energies of some 36Kr
nuclei plotted against the
level energies of the cor-
responding isotonic 38Sr
nuclei. For the odd-N nu-
clei the first 9/2+ level
is taken as the origin.
The levels of the even-N
nuclei are in order:
0+, 2+, 2+, 4+, 6+.

Triangles: N= 44
Circles: N= 45
Squares: N=46

MeV

38Sr levels

It seems evident from a comparison with the levels of 81*Sr that most

of the 83Sr levels shown may be formed by weak coupling of a neutron hole to

core excitations.

Whereas the Y-ray decay scheme of 83Sr differs considerably from that

of 85Sr, there exists a striking similarity between 83Sr and the isotonic

nucleus 81Kr. This is illustrated in Fig. 2, where experimental level posi-

tions of the nuclei 80»el»8zKr are plotted versus the corresponding posi-

tions in 8Z»83»8lfSr. A linear relationship is accurately obeyed by the

levels, the slopes being close to 1.07 and the deviations mostly less than

10 keV for both N= 44 and N= 45. For N= 46 the situation is not as clear-

cut, a very good linearity (within ± 5 keV) with the slope 1.07 being obtain-

able, but only at the expense of permitting the ground state of either 82Kr

or 8"Sr to be off by ~70 keV.

One may conclude that, as long as the excitations can be built up from
vSn/2 configurations and simple core excitations only, the protons have an

almost negligible influence on the level energies. Otherwise the filling of

the TrP3/2 subshell at Z = 38 should be clearly visible.

The nucleus 81Sr was, so far5 only studied by the
 78Kr(a,n) reaction.

Those Y-lines which belong to the competing 78Kr(ot,p)81Rb reaction (about

half of the total y-ray yield) were singled out by a neutron coincidence
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experiment, using the time-of-flight method. During a yy-coincidence run

we found an isomeric transition at 79 keV with a half-life between 0.2 and

0.5 us. This is well compatible with an E2 transition, and from systematical

trends it probably connects the 5/2~ level with the 1/2" ground state. Since

no longer-lived lines were seen, one may tentatively conclude that the 7/2+-»-

-»• 1/2" isomer has become "short-circuited" in 81Sr by thé intervention of

the 5/2~ level. Further studies, in particular coincidence runs with two

X-ray detectors, are planned in order to clarify the low-energy level scheme

of 81Sr.

* Chalmers University of Technology, Gothenburg
** Abo Akademi, Turku, Finland
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3.3.2 FURTHER STUDIES OF THE NUCLEUS 87Zr

(S.E. Arnell*, G. Finnas**, A. Nilsson, Z.P. Sawa, S. Sjöberg*, Ö. Skepp-

stedt* and E. Wallander*)

The investigations discussed earlier have been supplemented by life-

time measurements at E a = 51 MeV, using the natural bunching of the 225-cm

cyclotron. In addition, angular distributions and YY-coincidences have now

been studied also at E a= 21 MeV, permitting some spin-parity assignments in

the low-spin region (JS9/2) to be made. Finally, coincidences between

y-rays and outgoing protons have revealed which Y"*ays emanate from the re-

action 86Sr(a,p2n)87Y.

Our final level scheme is presented.in Fig. 1. Some of the tentative

assignments have been changed. Thus a careful analysis of the angular dis-

tribution of the 2467 •*• 2314 transition showed that it is most probably of the

J-»-J type. Further, the lifetime of the 2467 keV level proved to be < 1 ns,

implying an E2 strength that would be unreasonably high if the 154 keV tran-

sition were of an E2 or even a strongly mixed M1/E2 of the J->-J- 1 type.

Two levels proved to have a lifetime measurable by electronic means,

viz. the 201 keV 7/2+ level (T 1 / 2 = 2.4+0.1 ns) and the 2314 keV 17/2"

level (T1/2 = 2.7± 0.1 ns). The 17/2" •* 13/2* transition has, within the
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FIGURE 1
Level scheme if 87Zr as derived from our (a,n) and (a,3n) studies. The in-
tensities are those obtained at Ert = 51 MeV. For comparison, the well estab-
lished level schemes of 88Zr and 90Zr are also given (the probable 8+ assign-
ment of the 3390 keV level in 88Zr is based on the present work). To the
left we show the corresponding levels 3) of 85Sr.

error limits, the same 6(E2) value as the corresponding transition in 85Sr.

These relatively high rates (~10 W.U.) could be explained by assuming a con-

siderable collectivity also in the 5~ level, if the 17/2~ and 13/2~ levels

are partly formed by coupling the vg„ ,~3 cluster to the 5" and 3~ excitations,

respectively.

The correspondence between 7/2+< J< 21/2+ levels in the isotones 87Zr

and 8SSr (see ref. 3) is almost as good as for 81Kr and 83Sr (cf. the preced-

ing report). It is also notable that the 13/2~, 17/2~, 17/2~, 19/2" and

21/2" levels show an RMS deviation of only 16 keV with respect to a mean

shift of 42 keV, when compared to the corresponding levels in 85Sr. On the

other hand, we find in 87Zr no parallel to the 19/2+ level which appeared at

a remarkably low energy in 85Sr. This difference is quite reasonable from

the simple shell-model point of view, since the cheapest way of constructing
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FIGURE 2

The strongly populated levels of positive parity in
87Zr compared to the results of an intermediate-
coupling calculation 2).

21/2

17/2

a 19/2+ level in 85Sr should be to couple the

[vg9/23]13/2+ c o n f i S u r a t i ° n to a £^5/2X pl/2-I3+

state, and the latter can be formed in a Z =40 nucleus

only after promoting the two p. .„ protons up to the

89/2 o r b i t-
Most positive-parity levels with J S 21/2 are

fairly well reproduced by an intermediate-coupling
2)

calculation , as illustrated in Fig. 2. This calcu-

lation is also in good agreement with one of the two

sets of B(M1) and B(E2) values derivable from the

angular distribution of the 201 keV line and the

half-life given above.

11/2

CALC EXP

8 7 -

. 11/2
•13/2

.7 /2*

. 9/2+

7Zr

* Chalmers University of Technology, Gothenburg
** Abo Akademi, Turku, Finland
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3.3.3 HIGH-SPIN STATES AND THE DECAY OF AN ll/2~ ISOMER IN 151Tb

(S. Elfström, L. Funke*, S.A. Hjorth, A. Johnson, P. Kemnitz*, Th. Lindblad,

F. Stary*. E. Will* and G. Winter*)

Levels in 151Tb have been populated in (oi,4n) and (3He,3n) reactions,

and energies, intensities, angular distributions and YY-coincidence rela-

tions as we]1 as conversion coefficients of Y~rays emitted in the decay of

these levels have been measured. A 25 s isomer is found to decay via two

low-energy Y~rays. The total conversion coefficients for these two transi-

tions indicate mixed M1 plus E2 multipolarity, while the lifetime is charac-

teristic of a low-energy octupole transition. In a recent study of the

radioactive decay of 1 51Dy 1) a 27.1 keV E3 transition is identified as the



- 76 -

(45/2*: -51627

386.6

(41/n T 4774 1
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FIGURE I Level scheme of 151Tb as obtained from the present experiment.

isomeric transition. These data suggest an interpretation of the isomer as

an h... ,. single-particle excitation. A preliminary level scheme of lslTb,

as established on the basis of the present experiment, is shown in Fig. 1,

where the decay of the isomer is given as an insert. All prompt transitions

attributed to 151Tb in the a-particle and 3He induced reactions feed the

isomer and not the lowest levels of positive parity.

The first question that arises in the interpretation of the present

level scheme concerns the structure of the l/2+ ground state. According to

the predictions of the Nilsson level diagrams (see, e.g., ref. 2), all K=l/2+

orbitais are far from the Fermi surface and should not occur as low-lying

excitations. However, in proton transfer reactions leading to llt5Eu and
ll> 3Pr strong 1=0 transfer is observed to low-lying levels and interpreted ^

to be due to the 3s, level. Strong proton groups corresponding to transfer
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into low-lying 2dg/2 and 2d3y2 levels are also observed in these experi-

ments. One may thus conclude that the usual Nilsson level diagrams that

are wade to fit the data for deformed nucleides in the 50<Z<82 region do

not apply to the region of spherical nucleides below neutron number 88.

15/2+

(g.h)®(n:h1V2) (g.b.)®3

151T .
651 D86

FIGURE 2 Level structure of I51Tb as compared to that of the 150Gd core
and

The structure of the high-spin part of the level scheme shows many

similarities to the excitation energy spectrum of the even core 150Gd and

some similarities with 11(8Gd. To expose these similarities, the levels which

are believed to correspond to each other are connected by dashed lines in

Fig. 2., where also the assumed dominant shell-model configurations of the

levels are indicated. It is in particular interesting to follow how the

unusual 7+ level in the spectrum of 1S0Gd propagates into the "octupoie"

band in the same nucleide and into both the negative and positive bands in
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15'Tb. It is also of interest to note that the 15/2, 19/2, etc. levels in

the 3 8 h11,? band occur at a significantly lower energy than the levels

17/2, 21/2, etc. which have maximum alignment. It is possible to understand

this anomaly if the 3 band contains a sizeable component of the hj. .^ con-

figuration, since in this case the Pauli principle excludes the configuration

of maximum alignment.

* Zentralinstitut fiir Kernforschung, Rossendorf, 8051 Dresden, DDR
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3.3.4 SEARCH FOR HIGH-SPIN ISOMERS IN '50Dy

(M. Piiparinen*, L. Carlén**, H. Ryde**, S.A. Hjorth, A. Johnson and

Th. Lindblad)

The properties of nuclear structure at high angular momenta are present-

ly very much discussed. One of the intriguing problems in this field con-

cerns the existence of high-spin isomeric states, i.e., so-called yrast traps,

that may appear when the single-particle potential becomes axially symmetric

with respect to the spin direction . Within this picture the levels in

the yrast region do not form rotational bands, but rather appear as individu-

al particle states. In such a scheme the level energy is not necessarily a

monotonically increasing function of spin. Furthermore, the transition pro-

babilities are essentially those of the single-particle model and are occa-

sionally strongly retarded. For these reasons, levels having measurable

half-lives may very well occur.

Recently, a systematic search for delayed cascades of Y~rays with high
2 3)

multiplicity was reported ' . Lifetimes from a few ns to several hundred

nanoseconds were observed in the region 64 <• Z < 71 and 82£N<88, although

the spin and the decay pattern of the isomers, as well as the exact mass

number, were not determined. However, it is interesting to note that recent

theoretical calculations ' indicate that there are good reasons to expect

the occurrence of yrast traps in the afore-mentioned region.
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The nucleus 1?°Dy is found in the middle of this region and has two
6 6 8 4

neutrons outside the closed N= 82 shell and two protons outside the essen-

tially inert Z= 64 core. These four particles may form states with spin-

values ranging from zero to 22, which is the highest spin that may be ob-

tained from the (vi „,_)2 (ïïhn ,„)
2 configuration. Formation of other states

of equal and higher values of spin must involve excitation of the core and

hence at least an additional excitation energy of about 1.5 MeV. The struc-

ture of the Iïï= 22+ level is characterized as "Maximization of Overlap of

Nucleonic wave functions by means of Alignment of angular momentum" (MONA)

This state should therefore have a good chance of becoming an yrast trap.

In view of the arguments above, the (12C,xn) reactions with x= 6 and 8

were used in a search for high-spin isomeric states in Dy.

Experimental procedure and results

In the present experiment, beams of 12C-ions from the Stockholm 225-cm

cyclotron were used to bombard thin («3 mg cm2) foils of ^''Nd and 1<t6Nd

(enrichment "̂  98 % ) . The energies of the projectiles were chosen to be

112 MeV and 118 MeV, respectively, in order to produce the final nucleus
150Dy by means of the (12C,6n) and (I2C,8n) reactions.

In-beam Y-ray spectroscopy techniques were applied using a Ge(Li)-NaI(Tl)

Compton suppression arrangement , in order to obtain a high peak to back-

ground ratio. Singles spectra, as well as spectra correlated in time with

respect to the naturally pulsed cyclotron beam (V»8 MHz), were recorded.

An additional condition was introduced by requiring YY-coincidences between

the Ge(Li) detector and a 12.5 x12.5 cm Nal(Tl) crystal in order to suppress

low multiplicity transitions due to radioactive decay. Such a spectrum re-
I L L # jo

corded during the bombardment of the Nd target with 12 MeV C-ions is

shown in Fig. 1. By comparing this spectrum with spectra obtained at other

bombarding energies and spectra obtained from the 11<6Nd(12C,8n)150Dy reac-

tion a number of lines are assigned to 150Dy as shown in Fig. 1. However,

ia the time-correlated spectra, there is no evidence for observing delayed

transitions with half-lives longer than about 10 ns. Thus the data show no

indication that a high-spin isomer is populated in this reaction.

In order to gain further insight into the level structure of 150Dy, a

two-dimensional YY-coincidence experiment was performed using the Compton-

suppression Y~ray spectrometer and an additional Ge(Li) detector. Due to the

low efficiency in the Compton suppressed channel the typical coincidence

counting rate was generally less than 20 events per second. A total number

of about 200 000 events were collected in the experiment. The analysis was

performed by setting gates on peaks and suitably selected background intervals
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FIGURE 1 (above) Compton suppressed y-ray spectrum detected in coincidence
with a 12.5 xl2.5 cm Nal(Tl) crystal while bombarding a « 3 mg cm"2

'""Nd target with 112 MeV 12C io.is. Transition energies in keV are
given for lines assigned to the decay of 150Dy.

FIGURE 2 (below) Examples of coincidence spectra obtained. A total number
of 200 000 coincidence events were collected.
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FIGURE 3

Proposed level scheme for Dy.
Spin and parity assignments are
taken from the work of Lunardi
et al. 8).
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in the spectrum obtained from the

detector having no Compton suppres-

sion annulus. Some of the results

of this experiment are shown in

Fig. 2. In spite of the fact that

the total number of events is very

small, the low background in the

anti-Compton channel implies coinci-

dence spectra having equal or bet-

ter quality than is normally obtain-

ed with (12C,6n) reactions.

The most remarkable property of these coincidence spectra is the un-

usually large number of transitions of roughly the same strength observed in

each spectrum. In fact, it appears as if 14 transitions of about comparable

strength are in coincidence with each other. Under such conditions, it is

difficult to order these transitions by using arguments based on y-ray in-

tensities. The construction of the level scheme (shown in Fig. 3) is there-

fore based to a large extent on the recent findings of Lunardi et al. S),

who populated states in 150Dy by means of an (a,6n) reaction. In their work,

there is evidence for at least four more transitions feeding the 6.02 MeV

level. Three of these transitions form a coincidence cascade, but due to

the very similar intensities of these transitions it is not possible to

order the transitions in an unambiguous sequence.

In the work of Lunardi et al. 8 ) ) Spi n and parity are assigned to levels

up to 4.568 MeV (I7I'= 14+). In the present work, a cascade of six transitions
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is observed on top of this 14+ level. Since the calculated average angular

momentum in the present reaction is about 30 ft, one may suggest that this

cascade connects states having monotonically increasing values of spin. In

particular, it seems quite reasonable that a level with I17 = 22+ is depopu-

lated by dipole and/or quadrupole transition within this cascade.

Discussion

The residual interaction in the (^TO/O^2 ^^11/2^2 con^iguration is

expected to force the I71 = 22+ level below the members of this configuration

with spin and parity 21+ and 20+ 9). The decay is therefore expected to

proceed by an M2 transition to the 20" level of the configuration

(vi Vf ,_) (irh,,,-)2. This transition should certainly be delayed with
13/2 vi7/2 11/2

a half-life longer than 10 ns. Hence it should be measurable in the present

experiment. The reason for the non-isomerism must then be explained by the

fact that the 21" level of the (vi13/2
 v\/2^ ^1Thll/2^2 confis»":ation is

forced down below the 22+ level due to the strong i-io/o ~ ̂ Q/O i n t e r a c ti° n-

This means that the decay now can take place by means of an E1 transition.

* University of Jyvâskyla, Jyvaskyla, Finland
** University of Lund, Lund, Sweden
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3.3.5 DECOUPLED BANDS AND BACK-BENDING IN 7Hf

(A. Johnson, S.A. Hjorth, L. Carlén*, H. Ryde*, G.B. Hagemann** and

M. Nieman**)

In our Annual Report of last year, we reported D on a study of rota-

tional bands in 167Hf. The main reason for carrying out this study was to

test an idea of the Grenoble group according to which back-bending in
166Hf and 168Hf might be caused by h.,, protons rather than by the ijo/o

neutrons. The data on the rotational bands in 167Hf would prove or dis-

prove the idea, depending on whether or not the strongly rotation-aligned

i..,9 band back-bends.

In the Annual Report of 1976, a preliminary analysis of the YY~c°inci-

dence data established the i.. . ,- band up to spin 37/2 and very tentatively

up to spin 41/2. Furthermore, this interpretation of the data suggested

that the band back-bends between the 37/2 and 41/2 levels. Our continued

efforts to analyse the yy-coincidence data have now revealed a large part of

the unfavoured branch of the i ... band as well as a band, which in analogy

with the situation in I69Hf ( ref. 3 ) , is interpreted as the 5/2~[523]

band. However, our preliminary location of the 41/2+ level has not been veri-

fied. Instead the depopulating 660.9 keV y-ray may at the same level of

Mill 3Vy Mi
^ '

6710 H0.9

"'» «17.1

um±-r^

•«If

I

FIGURE 1

Rotational bands in J 6 7Hf as ob-
served in the present work.

MM /

72 H f 95
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confidence be assigned as a transition depopulating a side-band into the

33/2+ level at 2188.6 keV. The level scheme showing the present status of

the analysis is shown in Fig. 1. As the low-energy transitions connecting

the two bands and the low-energy and low-spin transitions within the ij,,,

band have not been found, all excitation energies are with respect to the

lowest level within each band. It is expected that these excitation energies

do not deviate more than about 100 keV from the excitation energies with

respect to the ground state. It is then interesting to note that there is

a pronounced back-bending in the 5/2 [523] band at about 2 MeV excitation

energy, i.e. at an energy where the i..,. band is well known and does not

exhibit an anomaly. One may infer from this observation that back-bending

in the iio/2 ̂ and does not occur at the point expected and that the sug-

gestion of the Grenoble group is not supported by the present data.

* Department of Physics, University of Lund, Sweden
** NBI, Tandem Accelerator Laboratory, Risa, Denmark
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3.3.6 SPIN DISTRIBUTIONS AND y-DECAY MODES IN a-PARTICLE AND 12C INDUCED

REACTIONS

(Stockholm -Warsaw -Krakow -Groningen -Lund -Gothenburg - Jyvaskyla

cooperation*)

In the Arnual Report of last year, some results of an experimental

programme aiming at a determination of the Y-ray multiplicity distribution

in (particle,xn) reactions were presented . The analysis of these data

is now almost completed and, in addition, a set of new experiments determin-

ing the multiplicity distributions in 12C induced reactions using liquid

scintillators and pulse shape discrimination against neutron events have

been undertaken. Table 1 summarizes the expérimental programme and Figs.

1-5 give examples of some of the experimental results.

As an example of what insight one can get into the formation and decay

of the compound system from our studies, we wish to discuss here in some

detail the data for the 176Yb(12C,8n)lb0Os reaction.

Let us as a starting point in this analysis adopt the commonly used
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TABLE 1 Summary of targets, projectiles and bombarding energies used
in the present experiments

Isotope

176Yb

1Gl!Dy

160Gd

112Cd

1920s

16 6 E r

12 2 T e

Target

Enrichment
%

96.5

92.7

96.0

97.8

98.0

96.3

94.8

Thickness
mg/cm2

«3 mg/cm2

(=a3 mg/cm2

3.1 mg/cm2

4.8 mg/cm2

Rf3 mg/cm2

3.5 mg/cm2

i=»5 mg/cm2

Projectile

12C

ii

ii

n

"He

ti

n

Bombarding
energy

118 MeV

n

II

II

51

51

55

Major
reactions

1 2C, 6-8n)

1 2C, ct(6n)

(a, 3-5n)

2)
decay picture of Newton et al. in which a certain number, k, of so-called

statistical transitions first cool the nucleus down to the vicinity of the

yrast line. In this picture these initial transitions are supposed to remove

a lot of excitation energy but little angular momentum. Assume that on the

average x units of angular momentum are removed per transition, where x is ex-

pected to lie between 0 and 1. The decay is then believed to proceed via

collective E2 transitions through a band structure that strongly disfavours

interband transitions, thus keeping the intensity split into many different

decay paths until a well-known ground band develops around spin 20.

If, in a typical decay path from an initial spin l£ down to the entry

into the ground band at spin Ig.fc.> the number of Y-rays is Mg, the relation

between l£, k, x, Ms and Ig.b. reads:

I. - I . = 2(M -k) + k- x
1 g.D. S

2M - (2-x)k
S

Thus the knowledge of k, x and the distribution of M as a function of I
g.b.

determines the distribution of I..

In the present experiment the statistical accuracy is not sufficient to

make a reasonable determination of (M s) point by point. However, if one as-

sumes that ( M ̂  is either a constant or varies smoothly with spin, one may

use the experimentally determined side-feeding pattern to calculate the aver-

age multiplicity for all transitions in the ground band. The results of two
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FIGURE 1 Average multiplicity,< M>, average side feeding multiplicity,
< Ms >, and second central moment of the multiplicity distribution
in reactions induced by 51 MeV oi-particle bombardment of Te.
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FIGURE 2 Average multiplicity, <M>, average side feeding multiplicity,
<M S>, and second central moment of the multiplicity distribution
in reactions induced by 51 MeV ct-particle bombardment of 16SEr.
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FIGURE 3 Average multiplicity, < M>, and second central moment, a, of the

multiplicity distribution in reactions induced by 51 MeV a-par-
ticle bombardment of 192Pt.
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FIGURE 4 Average multiplicity,< M>, and second central moment, a, of the
multiplicity distributions in reactions induced by 118 MeV 12C
bombardment of 16l*Dy.
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FIGURE 5 Average multiplicity,< M>, average side feeding multiplicity,

<Ms>, and second central moment, a, in the multiplicity distri-
bution measured in the 176Yb(12C,8n)180Os reaction. The curves
describing the total multiplicity corresponds to the two differ-
ent assumptions about the variation with spin of the side feed-
ing multiplicity.

such analyses are indicated in Fig. 5. Using the side-feeding multiplici-

ties that give the best agreement for<M>, the assumption that the width of

the side-feeding distribution is the same as that in the ground band, namely

6 units, and that (2-x)k = 4 , the initial spin distribution in the final

nucleus agrees well with the spin distributions obtained from the Bass model

and a statistical model calculation of the neutron evaporation process (see

Fig. 6).

Additional information on the Y-decay in 180Os comes from measurements

of the shape of the continuous part of the y-spectrum. Some preliminary

measurements of this type were reported in the Annual Report of last year .

In subsequent measurements using a Nal detector, these data are extended to

higher y-ray energies, as shown in Fig. 7. At energies above about 1.2 MeV

the intensity decreases almost exponentially with Y~ray energy, and it seems

reasonable to assume that this part of the spectrum is associated with the

statistical decay. Below E«1.2 MeV, the spectrum shows a broad bump that

it seems reasonable to ascribe to the cascades of collective E2 transitions.

Shown in Fig. 7 is also a curve of the form
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FIGURE 6 Spin distribution in 180Os prior to the emission of y-rays. The
full curve is the one that is deduced from the multiplicity ex-
periment as described in the text- The dashed curve is calcu-
lated using the Bass model and the statistical code GROGI.

Iy = E^ exp(-EY/T),

that in a very crude sense may describe the statistical decay. A curve ob-

tained by Liotta and Sorensen in a more serious attempt to calculate the

Y-decay process is indicated as well. At this point it is fair to mention

that the experimental spectrum is a singles spectrum containing also events

due to neutrons, induced radioactivity as well as excitations of the pro-

jectile. It may therefore not faithfully reflect the spectrum of Y-rays

emitted in the fusion reactions, particularly not at the high energy end.

However, the very pronounced disagreement that is obtained for the case of

the serious theory makes us suspect that the so-called statistical y-decay

is not at all well understood from a purely statistical point of view.

If one for the moment forgets about the difficulties of understanding

the true distribution of the statistical decay and subtracts from the Ge(Li)

spectrum (see ref. 1), the area of the discrete lines as well as the area

corresponding to the "simple theory" in Fig. 7, one obtains a remaining
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FIGURE 7

Spectrum of y~rays

emitted during the
bombardment of the
176Yb target with
118 MeV x C ions.
The peak at 4.6 MeV
is probably due to
the 4.43 2+->-0+ tran-
sition in 12C. The
peak at 6.5 MeV is
due to Compton events
from transitions with
full energy peaks
outside the range of
the ADC and for which
no correction was ap-
plied in this parti-
cular analysis.

118 MeV 12C on 176Yb
Compton suppressed singles

spectrum

2 3 U 5
ENERGY (MeV)

spectrum that is shown in Fig. 8 and that we now ascribe to the collective

unresolved E2 radiation. As the intensity of all E2 transitions leading

from spin I to 1-2 is readily obtained from Fig. 6, when a correction has

been applied for the angular momentum removed by the statistical transitions,

one may use the assumption that the energy of all the I to 1-2 transitions

is given by the simple formula

- 2) (4I-2)

to generate a "theoretical" spectrum of the E2 intensity. Three such curves

corresponding to ? = 0.5, 0.6 and 0.7 times ^r£gid
 a r e shown in Fig. 8. One

concludes from these examples that the E2 cascades are best described by

using ? = 0.6 rigid.

The average excitation energy in the final nucleus prior to the emis-

sion of the y-rays is given as
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500 1000 1500 EY(WeV)

FIGURE 8 Spectra of the continuous part of the E2 radiation. The full
curve is obtained from the experimental spectrum by subtracting
in a manner defined in the text, a background due to dipole and
other non-collective transitions. The dashed curves are calcu-
lated from the experimentally determined spin distribution curve
using three different assumptions about the moment of inertia.

M

.

o r approximately as

The average Y~ray energy in the spectrum of Fig. 7 may be deduced as

(Ey^ sa 890 keV. Together with the average multiplicity in the fusion reac-

tions M fusion *** 16 this result implies that the excitation energy of the

final nucleus prior to the emission of the y-rays is obtained as (E e x c) «a

RJ 1A

An independent estimate of the latter quantity is obtained by combining

the energy of the incident 12C ions, the reaction Q-values as well as a

time-of-flight measurement of the emitted neutrons. Energy spectra of the

evaporated neutrons at six angles are shown in Fig. 9 and are used to de-

termine the average neutron energy as 3.3± 0.2 MeV. Using the peak areas

corresponding to low-lying transitions in the evaporation residues to esti-

mate partial cross sections and the assumption that the average total Y-de-

cay energies are the same in all the residues, one obtains the value 13± 1

MeV for the latter quantity.

By utilizing all the information available, one may now construct the

average Y-decay path in the excitation energy versus spin diagram for 180Os.

The result, showing in addition the approximate points of entry and the de-

duced spin distribution curve, is given in l'ig. 10.
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FIGURE 9 Spectra of neutrons observed during the bombardment of the Yb
target with 118 MeV 12C ions. The spectra are recorded at the
angles indicated.

FIGURE 10

Spin distribution, average
excitation energy and average
path of decay as observed in
the 176Yb(12C,8n)180Os reac-
tion at 118 MeV incident kine-
tic energy.
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3.3.7 COULOMB EXCITATION OF 1 9 2» 1 9"p t USING
 8">86Kr IONS

(C. Roulet*, H. Sergolle*, P. Colombani*, Ph. Hubert** and Th. Lindblad)

In order to understand better the origin of the so-call~d band-cros-

sing structure observed 1,2) . 190-1
in

9'tPt, experiments have been performed

aiming at measurements of the B(E2)-values. These experiments have been

carried out by means of Coulomb excitation using 8ll»86Kr projectiles from

the accelerator ALICE at Orsay.

Composite targets (192»19I*Pt) as well as targets highly enriched (93.5%)

in 192Pt have been used. Experiments have been carried out using both the

Doppler-shift attenuation method (DSAM) (targets with thick Pb-backing) and

the Coulomb excitation yield method (thin («<0.6 mg/cm2) targets). The ex-

perimental arrangements for both cases are shown in Fig. 1.

FIGURE 1

Experimental arrangement at ALICE,
IPN, Orsay.

Legend:
A: Kr-beam
B: Target
C: Three Si-detectors 1* 4 cm
D: Beam stopper
E: Ge(Li) detector
F: Pb shield
G: 3"x 3" NaKTS.) detector
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FIGURE 2 Examples of line shapes obtained during the bombardment of a
composite 192>19*pt target with 340 MeV

 86Kr.

In Fig. 2 are given examples of line-shapes obtained during the bombard-

ment of a composite 191»191|pt target on a thick lead backing. Utilizing the

DSAM, the spectra show lines with sharp peaks, originating from y-ray emission

after the recoil nuclei have come to rest in the backing, and a smooth, ex-

tended high-energy tail associated with emission in flight. To first order

approximation the area of the sharp peak, I , and the area of the tail, I ,

are related to the half-life T by the relation

I, -tR/T

where ts is the mean slowing-down time
3)

Since the values of T for the

transition shown in Fig. 2 are known from the Doppler-shift recoil distance
4)

measurements , one may use the information to obtain ts and then determine

T for other states.

Fig. 3 shows examples of spectra obtained from the thin target experi-

ment. In this case a highly enriched 192Pt target was bombarded with 370 MeV
8i|Kr ions. The analysis of these data is in progress using the de Boer-Winter

code.

* Institut de Physique Nucléaire, Orsay, France
** Centre des Études Nucléaires, Bordeaux-Gradignan, France
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FIGURE 3 Spectrum obtained during the bombardment of a highly enriched
192Pt target with 370 MeV 8"Kr.
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3.3.8 EVIDENCE FOR CORE-EXCITED LEVELS IB 20<tPb

( I . Bergström, J . Blomqvist, C.G. Linden and J . Roulet*)

Pb has been carefully studied at this institute using the
201*Hg(a,4n)-reaction . All yrast states in the angular momentum region

19-9 could be identified with states due to four valence neutron holes, and

the rms deviation between the energies of the experimentally best established

and calculated levels was as small as 10 keV. Thus, for example, the 19~

level at 6098 keV lies exactly where the 19~ level of the fg/j1- ^x^fi^ c o n"

figuration is expected (cf. Fig. 1). In addition, three levels were found

276.7 (2)

447.1—
(7)

1304.1
(9)

AE

8125.9 (22,23)

7849.2 (21)

7402.1 (20)

6098.0 19"
: 6072.7 17

0
+8

Suggested main conf.

,Tthg/2f-~

Vp 1 / 2 i T C h h

f 1 j 3
T5/2 'i3/2

FIGURE 1 Upper par t of the level scheme in 201*Pb as obtained by in-beam
Y-ray spectroscopy techniques using the reac t ion 2 (MtHg(a,4n).
The dotted l i ne indicates the pos i t ion of the Í13/21* 20+ level
which f a l l s 259 keV above the observed J = 2 0 l e v e l .

Level

-

-

/ 2

energy

j i 1 i i i i 1

)
• valtnca ntutron holas only

•contribution from core «xcit

' ' ' ' ' 1 I I I I I 1 U

22or23

•tlOR

FIGURE 2

Yrast line in 20l>Pb. Above
J= 19 the 208Pb core contributes
co the total angular momentum.

10 15 20 25 J
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at very high excitation energies, namely 7402.1, 7849.2 and 8125.9 keV. The

7402.1 keV level has J= 20 according to the experimental information, and the

other two levels should have J= 21 and J= 22 or 23, respectively. There are

two obvious difficulties with these levels. Firstly, the J= 20 level cannot

be the (i^/õ^O"1" l e v e l a s w e f i r s t assumed ', since the calculated energy

deviates by + 293 keV from the observed energy, and the accuracy in the calcu-

lation is believed to be ± 10 keV* Furthermore, the largest angular momentum

which can be supplied by the valence nucléon holes is 20 (i.„,7 ). For these

reasons, we were led to the conclusion that the upper 3 levels observed in

20l4Pb must be core-excited levels.
3)

It is known from the calculations of Kuo and Herling and from the ex-

perimental observation of a 12 isomeric state of the irh., ,Z vi ,~ configu-

ration in 206T£ , that the proton-neutron interaction is strongly attractive

for maximum alignment of the angular momenta in this configuration. In ''Pb

it should therefore be energetically economical to build up 20+ and 21+ states

with the four valence neutron holes in the configuration v(p ." i-io/õ ̂ 12+

and the core in the configuration ^h-,. h... ,TX. The lower two levels at

7402.1 keV and 7849.2 keV are identified with these states. The 22+ state of

the same configuration is estimated to come considerably higher, at about

8600 keV, because of the strong repulsion in the aligned particle-hole confi-

guration (irhg,- vii3/21^ii- • T n e highest observed level at 8125.9 keV is

instead identified with a 22+ or 23+ state of the Vp ."' f-T^ i 1 37| ̂ o/o \lj2

configuration. Unfortunately 201tPb cannot be populated in reactions of reason-

able cross sections with a considerably larger angular momentum input than

that one obtained in the (a,4n)-reaction. Therefore, states with the 208Pb

core excited to angular momenta larger than 10 may be easier to study in other

nuclei, using other reactions and targets.

* Visitor from Institut de Physique Nucléaire, Orsay
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3.3.9 HIGH-SPIN STATES IN Hf AND Pb ISOTOPES PRODUCED FROM PION CAPTURE

REACTIONS IN 191Ta AND 209Bi

(Amsterdam-Basel-CERN-Karlsruhe-Stockholm collaboration*)

The absorption of stopped IT" in 181Ta and 209Bi has been investigated

by studying prompt and delayed y-ray spectra, us;..ig pions of an energy of

125 MeV from the CERN synchrocyclotron muon channel. These targets were

chosen because 181Ta is a deformed nucleus and 209Bi a spherical nucleus,

and high-spin states are fairly well known in Hf and Pb isotopes. In the

latter case, a large number of isomeric states allows the study of delayed

y-spectra.

The population of levels in different lead isotopes with A= 207- 194

produced in 209Bi(ïï~,xn)(209""x'Pb reactions as well as hafnium isotopes with

A= 179 -166 in the 181Ta(ir~,xn) (181~x^Hf reactions were determined by com-

paring energies and intensities of the various y-ray transitions with the de-

cay properties of these isotopes. The isotopic yield per stopped pion was

obtained by normalizing the experimental Y-ray intensities to the calculated

pionic X-ray intensities. The results are presented in Table 1 and in Figs.

1 and 2. In these figures we have plotted the total yield of each isotope

as a function of neutron multiplicity x, the number of emitted neutrons after

pion capture.

The experimental results can be summarized as follows:

i) The total yield of all pion capture processes leading to isotopes in

Pb and Hf are found to be 0.74± 0.07 and 0,79±0.06, respectively.

ii) The average multiplicity of neutrons emitted is 7.9 and 7.5 for lelTa

and 2 0 9Bi, respectively (see Figs. 1 and 2).

iii) A neutron multiplicity as high as 15 is observed for both targets.

iv) The yield for x= 13 in Hf and x= 15 in Pb is as high as 5 % of the

maximum isotopic yield, corresponding to about 0.8 % of the total

yield given above.

v) The half-width of the isotopic yield curve is = 5 for Hf and 8 for

Pb.

vi) The yield curve is almost symmetric for Hf but asymmetric for Pb,

possibly indicating an overlap of two unresolved bell-shaped curves.

vii) In Hf isotopes high-spin states (J = 14- 16) are populated with about

the same yield independent of the multiplicity.

viii) In the population of high-spin states relative to that of low-spin

states in Hf isotopes there is a minimum for intermediate multipli-

cities. This is not the case for the lead isotopes.

ix) The largest angular momentum observed is J= 20 for 2011Pb (x= 5).
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FIGURE 1

Yield of different members of the
ground-state rotational band in
even Hf isotopes populated in the
18lTa(ir,asn) reaction.

FIGURE 2

Yield of Pb (filled airalea) and Tl
(open squares) isotopes from-pion
capture reactions in Bi versus
neutron multiplicity, x. The histo-
grams represent calculations by
Gadioli et al. for the reactions
(•n~,xn), the dotted histogram, and
[TT~, p(x-l)n], the dashed one, in
Au. The full line serves as a guide
for the eye.
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TABLE 1 liairanci ra>s observed in a ó sBi(ir ,joi)20i~*Pb reactions as analysed from the prompt and delayed X-ray spectra

Isotope

" " P b

l 0 6 Pb

1 } dPb

2oopb

2 0 2Pb

2 0 2 T 1

Transition

2* _>

4 * -

7" -

2 * -

4 * ~

7~ -•
+

10 -»

2* -

4 * -

5" ->

1 0 * -

2 * - *

4 * - .

5 " - •

7" -
9" -

1 0 * -

2 * -

4 * -

5" -
9" -

4" -
7 * -

1

0+

2
+

5"

0*

2*

5"

9"

0*

2+

4*

9"

0*

2*

4*

5"

7"

9"

0*

2*

4* .
4 *

2" .

4"

(keV)

964.2
575.0

420.6

1049.1
689.2

371.7
337.0

1063.5
562.4

197.6
540.3

1026.5
462.2

419.8
245.2
83.8

777

960.8
422.2

657.5
786.9

400.4
459.8

I Remarks

(per stopped ir')

0.0043

0.0028
0.0057

0.035
0.023

0.019
0.0039

0.054

0.030

0.067
0.071

0.052
< 0.061

O.OP

0.088
0.094

0.050
0.029

0.030
0.019

± 0.0012
t 0.0012

* 0.0026

t 0.004
± 0.004

± 0.003
± 0.0014

- 0.008
At Ge-edge
19F + 'lmGe

i 0.004

± 0.005
t 0.005

± 0.004
±

Not observed
± 0.003

± 0.013
± 0.012 '

± 0.014
± 0.005

± 0.015
• 0.005

Isotope Transition
i ~* f

2("'Pb 2* -

4 * -

9 " - •

1 1 " •*

12* -

14* -

IS* -

16 +

1 6 * -

1 6 " - •

17" -

17" *

19" -

2 0 * -

2 O ' Pb 2* *

3 * -

4 * -
4 + -
9" •

10*-*

2 " T l 2" -

4" -

5+ -

8 -»
12" -

0*

2*

4*

9"
11"

12*

14*

14

15*

15*

16"

16*

17"

19"

0*

2*
3*
2*
7"
9"

0"

4-

5*

7*
7*

E.

(keVl

899.15
374.35
911.7

1005.7
324.7
618.4
167.2

752.9
585.7

1046.7
315.9
776.9
433.7

1034.1

803.3
537.5=
343.5

881.0
458.1

1299.1

265.8
686.3

453.3
216.1

457.0
1021.4

I,

(per stopped ir")

0.081 Í

D.084 ±
Ü.0S5 •

0.014 ±
0.018 ±
0.011 ±
0.015 ±

0.0013 ±
< 0.004
< 0.004

0.0026 ±
0.0033 ±
0.0036 ±

0.038 ±
0.026 ±
0.022 ±

0.017 ±
< 0.035

0.015 ±

0.0155

0.0158

0.015
0.0181

0.0039
0.012

0.005

o.an
0.018

0.001
0.004
0.002
0.004

0.0016

0.0017

0.0017
0.0009

0.008
0.003
0.005

0.008

0.004

± 0.0016

±•0.0016

± 0.002
± 0.0012

± 0.0008
± 0.002

fewrks

close to n « l ine

Also 205Pb

Also ii X~ray

Also 206Pb

o
o
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Isotope

2 0 3pb

gs: %'

Total intensity
2 0 5pb

gs: %'
2.23 keV: '/T

Total intensity

i / —
gs : 72

Total intensity

i / —
gs: 72

Transition
li ïc

1

V 2 " -

% " *

V *
%" -
V *

(72,72) -
(72,7/2) -

I 7 / 2 + -

2 1 / 2
+ -

-

-

gs

gs

gs

gs

gs
gs

gs
gs

'3/2 +

1 7 /2 +

2 l / 2 +

2 1 /2 +

on gs of 2 0 3 P b :

V *
Va" +

V *
(72,7/2) -

4 - :2%- -
2 1 / 2 - -

2 1 / 2 + *
1 9 / 2 + H-

'V -
29/T *

on gs of 2 ° 5

%~ *

' A " *

'%+ -

7 2 - -

V *
on g s o f 2 0 7

3 / 2
+ -

(1 ] /2-) -

gs
V2"
gs

gs

gs

X-
J ' /2*
1 9 /2 +

19/2
 +

/ 2

I 3 /2 +

2 7 2 -

Pb:

gs

gs
V2-
3 /2~

%"

Pb:

gs

% +

R

(keVJ

126.5

825.2

866.5

740.1
896.9

933.4

1198.6
1203.1
838.7

258.6

174.0
874.0

703.4
759.2

1043.7
1264.7

1013.8

284.1

1175.1

1147.4
534.9
323.2
683.5

430.2

569.7

897.3

1063.6
1434.0
1769.7

351.0
997.0

I

(per stopped TT~)

0.013 ±

0.048 i

0.0037 ±

0.0029 ±
0.0095 ±

0.0017 ±

0.0009 ±

0.0009 ±
0.028 ±

0.028 ±

< 0.05
0.011 ±
0.078 ±

0.0026 ±

0.0051 ±
< 0.009

0.0033 ±

£ 0.018

0.0040 ±

0.0022 ±

0.011 ±
0.0024 ±

0.020 ±

0.020 ±
0.005 ±

i 0.038

0.030 ±

0.009 ±
0.036 ±
0.004 ±
0.004 ±

0.039 ±

i 0.028
S 0.002S ±

0.012

0.004

0.0009
0.0009
0.0012

0.0008

0.0008
0.0008
0.002

0.009

0.003
0.013

0.0008

0.0009

0.0009

0.001Î

0.008

0.005
0.006
0.006

0.001
0.002

0.005

0.001
0.005
0.001
0.001

0.005

0.Í104

Remarks

Also 207Pb

Also 71mGe

Also 1 2 7I

Also 27A1

Also 201'Pb

Also 203Pb

Also I98Pb

Also 202Tl
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The maximum multiplicity of x ~15 corresponds to the absorption of the

pion in the interior of the nucleus and is a trivial consequence of the

Q-values for different (ir~,xn) reactions and the simple fact that the evapo-

rated neutrons need kinetic energy. Most of the experimental results are in

accordance with the present picture of pion-nucleus absorption and show that

in Ta and Bi the pion is predominantly absorbed on an np pair. Neutrons leav-

ing the nucleus force the nucleus to twist around, thus introducing a nuclear

angular momentum which, taking the nucléon Fermi motion into account as well

as the nuclear spin (7/2 and 9/2 in 181Ta and 209Bi, respectively) and the

pion angular momentum (2.= 3), may be as high as 25 units. Therefore, it is

not surprising that the J= 20 state in 201*Pb, discussed in another contribu-

tion to this Annual Report, is populated. Because of the complexity of the

(•"•", xn) reaction it *.s doubtful whether this way of producing high-spin states

offers any advantages over heavy or light ions. In a few cases one may bene-

fit from the negative charge of the pion, however.

* Participants from Stockholm: I. Bergstrom and K. Fransson

3.3.10 YRAST TWO-PROTON, TWO-NEUTRON HOLE LEVELS IN Z0BPo

(I. Bergström, J. Blomqvist, C.J. Herrlander, J. Hattula*, 0. Knuuttila*,

E. Liukkonen* and V. Rahkonen*)

208Po can be described as a 208Pb core plus two protons and two neutron

holes. In the two-proton nucleus 210Po, the largest angular momentum avail-

able from the valence particles is J =11 due to the ffhQ/o i.,/o configu-
max jI í \it I.

ration and in the two-neutron hole case J = 1 2 from the vi._ ,„ configura-

tion. Therefore, J due to the four valence particles in 208Po is 23.

Levels with J*«20 may be formed by coupling core-excitations of relatively

high spin (~10) with valence particle states of intermediate spin (~10),

and such levels may lie lower than levels formed by valence particles only.

It was the purpose of this work to study the origin of the yrast levels

in 208Po which were populated in the 208Pb(ct,4n)-reaction at Ea= 51 MeV. In

this investigation conventional in-beam y-ray spectroscopy was used. Parity

assignments are very essential for a meaningful comparison between experi-

ments and calculations. This requires, in addition, studies of conversion

electron spectra (see Fig. 1). By comparing singles photo-peak intensities

and conversion electron intensities and normalizing to the 686.5 keV 2 •+ 0+

pure E2 transition, conversion coefficients could be derived for most of the



- 103 -

2CK -

2CêPo-a A' 5' VfV, ELECTRON SPECrR--

ü !

o - t -
D

,.a. !',ƒ' n Ixm
'"*

x ' " P s
1063 6

was. mie

1CQ0
CHANNEL NUMBER

FIGURE 1 Conversion electron spectrum obtained when bombarding a
0.6 mg/cm2 208Pb foil with 51 MeV a-particles.
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19*

FIGURE 3 Three-dimensional yrast line for levels in 208Po, mainly
generated by two-proton and two-neutron-hole configurations.
The angular momenta indicated on the Jp and Jn axes are the
angular momenta of levels populated in the yrast cascades
in a:oPo and 206Pb.

strong transitions in the yrast cascade. Table 1 shows the results thus ob-

tained. The level scheme presented in Fig. 2 is consistent with all experi-

mental information (singles y-ray and conversion electron spectra, angular

distributions of y-rays, excitation functions, lifetime and coincidence

measurements). 208Po has previously been studied in our laboratory L ) but

the results were hard to interpret, mainly due to the fact that the energy

of one of the most relevant y-rays happened to coincide with the energy of

the annihilation radiation.

Within 50 keV, the level energies agree with simplified four-particle

calculations. The only difficulty with the present experimental level scheme

is that the 516.4 keV E2 y-ray competes with an unobserved 4.6 keV Ml y-ray,

the latter being about 10 times faster than expected. Since no isomeric states

were found above the 11" state, we have to rely upon the calculations for con-

figuration assignments. In Fig. 3 we have presented a three-dimensional yrast

path indicating how the yrast levels are generated. As seen from this plot,



TABLEJL

EY (keV)3

145.8
148.5
159.6
177.5

184.3
198.8
257.7
313.7
358.3
424.8
430.9
488.6
500.3
511.8
516.4
603.1
631.8
660.0
686.5
696.8
712.5
761.3
845.0
856.3

1026.3
1174.8

I Y

11
44

1.5
59
6.0
7.0
5.0

24
5.3
3.4
2.5
2.0
5.0

24 4
18

4.6
98

100
54
33

3.0
4 . 5

23
21
19

aR(exp)

0.40 ±0.08b

0.023±0.017
0.69
0.36 ±0.05b

0.31 ±0.05b
0.044b
0.40 ±0.06
0.38 ±0.08
0.25 ±0.05

0.13 ±0.05
0.12 ±0.03
0.10 ±0.03
O.O38±O.OO7

0.013+0.002
0.0118
0.057±0.008
0.052±0.008

0.010±0.002
0.0053±0.0009
0.0094±0.0015

K/L(exp)

4.
4.

4.
2.

4.
3.
5.
4.

4.
4.
4.

1+0.8
5+0.9

6+0.7
8±0.7

1+0.7
0+0.5
7±0.8
5±0.7

8±1.3
1+1.2
6+0.7

A2

-0.24+0.03
-0.17+0.03
-0.32±0.04
0.15+0.02

-0.26±0.01
-0.21+0.02
-0.28±0.03
-0.31±0.01
-0.20+0.05

0.41±0.01

0.17±0.02
O.17±O.O3

-0.56±0.03
-0.58±0.04

-0.21±0.02
0.38±0.03
0.62+0.04

\

-0.01±0.06
0.01±0.05
0.10±0.07
0.02±0.04

0.02±0.02
0.02±0.03
0.03±0.05
0.07±0.02
0.14±0.07

0.06±0.02

0.04±0.04
0.04±0.05
0.03±0.05
0.02+0.07

0.04±0.03
0.01±0.05
0.16±0.06

Ô

- 0 .
0.

- 0 .

0
0

- 0
- 0

0

- 0
- 0

0

c

03
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00
02
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1 1 -
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6+

15"
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o
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Mean error in E less than 0.1 keV

a£ot-value

The contribution of a 603 keV transition in 209Po is subtracted.

From 209Bi(p,2n)208Po measurement (Rahkonen et al., JYFL Annual Report 1976, 3.13).
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at lower energif. he transitions are mainly due to protons changing their

configurations, vuile a higher energies the transitions are either due to

changes in both proton and neutron configurations or only in the neutron

configuration. As seen by the projection of the yrast line in the Jp- Jn

plane, all observed transitions are due to valence particles only, and there

is no evidence for core excitation.

J= 20 levels can be produced in many ways including core excitation

bat the yrast J= 20 level should lie about 1.0 -1.5 MeV higher than the

19+ level. For intensity reasons, we were not able to observe any y~ray of

an energy ~ 1 MeV which could connect the yrast J= 20 level with the 19+

level. Such an observation would require a larger angular momentum input.

* Jyvaskyla University, Jyvaskyla, Finland
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3.3.11 EVIDENCE FOR ISOSPIN DEPENDENCE OF THE TWO-PARTICLE CORE POLARIZATION

INTERACTION IN A 19+ ISOMERIC STATE IN 2ï°At

(J. Blomqvist, I. Bergström, 0. Knuuttila*, V. Rahkonen*, K.-G. Rensfelt,

J. Sztarkier and K. Westerberg**)

Recently we found a 19+ isomeric state of the TTh. ?„ i,_/o vg„.„ (j~
2)_+

9/t 13/2 9/2 0

configuration in 210At, whose energy might give information on possible iso-

spin effects in the two-particle core polarization effect (to appear in Zeit-

schrift fiir Physik). The nucleus 2l°At can be considered as a core of 208Pb

and four valence particles, i.e. three protons and a neutron hole. If the

energy of the 208Pb core is set equal to zero, the total Hamiltonian of the

four valence particles, neglecting possible three- and four-body interactions,

can be written:

H = I H(i) + 1. H(i,j) (1)

The H(i)'s are the single-particle energies which can be taken from ex-

perimental excitation energies in 209Bi for protons and 207Pb for neutron

holes. H(i,j) is the effective interaction between two particles moving in

the Pb core and can frequently be extracted from experimental energies

in nuclei consisting of 208Pb plus two particles, in this particular case
210Po and 208Bi.
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It is well known that the calculational difficulties increase very ra-

pidly with the number of valence particles due to the increasing size of the

matrices. There is, however, a possibility of partially compensating for

these difficulties by using experimental energies of levels due to three

(211At and 2 0 9Po), two (2'°Po and 20SBi) and one (209Bi and 207Pb) valence

particles.

The total Hamiltonian H[TT(1,2,3)V(4) ] of 210At can then be written as:

H[TT(1,2,3)] + H[tr(l,2)v(4)] + H[TT(2,3)V(4) ]

- H[TT(2,3)] - H[TT(3,1)]

- H[ir(2)v(4)] - H[TT(3)V(4)]

H[TT(2)] + H[TT(3)] + H[v(4)]

H[TT(3,1)V(4)]

(2)

The double-counting of the two-particle interactions in the three-par-

ticle terms is corrected for by the subtraction of the two-particle terms.

In the language of excitation energies (E) and nuclear masses (M) we

then obtain after simplified writing

E(210At) = E(211At) + 3E(209Po) - 3E(210Po) - 3E(208Bi)

3E<2093i) + E(207?b) + E o

Here E o = -M(
210At) + M(211At) + 3M(209Po) - 3M(210Po)

- 3M(208Bi) + 3M(209Si) + M(207Pb) - M(208Pb)
o

E Q can now be expressed in terms of Q-values for certain (a,d) and

(p,t) reactions, a-decays and neutron separation energies and it is found

that E o = + 189 ±19 keV, where the error is the root mean square error in

the input values.

The experimental and in this way calculated level energies agree very

well,, in particular for the 9+, 11+, 12+, 13+ and 15" levels. As a matter

of fact the rms deviation (11 keV) is somewhat smaller than the error in Eo

(19 keV). It should also be possible to calculate the two 19+ levels of the

77ih9/2)8+ i13/2 Vi13/21 a n d 7FÍh9/2)8+ £13/2 V(:>~2)0+ S9/2 c o n f i g u r a t i o n s in
a similar way. However, in the former case an additional uncertainty is

introduced into the calculation because the (ti . ^13/2'^13 12 11 s t a t e s

in 208Bi are not known as yet and therefore corresponding interactions have

to be estimated. The calculated energy of the former state is 4450± 100 keV

and this state can therefore not be responsible for the experimentally found

19+ level at 4028 keV.

Our previous calculations of the 31/2" and 19+ core-excited states in
209Po and 210At were hampered because of the fact that the Tri...- vSq/2
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TABLE 1 Comparison between experimental and calculated two-particle core-
polarization energies in 2 * °At and 209Po, AEeXp refers to values
obtained by using accepted particle separation energies. AEcaic

is the expectation value of a quadrupole interaction with
X = - 0.7 MeV.

Nucleus

2 0 9 A t

2 1 0 A t

2 0 8 P o

2 0 9 P o

2 0 8 B i

2 l ! 9Bi

Configuration

*%/2)
2
8+i13/2nr2)0+

Tr(h9/2)8+ i 1 3 / 2 V ( j " 2 ) 0 + g9/2

1 I h 9 / 2 i 1 3 / 2 V « " a V

nh g / 2 i 1 3 / 2 v ( j - 2 ) 0 + g 9 / 2

7Th9/2V(J"2)0+ g9/2

1Ti13/2 v ( j " 2 ) 0 + g9/2

29/2+

19+

11"

31/2"

9"

11+

AEexp
(keV)

-119± 18

-68± 20'

-97 + 10

-147 ± 12

-1

-14

A Ecalc
(keV)

-105

-330

-102

-296

-93

-102

s t a t e in 209Pb,

interaction was not known. Therefore, this interaction had to be taken from

the Kuo and Herling calculations and adjusted according to our experience

of the accuracy of these interactions. We thus concluded that the

iri-iq 12 V8Q/2 interaction energy should be 700 ± 150 keV where the error is

our estimated uncertainty in this adjustment. However, in very recent
208Pb(a,d)210Bi experiments Daehnick et al. 2 ) found an 11+ level in 210Bi

at 1316±3 keV which they ascribe to the TTÍ „#„ vg. ._ configuration. Using

this value and the Q-value -17670.5 + 2.1 keV for the reaction 208Pb(a,d)2 ' °Bi,

the proton separation energy 2191.8 ±2.9 keV of the iri , state in 209Bi

and the neutron separation energy 3937.6x2.9 keV of the vgq/y

we arrive at an experimental value of the ni , vSq/2 interaction which is

- 700 ±150 and the Kuo and Herling value of - 580 keV.

The position of the core-excited 19 level can unfortunately not be

calculated in the same way. (Eq. 2) as was used for the other levels in
210At, because relevant excited states of the ̂ h-?» VSQ/2 anc* 7T^1<3/2 ̂ 13/2 g

configurations are not known in 211Po. For this reason Eq. 1 was used and

all possible contributions were derived from excitation energies in 211At,
2 1 0Bi, 207Bi, 207Pb and 209Bi, and appropriate nuclear mass differences.

The calculated excitation energy of the core-excited 19+ state, neglect-

ing two-nucleon core polarization, is 4096 ±20 keV as compared to the



- 109 -

experimental value of 4028 keV, resulting in a two-particle core-polariza-

tion interaction of only -68 ±20 keV.

In Table 1 we have compared the deviation between calculated and experi-

mental levels due to two pairs of configurations only differing by a gg/2

neutron. The deviations AE should be due to the neglect of the two-par-
GXp

ticle core polarization of the two neutron-holes in 206Pb. In Table 1 are

also listed the calculated expectation values of the two-particle core-polar-

ization interaction AE = X^ p 2(
c o s ei,j ) where x by fitting was found to be

-0.7 MeV from all known information •*) about core polarization in levels of

nuclei consisting of a 206Pb core plus two or three protons. As seen from

Table 1, the gq/7 neutron does not have any appreciable influence on the

total core polarization. This observation is furthermore confirmed by the

recent discoveries ' of the core-excited ~ ^h.,.

(TTÍ . vg . ) + (j~ 2) n + states in
 208Bi for which states the proton-neutron

core-polarization effects are only - 1 and - 14 keV, respectively.

We thus conclude that the main, interesting, experimental conclusion

of this work is that the p-p polarization interaction of two neutron holes
208in the core of 208Pb is appreciably larger than the p-n core polarization.

Visitor from Jyvaskyla University, Jyvaskyla, Finland

Visitor from Abo Akademi, Turku, Finland
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3.3.12 CONFIGURATION-MIXED RELATIVE a-DECAY RATE CALCULATION FOR THE DECAY

OF THE 1" STATE IN 212At

(P. Carle, T. Erikson*, K. Fransson and M. af Ugglas)

Experimental results on the a-decay of 212At using isotope separator

on-line techniques - the PINGIS facility at this Institute - have been

presented earlier . Also a relative a-decay rate calculation for the de-

cay of the 1~ and 9" states in 2I2At to states in 208Bi, has been performed1'2).

In this calculation we assumed that both the initial and final states in-

volved consist of pure shell-model configurations. The result was that the

calculated a-decay rates of the 9" isomeric state in 2'2At are in very good
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agreement with the experimental values. However, for the decay of the 1

ground state of 2 1 2At, the agreement was not so good. Particularly, there

are large discrepancies for the 1 A+ ir(h9/?)
\-i and the 1

Tr(h-,„) v(f_/2)~
1-branches. The present calculations were performed in or-

der to examine whether these discrepancies could be eliminated if configura-

tion-mixed states are introduced.
th

For mixed parent and daughter wave functions the L

could be written as

partial decay rate

Here Y-f is the reduced a-width which gives the probability of formation of
Lê

an a-particle inside the nucleus for a transition from a state Vi to a state

V. This factor is essentially a fractional parentage coefficient times

the product of the radial wave functions for the particles which are form-

ing the a-particle. When calculating Y» we have to account for three dif-

ferent groups of transitions A, B and C. (See Fig. 1) A and B are the

amplitudes of the different configurations of the parent and daughter nuclei,

and PL is the penetration factor which gives the probability for the a-par-

ticle to penetrate the centrifugal and Coulomb barrier.
212The At wave function is assumed to consist of the following compo-

nents

,7/2

9/2;

V= 1) 8 <

V= 3) 8 '

v= 3) 8 >

V= 1 ) 8 >

V= 3) 8 >

To calculate the matrix elements <a|v|a>, <a |v |b>, ... < e|v|e> we have
31

used the tables of Kuo-Herling for 2 * °Bi to get the matrix elements

and

|v|<irf7/2

4)
Further, experimental energies taken from Wikström et al. have been added

to the diagonal matrix elements:

<alH|a> = E (211At)9/2 + E (209Pb)
g.s. g.s.

<a|v|a>

etc.
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FIGURE 1

Diagram of the three

froups of a-decay from12At to 2 0 8Bi.

A. First group.

B. Second group.

C. Third group.
Doubly unfavoured
decay.
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After diagonalization we get the following result

|212At = 0.978|a> - 0.200|b> - 0.023|c> + 0.055|d)

The amplitude of the |e) wave function is less than 0.001 and can be omitted.

The mixing amplitudes B for the 20BBi states have been taken from the
5}tables by Kuo and the configurations involved are the following:

irh9/2 Vpl/2

Vf5/2

Uf7/2 Vpl/2

wf7/2 Vf5/2

Uf7/2 Vp3/2

As shown in Table 1, the admixture of higher shell model states in the

wave functions of parent and daughter nuclei results in substantial changes

of the decay rates in spite of rather small mixing coefficients. The general



TABLE 1 Comparison between calculated relative a-decay intensities for the 1 ground state in At and
~~ "~ experimental results.

State in 208Bi

Main
Configuration

"h / 2 vp - 1

- " -

ïïh9/2 Vi5l~2

- " -

- " -

- " -

- " -

^ 9 / 2 VP3/2
X

- " -

- " -

5 +

4 +

6+

4 +

5 +

3 +

7+

2+

5 +

4+

3+

6+

No mixing

83.2

253.0

1.30

3.18

0.02

0.27

0.09

0.72

0.13

0.005

0.18

0.01

Present work

Kim-Rasmussen

83.2

185.6

1.32

5.11

0.003

2.46

0.15

1.10

0.27

0.05

0.18

0.02

Kuo5)

83.2

134.3

1.07

3.96

0.11

1.19

0.12

0.90

0.21

0.17

0.17

0.02

Radi et a l .

Kim-Rasmussen

83.2

17.3

0.24

0.64

0.57

1.03

0.10

0.14

0.03

0.03

0.10

0.001

6)

Ma and True

83.2

342.9

0.25

3.12

1.2

1.4

0.15

0.61

0.07

0 . 8

0.17

0.08

Experiment

1

83.2 + 0.6

15.4 ± 0.6

0.150+0.007

0.59+ 0.01

< 0.3

0.40 + 0.02

< 0.1

0.07+ 0.02

0.048+0.005

< 0.01

0.135+0.006

< 0.02

to

I
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trend is towards an improvement, although satisfactory agreement is not

achieved. Our model is quite crude and should therefore not be expected to

account completely for the experimental findings. First of all we have in

this first attempt not allowed the neutron in 212At to be excited from the

1gq.? state and, further, our estimates of admixing coefficients rely on

semiempirical results of low accuracy. We feel, however, that a higher de-

gree of accuracy is within reach. An important remaining task is then to

find out whether an analogous treatment of the 9 isomeric state dees not

remove the agreement between simple shell model results and experiment.

Results reported by Shihab Eldin et al. , where a slightly different de-

scription of the parent nucleus is applied, show good agreement with experi-

ments but also an incredibly strong dependence on the configuration mixing

in the states of the daughter nucleus.

* Royal Institute of Technology, Stockholm
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3.4 NUCLEAR THEORY

3.4.1 MULTIPLICITIES AND CONTINUUM GA1MA RAYS FOLLOWING HEAVY-ION REACTIONS

(R.J. Liotta and R.A. Sorensen*)

The continuum yray spectrum of a residual deformed nucleus following

(HI,xn) reactions has been analysed in terms of the competition between col-

lective (rotational) and non-collective (statistical) modes of de-excitation

at high spin.

The statistical transitions were supposed to be dipole or quadrupole.

For dipole transitions, the rate per second per unit of energy interval of

final states near Ef was found to be

T(E1; i •+ f) = C1(Ei - E f ) " p(üf)/píüf) (1)

where Cj = 5.1 A2//3 g2 HJ 10
i2 sec"1; g is the single-particle level density

and Hj is the E1 hindrance factor with respect to the Weisskopf single-particle

estimate, while the density of states p at an energy U measured from the yrast

line is given by

P(U) = (gU)-2expj 2(ir2gu76)l/2J

For the quadrupole transition rate, it was similarly found that

T(E2; i -* f) = C2(E£ - E f )
6 p(Uf)/p(U£) if

(2)

(3)

where C2 = 3.6 A"/
3 g2 H2 10

6 sec"1, and H2 is the E2 hindrance factor.

The collective transitions were calculated in the framework of the sym-

metric rotor model of Bohr and Mottelson . In this model, the nucleus is

assumed to be a triaxial rotor rapidly rotating. In first approximation, the

states with lowest energy have the angular momentum pointing in the direction

of the highest moment of inertia axis. If the axes are labelled such that

Aj < A2< A3!, where A^ = "h
2/2j£, the states of lowest energy for angular momen-

tum I (the yrast states) have I*» |lj|. For the first few excited states with

the same angular momentum I, the components of I perpendicular to the 1-axes

are still small. These excited states are produced by a wobbling rotational

motion of the nucleus with respect to the direction of I. The quantization

of the wobbling motion gives rise to the quantum number n which is approxi-

mately equal to the units of angular momentum taken away from the 1-axis com-

ponent, i.e. Ij « I-n.

The collective E2 transitions among the different states provided by the

model are determined by
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B(E2 ; n, I -> n- 1, I + 1) =

B(E2 ; n, I •+ n, I ± 2)

f < / 3 q ; x m - / 2 Q ; X ( ± ) )
2 (4.a)

B(E2 ; n, I - n + 1, I± 1) = ~- -r=-
5e; n+1
16TT I (±)

(4.b)

X ( T ) )
2 (4.C)

which shows that the transitions corresponding to An = ±1 are hindered by a

factor 1/1 with respect to the An = 0 transition. In eq. (4)

. 2

X,
(A2+A3-2AJ)2

-1/2
±1

1/2

and Q5 , Q'

are the quadrupole moment components referred to the system with polar axis

in the 1-axis direction.

The dependence of the Y-ray intensity and of the multiplicity upon the

parameters t.iat define the rotational and the statistical modes was studied

in an application of the model to the reaction ' Yb(' C,8n) Os at 120 MeV.

With the transition probabilities given by eqs. (1), (3) and (4) the

branching ratios and the population probabilities were evaluated as a func-

tion of the excitation energy. Finally, the Y~ray intensities and multipli-

cities were obtained corresponding to all the transitions that occur in the

interplay of the different modes during the y~ray cascade.

Above about 1.5 MeV (i.e. above the rotational transition energy region)

the dipole hindrance factor dominates over the rotational parameters and all

the calculated physical processes depend mostly on Hl. Yet the competition

among the modes could start to be relevant at the relatively high energy of

3 to 5 MeV. This is seen in Fig. 1, where the rotational and statistical

contributions to the average multiplicity (M(E)) as a function of the exci-

tation energy above the yrast line are shown. This figure also shows the

strong dependence upon the hindrance factor Hj.

The total multiplicities for the different values of Hj were obtained

from the corresponding curves of Fig. 1.

In Fig. 2, the yray intensities as a function of the energy are shown

for two values of Hj. The high-energy spectra are determined by the level

density (2). The square root of the energy in the exponential function of

(2) produces a downward curving form in the logarithm of the intensity vs.

energy plot.

It is unlikely that the inclusion of other modes like vibration would

affect the high-energy spectrum very much. This is clear since even the ro-

tational mode, which is at least an order of magnitude stronger than the
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E(MeV)

FIGURE 1

Multiplicity as a function of
excitation energy above the
yrast line. The curve R(S)
represents the rotational
(statistical) contribution
to <M(E)>.

10'a) H.
b) Hx = 10

I-
,-3

FIGURE 2

y-ray spectra correspond-
ing to a window of 200 keV
and for the value of Hj in-
dicated in the figure. The
dashed lines represent the
intensities produced by
the statistical transitions
above.

10" 3
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vibrational mode at low angular momenta, does not affect the form of the

high energy tail.

Our calculation also showed that the average number of dipole transitions

is four. Therefore, for a given average multiplicity ( M ) , the average angu-

lar momentum of the nucleus in the entry state is a little less than ( I ) =

= 2 ( M ) - 4 , since not quite all the rotational transitions have AI = 2.

* Present address: Carnegie-Mellon University, Pittsburgh, Pa.
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3.4.2 TESTING AND APPLICATION OF THE NUCLEAR FIELD THEORY - THE NUCLEI
91Nb and 211Pb

(R.J. Liotta and B. Silvestre-Brac*)

The microscopic description of nuclear systems in terms of collective

modes of excitation makes, in many instances, the calculation easier and the

interpretation of the calculated physical quantities clearer than the usual

single-particle shell model description. As a drawback, one deals with a

Pauli principle violating basis which is, therefore, overcomplete.

The Nuclear Field Theory faces the problem of the overcompleteness

of the basis more acutely than other models, because if one includes both

pairing and particle-hole boson modes, one might count twice the same state.

To study whether the NFT takes proper care of this problem, we consider a

three-particle system outside a closed-shell core. We do not consider hole

excitations and, therefore, the only diagrams to be considered are those in

Fig. 1.

Summing-up the whole series of diagrams, we notice that the propagator F

defined in Fig. 1 can be evaluated to all orders of perturbation making use

of the relation shown in Fig. 2, namely

F<n+1)(q,rs,X;E) 2, K(q,rs,X; s.c's'.X^E) F*u' (s.r's1 ,X' ;E)
r's'X' °2 (1)

where (n) specifies the order of perturbation and

x (r's';X'|v|rq;X'>/(E-eq-£r-es) (2)
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FIGURE 1

a) Diagrammatic representation of the NFT effective Hamiltonian matrix element.
b) The same series in terms of the propagator F.

Í

FIGURE 2

Graphs showing the relation between two successive orders of the propagator F.

Utilizing Eq. (1), the propagator F can then be written in matrix form as

(i-K(E)) Fa (E) = F^1}(E) (3)

where I is the unit matrix.

The inhomogeneous set of energy-dependent linear equation (3) provides,

for each one of the basic states {a2}, the propagator Fa2(E). The inter-

action matrix element W is then calculated as

Wi2(E) = w!

The diagonalization of W,

(i,rs,Xi;E)
rs

ni
(4)

(5)
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gives the physical energies and wave functions for those values of E = E .

This actually represents a self-consistent problem: one has to insert a

value of E in (3) to get, through (5), an output value which coincides

with E.

We applied this method to the nucleus 91Nb, which has three protons

outside the 88Sr core. This is a simple case, because there are only two

single-particle valence shells, namely iPi/2
 a n d °8q/2" D u e t 0 ttl^s s^P1*-"

city and the fact that the 0g_ ,~ shell provides a good test case for calcu-

lations where seniority is not trivially conserved, much shell-model calcu-
2)

lation exists in this region - which facilitates the comparison idth the

NFT.

The NFT describes the states in 91Nb in terms of an overcomplete basis,

For instance, there are only three 9/2 states allowed by the Pauli principle

while the NFT basis has, in this case, dimension eight.

We found that five of the eight NFT energies are given by the zeroth-

order, single-particle energies. The corresponding wave functions are iden-

tically zero. The other three states coincide with the exact, shell-model

calculation of ref. 2.

We are applying the method to the nucleus 2 U P b , hopefully to learn

how sensitive is the NFT to the different approaches generally utilized,

as for example, the cutting of the NFT basis and the application of the

theory to first order only.

* Permanent address: Institut des Sciences Nucléaires, Grenoble.
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3.4.3 GRAPHICAL PERTURBATION CALCULATIONS OF ALPHA-DECAY RATES IN 2'2At

(F. Janouch and R. Liotta)

The nucleus 2'2At with three protons and one neutron outside the 2 ° 8Pb

core can be described in the framework of the Nuclear Field Theory as a

two-boson system. The bosons are determined by the two-proton states in
210Po and by the proton-neutron states in210Bi.

Similarly, the states in 208Bi can also be described as particle-hole

boson excitations of the 2°8Pb core.
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The two-particle correlations induced by the nuclear interaction, which

can greatly influence the a-decay from 2 1 2At , are therefore automatically

included in this formalism.

In the present work, we first described the states 1 and 9 in 212At

as the 0 ground state in 210Po coupled to the 1 and 9 states in 2 1 0Bi,

respectively. The coupling constants and the energies that define these boson
3)

modes were taken from the calculation by Kuo and Herling . The interaction

matrix element.;; are represented by the diagram of Fig. 1, which gives the ex-

citation energy for the states of spin I in At as

E(I) = ) - I A(pqjA ) A(rs;X ) A(qs;X ) A(pr;X )
pqrs

I > A S

where OJ is the phonon energy, A the coupling constant and

Ô = (OJ(XJ) - e(p) - e(r))(a)(A1) + o)(A2)-e(p)-e(q)-e(r)-e(s))

The energies thus calculated agree within 100 lceV for the 1 experimental

ground state, while the energy difference between the 9 and 1 states agrees

within 30 keV with the experimental value.

The a-decay amplitudes b are represented in Fig. 2. One finds that the

contribution from each of the diagrams in this figure is

b\f = <o||(r+(A1)r
+(A2))J< T(Dr+(Af)||o>

= - X £ A(pq;Aj) A(pr;A ) (-1) p q

j' Af A. L

j r Jp

/6

where ô = ( E., - (e(p) + e(q) + 2)))( E f - e.(p) + e(r))

and the transfer operator T is given by

T(LM) = (-1)L"M((b+M((b +(q) Y +(A 2)) j t b +(r)) L_ M

where b and Y are the fermion- and boson-hole creation operators, respec-

tively.

In a similar fashion one can evaluate diagrams of higher order than the

ones in Fig. 2. This might be necessary because the energy diagram in Fig. 1

is an order of perturbation higher than the a-amplitude diagram of Fig. 2.

Once the a-decay amplitude is known, one can proceed to evaluate the
2)reduced width T as usual
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FIGURE 1

Graph corresponding to the interaction Hamil-
tonian matrix element. Full lines represent
protons, while dashed lines are neutrons- In
the calculation all the topologically equiva-
lent diagrams were of course included.

— *

"s
\

s

FIGURE 2 Graphical representation of the a-decay amplitude.
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3.4.4 COEXISTENCE OF NORMAL AND SUPERFLUID PHASES IN THE IIANY-PHONON

PAIRING SPECTRUM OF THE Pb-ISOTOPES

(R.A. Broglia*, R.J. Liotta, B. Nilsson* and E.R. Flynn**)

The simplicity of the schematic pairing interaction makes it possible

to perform easily an exact diagonalization of the pairing Hamiltonian for a

rather large number of valence particles or holes.
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On the other hand, one can also analyse the resulting spectra in terms

of pairing-vibrations, which have clearly been established as elementary

boson modes of excitation

Recent data 2'3) obtained in the reactions 20->206>208>2'°Pb(t,p) and

2io,2O8,2O6,2o-pb(pjt) a l l o w f o r a detailed test of the pairing wave func-

tions as well as the pairing-vibration picture of the states around 208Pb.

One can also analyse the many-phonon states observed in some of those reac-

tions in the quasiparticle representation.

We carried out a TDA diagonalization of the pairing Hamiltonian to get

the 0+ states in the 2 0 2~ 2 1 2p D isotopes. The particles or holes were allow-

ed to move in seven levels above or seven levels below the N= 126 shell clo-

sure. We found that the ground-state wave function can be expressed in terms

of the pair addition (|gs(21°Pb)>) and pair subtraction (|gs(206Pb)>) modes

as

|gs(212Pb)> « O.96|gs(21oPb)«gs(210Pb)>

|gs(2OltPb)> « O.95|gs(206Pb)8gs(206Pb)>

|gs(202Pbj> « 0.96|gs(206Pb)8gs(206Pb)«gs(206Pb)>

which lend support to the interpretation of pairing vibrations as elementary

modes of excitation.

Utilizing the exact wave functions, the spectroscopie amplitudes

j; IA,O,IB)
y/2

associated with the reaction A(t,p)B have been calculated and the correspond-

ing two-particle transfer cross sections have been evaluated making use of

the DWBA.

An alternative description of these nuclei has also been made in terms

of the BCS coupling scheme. The two-quasiparticle spectra thus divide in

two parts, the low-lying (Í 4 MeV) part is controlled by the value of the

pairing gap A (superfluid region). In this region the two-quasiparticle

states are built out of orbitais with ej - eF 2A, and the L= 0 (t,p) cross

section is mainly concentrated in the lowest J1T= 0+ state (condensate). In

the high-lying part (normal region) of the spectra the presence of the con-

densate is not felt and the corresponding states can be viewed as built-up

of np-mh excitations.

In Table 1 the relative cross-sections for the pair addition and pair

subtraction modes are given. The zeroth-order prediction of the pairing-

vibration model is quoted together with both the TUA and BCS calculations.
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a) TDA

b) BCS

c) réf . 2
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Pair addition mode (t,p)

A(t,p)A+2

208 •* 210

210 + 212

(da(9;A->-A+2)/dn)/(dcr(9;208->-210)/dQ)

Theory

TDA
BCS

î.ol

1.0}

1.54D)j

Harmonie

1.0

2.0

c)Experiment

1.0

2.3 ± 0.76

(da(G)/dSl)exp

(do(6)/di2)th

f 0.72 ± 0.11a}
10.63 ± 0.09D;

JO.95 ± 0.29a).
1 0.93 + 0.28DJ

e

24°

25°

x10 4 MeV2fm3 (t,p)
(P/t)

20
10 MeV^fn.2-3 j(t,p),p

(p,t)

Pair removal mode ((tip) and (p,t))

(A-2)(t,p)A

206 ->• 208

204 -»• 206

(do (0; (A-2)-»-A)/dG)/(do (6 ; 206+208)/di2)

Theory

TDA
BCS

1 0 a )

i.ob)

1 52 a )

1.49b)

Harmonie

1.0

2.0

c)Experiment

1.0

1.56 ± 0.12d)

(da(6)/dn)exp

(da(9)/di2)th

1.23 ± 0.18.a|
1.20 ± 0.18 D ;

1.15±0.07a^
1.13 ± 0.07°'

e

d) E.R. Flynn, mixed target (6% error in rel. cross section)

e) Lanford, réf. 3

A(p,t)(A-2)

208 •> 206

206 •*• 204

204 •* 202

(da(6;A(p,t) (A-2) )/dfi)/(da (6;2O8+2O6/df2)

Theory

TDA
BCS

1.0)
1.0|

1.69
1.65

2.30
2.35

Harmonic

1.0

2.0

3.0

e)
Experiment

1.0 ±0.1

1.57 ± 0.16

2.22 ± 0.2

(da(6)/dn)exp

(da(6)/di2)th

jl.O ± 0.15
jl.O ±0.15

ll.O ± 0.16
|1.O ±0.16

0.95 ± 0.15
0.93 ± 0.14

e
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** Los Alamos Scientific Laboratory, University of California, New Mexico, USA
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3.A.5 MIRROR ft ASYMMETRY IN A=8 ISOBARS

(A.M. Khan)

In spite of renewed interests in second class currents (SCC), re-

sulting from experiments on the energy dependence of 8-decay angular distri-
2)

butions in polarized nuclei , evidences in favour of SCC seem rather un-

certain from ft asymmetry studies in mirror S-decays. Besides, a model of

SCC is yet to be formulated within the renormalizable gauge theory. Thus
3)

the present feeling is perhaps that "their absence would not be unwelcome"

Consequently emphasis is now being laid on contributions to mirror ft asym-

metry from nuclear structure effects rather than from SCC.

With these views in mind a reexamination of the Coulomb contribution

to mirror ft differences has been attempted in the A=8 system, which contin-
4)

ues to be an interesting one for more than one reason . We are interested
in the decays:

eB (J =

and 8Li(J= 2+, T_=-1)

Tz=+1) — 6 + Tz= 0)
8Be(J= 2+

8Be(J=2+, T_=0).

FIGURE 1

Energy levels and decays of rele-
vance in the A=8 systems.

V 2.90

1)98 2

SM.C1

J-Q*. T=0
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It may be remembered that the 2.90 MeV 2 + level in 8Be is a broad one which

finally decays into two a's, the energy release being indicated by the kine-

tic energy of the ot-particles. Here we treat the level as a bound one, which

is an obvious approximation. However, we compare our results only with the

ft ratio as obtained from a direct comparison of absolute ft values cor-

responding to an energy release of E£ + E~ = 55.3 me2, and not with the ft

ratio changes obtained for varying energy releases . This presumably justi-

fies our approximation adopted for the wave function calculation. We con-

sider the A=8 system as 4 particles in the 1p shell. Shell model nuclear

wave functions with fixed J and T z quantum numbers are calculated by way of

including the two-body Coulomb matrix elements in the total interaction

Hamiltonian before diagonalizing it.

Having obtained the wave functions, we proceed to calculate the allowed

Gamow-Teller matrix elements M~ for the B~-decays. The matrix element

M <pk[f'];(LfS')J'MITIT'|Za.VT,P |pk[f];(L S)J H I Tz>

between any two arbitrary configurations contains CFP's, phase factors, 3-j,

6-j, 9-j symbols and single-particle radial overlap integrals.

Evaluation of the quantity 6 = (ft+/ft") - 1 gives 8C& (- 2.0+ 3.1) %.

Interpreting in terms of isospin admixtures, the first contribution comes

from the T= 1 and T= 2 admixtures in the Tz= ± 1 states and T= 0, T= 1 and

T= 2 admixtures in the Tz= 0 state via the Coulomb potential within the Op)"
1

configuration. The second contribution is an estimate of the effect of dif-

ferent admixtures of n >1 harmonic oscillator states into zero order 1p ra-

dial proton and neutron wave functions in the mirror nuclei, again due to

Coulomb interaction. Whereas the first contribution is fairly model inde-

pendent , a crucial point in the estimate of the second contribution is

the correct choice of the single-particle binding energies of the last pro-

ton and neutron in the nuclei concerned. It is even possible that a signifi-

cantly different choice of the binding energies may result in a 6 with an op-

posite sign, as has been found in the case of A= 13 mirror decays Our
8)present estimate of 3 % compares well with Wilkinson's estimate of the

order 4 %. The estimate of Towner gave somewhat larger values and indi-

cates the sensitivity of the binding energy effects on the method of calcula-

tion used. Thus Wilkinson's best estimate of <5jje from a kind of average

of the extreme estimates for the analysis of experimental data on mirror

3-decays, although the most obvious one is perhaps not the most accurate

estimate one could expect under the circumstances.

Finally we compare our calculated value of the total Coulomb contribu-
tion 6 «1.1 % with the observed value 6 «(10.7± 1.1)% 5). This seems

c exp
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to indicate, within the uncertainties of the calculation, that the Coulomb

effect alone is unable to account for the observed mirror ft asymmetry in

A = 8 decays, while evidences against SCC from the angular correlation expe-

riments in A= 8 nuclei still remain, thus reemphasizing the need for

more accurate estimates of nuclear structure contributions to mirror ft

asymmetry. Meanwhile, looking into the evidences from energy-dependent
2)

6-decay angular distribution measurements on oriented nuclei , the SCC
12)

phenomena continue to be a question mark in the fundamental weak inter-

action
REFERENCES

1. K. Kubodera, J. Delorme & 11. Rho, Phys. Rev. Lett. 38 (1977) 321;
M. Oka and K. Kubodera, Abstract Vol. of Proc. 7th Int. Conf. on HEP
and Nucl. Structure, Zurich, Aug.-Sept. 1977, 329;
M. Morita, ibid., 326

2. M. Morita et al., Prog. Theor. Phys. Suppl. No. 60 (1976) 1;
K. Sugimoto and I. Tanihata, ibid., p. 19;
F. Calaprice et al., Phys. Rev. Lett. _3_5 (1975) 1566

3. R.J. Blin-Stoyle, Mesons in Nuclei (to be published)
4. See for example K. Kubodera, Prog. Theor. Phys. Suppl. No. 60, (1976)

37, and the references cited therein.
5. D.H. Wilkinson and D. Alburger, Phys. Rev. Lett. JZ6 (1971) 1127
6. A.M. Khan, Lett. Nuovo Cim. JU5 (1976) 480
7. A.M. Khan, (to be published)
8. D.H. Wilkinson, Phys. Rev. Lett. 2]_ (1971) 1018
9. I.S. Towner, Nucl. Phys. A216 (1973) 589
10. D.H. Wilkinson, Phys. Lett. ̂ 8B (1974) 169
11. R. Tribble and G. Garvey, Phys. Rev. C12 (1975) 967
12. D.H. Wilkinson, Phys. Lett. 66B (1977) 105



- 127 -

3.5 EXOTIC ATOMS

3.5.1 DETERMINATION OF SHIFTS AND WIDTHS OF THE 4f LEVEL IN l8*Ta AND 209Bi

(Amsterdam-Basel-CERN-Karlsruhe-Stockholm collaboration*)

The experiment was carried out at the ir~-beam from the 600 MeV proton

synchrocyclotron at CERN. Two y-spectra were recorded simultaneously by a

15 cm3 semiplanar Ge(Li) detector and a 10 % closed-end Ge(Li) detector

mounted in a Nal Compton suppression sys'tem. The pionic X-rays of 181Ta

and Bi were collected in coincidence with a stopped pion registered by a

telescope arrangement consisting of four scintillation counters and a Cerenkov

counter.

Due to the great probability of nuclear capture by the strong interac-

tion, the pions hardly ever reach orbits below (n,£)= (4,3). The pionic

X-ray transition to the last level, 4f, exhibits the usual features of a strong

interaction: induced energy shift e 0 and a line broadening To as well as a

hyperfine pattern owing to the electromagnetic properties of the target

nucleus.

The experimental and calculated values of e 0 and FQ are shown in Table 1.

The To given is the Lorentzian width after subtracting the electromagnetic

broadening of the 4f and 5g levels. These resulting values of To and e 0 for

the pionic 4f level agree well with the systematics of 4f levels .

TABLE 1 Pionic X-ray data, relevant for the strong interaction effects,
such as the monopole shifts e 0 and widths Fo. The spectroscopie
quadrupole moments Q are deduced from the hf pattern of the last
X-ray transitions in the pionic cascade.

Transition

in keV

ro (4f)

Qeff in

Q in

in

in

b

b

energy

eV

eV

5g -4f

6g -+4f

Exp

453

696

*

3

3

1 8

. values

55+0.

89+0.

11

23

5401100

248157

58+0.

30+0.

03

06

>Ta

Calc. values

453

696

3.

020

330

25a>

Exp

589

904

209

. values

68+0.10

9210.11

17901150

1205170

-0.

-0.

5310.09

5010.09

Bi

Cale values

588

902

028

965

a) Calculated for the Nilsson state [404]+, 7/2+ in lalTa at 62 = 0.263
and 3^ = -0.052 by Ekström et al. 2 ) .



I

- 128 -

To obtain the quadrupole moments of 181Ta and 209Bi we used the hf split-

ting of the 5g-»"4f transition. The pattern was fitted with the following

parameters free: the energy of the F = 15/2 -*• 13/2 transition, the energy

difference AE between the 15/2 •* 13/2 and the 13/2 •* 11/2 transitions, and

the intensity of the 15/2 •* 13/2 transition which has a fixed relation to

the other members of the multiplet, and a To common to all members. With

these four parameters plus three known nuclear Y-ray peaks in the complex

we obtained AE = 2.58 ±0.03 keV for 181Ta.

Since the 09Bi nucleus is almost spherical, it has a very small spec-

troscopie quadrupole moment Q. However, due to the rather large ground-state

spin 1=9/2 of 2 0 9Bi, the hyperfine splitting of the 4f level could be de-

termined. A value of AE =-447 ± 76 eV was determined for the splitting of

the 17/2 •+ 15/2 and the 15/2 •* 13/2 members of the hf complex. After cor-

rections for the strong interaction, these values lead to the spectroscopie

quadrupole moments of Q = 3.30 ±0.06 b and Q =-0.50 ±0.08 b for 181Ta and
2 0 9

Bi, respectively. These accurate values agree with previously reported

values, obtained by other methods.
* Participants from Stockholm: I. Bergström and K. Fransson
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3.5.2 AN ISOTOPY EFFECT IN ANTIPR0T0NIC ATOMS AND ITS IMPLICATIONS -

EXPERIMENTAL EVIDENCE FOR THE DIFFERENCE BETWEEN THE pp AND THE pn INTER-

ACTION AT THRESHOLD

(Basel-CERN-Karlsruhe-Stockholm collaboration*)

The study of antiprotonic atoms is a very useful way of getting informa-

tion on the p-nucleon interaction at energies close to the threshold energy.

The alternative procedure - extrapolating from high-energy data - can

give results which are completely wrong, if there is a bound state or reso-

nance situated near threshold, like the A(1405) in the case of the K~-p inter-

action. A direct investigation of the p-p atom is experimentally very dif-

ficult, and a free p-n system cannot be realized at all. Fortunately, in

p-atoms the antiprotons annihilate already in the outskirts of the nuclei,

where the nucléon density is so low (< 0.01 • fm~3) that the nucléons may be

regarded as quasi-free. The question whether this "atmospheric" region
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contains a surplus of protons or neutrons in heavy nuclei has been the topic

of much debate. In light nuclei, on the other hand, nucléon densities can

probably be calculated with a reliability sufficiently high to reveal a pos-

sible difference between the p-p and the p-n interaction. Antiprotons would

then become ideal probes for the atmospheres of heavy nuclei.

As a step in this direction, the ptesent experiment aimed at a comparison

of the strong interaction parameters for the p-160 and p-l80 atoms. These

two isotopes were selected because the relative difference in neutron content

is large, highly enriched samples could be obtained in sufficient amounts,

and accurate calculations of the nucléon densities Pp(
r) and Pn(r) had been

performed.

The oxygen isotopes were available in the form of heavy water, D2
16O and

D2
18O, encapsulated in identical titanium cans, which were alternately brought

into the p beam K18 at the CERN proton synchrotron. An automatic device in-

terchanged them after a preset number of p's had stopped in the target (about

every five minutes). The antiprotonic X-rays were recorded by Ge(Li) detec-

tors, and the p-160 and p-180 spectra routed to different parts of a PDP-11

memory. This procedure reduced systematic errors to a minimum. Details about

the beam, particle telescope and data collection system may be found in an

earlier report . An energy calibration under beam-on conditions was pro-

vided by p-Ti lines, not affected by the strong interaction.

The strong interaction parameters obtained in the present experiment

for p-160 and p-180 are listed in Table I. Here e is the energy shift of

the last X-ray transition (4-»- 3) with respect to Eqgjj, the energy calculated

by taking all electromagnetic phenomena into account (including, e.g., vacuum

polarization, finite nuclear size, and nuclear polarizability). T^ is the

Lorentz width of the n= 3 level, in our case very close to the Lorentz width

of the 4-3 transition, and finally F^ is the (strong-interaction part of the)

Lorentz width of the n= 4 level, derived from the deficit 1 - Y of X-ray

TABLE I

Nucleus

160

ie0

190 _ 160

EQED
(keV)

73.562

74.050

e
' (eV)

-124+36

-189±42

-65±48

(eV)

320+150

550±240

230+100

(

15.

11.

Y

1+2.

7+1.

3

8

0.

0.

0.

(eV)

64±0.

80±0.

16+0.

11

12

10
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intensity emerging from the n = 4 level, compared to that feeding the level.

All given errors are statistical. The errors in the differences given

in the last line are generally smaller than the compounded parameter errors,

since, for example, calibration errors cancel.

An isotope effect is thus quite firmly established. In order to inter-

pret it in terms of p-p and p-n effective scattering lengths a_ and a_ ,
PP pn

a mean scattering length a™ = ^(a_ + a_ ) was deduced from our data on
PP Pn

p-llfN and p-32S as well as on p-160. The best fit was obtained for am =

= 2.0+1.0 + i (1.9 ±1.0) fm. It is worth noting that the real part has a

sign opposite tj that given by the OBE (one boson exchange) model of Bryan

and Phillips, whereas the magnitudes agree quite well. However, this could

possibly be due to the use of a ô-function interaction when calculating the

scattering lengths

Finally, from the l60 and ' e0 results, we obtained

a_ = - 0.3 + i
pn

a_ =
PP

1.0 fm

2.5 + i • 3.6 fm

The errors in these quantities are about 1.5 fm, so the difference between

a_ and a- is just significant. A reduction of the statistical errors by
pn pp

a factor of two by repeating the run with four times as large statistics

would evidently pay off.

* Participants from Stockholm: I. Bergström, Â. Engström, C.J. Herrlander,
A. Nilsson and J. Starker

REFERENCES

1. Research Institute of Physics 1974 Ann. Rep. 3.4.1
2. J.F. Haak, A. Lande and F. Iachello, Phys. Lett. 66B (1977) 16

3.5.3 EVIDENCE FOR NARROW BOUND STATES RELATED TO THE pp SYSTEM

(Basel-CERN-Karlsruhe-Stockholm collaboration*)

In nuclear physics the long-range attractive NN-interaction is rather

well studied and understood in contrast to the short-range repulsive inter-

action which is much more difficult to study. The NN and NN boson exchange

potentials are related via the G-parity transformation, which changes the

w-meson from being responsible for the hard core to representing a strong

attractive component. The potential in the pp-system (Fig. 1) will be at-

tractive and very deep (~1 GeV) and will give rise to many narrow (~ 10 MeV)

bound states, as was recognized several years ago by many authors1) These
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FIGURE 1 Nucléon- antinucleon potential transformation.

2)

bound states in the pp-system have radii of about 1 fm, whereas the annihi-

lation interaction has a radius of about 0.1 fm. For the annihilation part

only very crude models exist. Also in the quark model there is room for

narrow states in the pp-system. A baryon with its three quarks, together

with the antibaryon will form an exotic meson in the s-channel of a dual-

quark diagram. This meson, composed of a diquark and an anti-diquark, is

called baryonium and is expected to be rather long-lived, according to the

Zweig rule.

An experiment to look for these narrow states has been carried out

at the K 19 low momentum electrostatically separated p beam of the CERN Proton

Synchrotron (PS). In our liquid hydrogen target, 1.74 g/cm2, we stopped per

burst about 250 p, which were defined by a telescope arrangement consisting

of scintillation (S ) and Cerenkov (C ) counters. Around the target, seven
X X

large scintillation counters (SC ) were mounted to detect the charged par-

ticles produced in the pp-annihilation.

To detect the y-rays of interest, in the range of 100 - 1000 MeV, a

10" x12" Nal(TS-) spectrometer was used (Fig. 2). A thick plastic scintil-

lator surrounds the Nal crystal completely and is composed of three pieces,

the front plastic (FP), 6 cm thick, the main plastic (MP), 10 cm thick, and

the rear plastic (RP), 10 cm thick. The aim of this plastic scintillator is

to collect the part of the created shower which escapes the Nal crystal. By
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FIGURE 2 Schematic drawing of the experimental set-up.

FA = Fast amplifier
AT = Attenuator
A = Amplifier
FLG = Fast linear gate
FD = Fast discriminator
LG = Linear gate
SS = Stabilizer

Sx =
cx =
SCX =
Pb =
FP =
MP =
RP =

Scintillation counter
Cerenkov counter
Side counter
Lead shield
Front plastic
Main plastic
Rear plastic

adding a constant fraction K • Epj, of the energy deposited in the plastic to

E-Nal» 'he energy deposited in the Nal crystal, the effective crystal volume

and the energy resolution can be considerably improved. Thus Ey = Ejjaj + kE_£.

The events which have a large fraction (f) of the energy deposited in the

plastic, are rejected. They mainly correspond to yrays which have a bad

geometry in the crystal or they are charged particles.

These two factors f and k were experimentally determined at the Bonn

electron-synchrotron up to an energy of 387 MeV, where also the energy linear-

ity of the whole spectrometer system was carefully checked.

Every two days the spectrometer was checked with the 129 MeV yray pro-

duced by radiative capture of the TT~ at rest in hydrogen. The stabilization

of the system was checked every eight hours by the 4.43 MeV line from an

Am-Be source and the cosmic-ray peak (~139 MeV). The energy calibration of

the spectrometer was determined by the 4.43 MeV line and the above-mentioned

129 MeV line from radiative ir~ capture.
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FIGURE 3 Gamma-ray spectrum related to the pp annihilation at rest.

The y~ray spectra accompanying pp annihilation at rest, shown in Fig. 3,

are obtained under the following conditions:

- only prompt events relative to a stopped p are allowed,

- at least two side counters had to be triggered,

- charged particles were rejected,

- optimum spectrometer parameters, £ and k, were used.

The dominant part of this spectrum is formed by Y~rays from the decay of i\°

produced in the annihilation. The form of the background can be calculated

from the known TT° momentum distribution in channels with one TT° measured in

bubble chamber experiments. Its calculated shape agree- very well with the

measured shape of the spectrum, which also very nicely can be fitted with a

third order polynomial. This background has been subtracted from the spectrum

and the result is shown in Fig. 4. Four peaks are visible at energies of

132, 183, 216 and 420 MeV (see Table I) 2). The 132 MeV peak is probably

due to the 129 MeV charge exchange peak from very slow negative pions from

annihilation, stopping in the H2 target.
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FIGURE 4 Gamma-ray spectrum as obtained after subtraction of a third
order polynomial. The solid line corresponds to a computer
fit to the peaks in the original spectrum.

TABLE I Results

1
Energy

(MeV)

132 ± 6

183 ± 7

216 ± 9

420 ± 17

Instrumental
line width

(MeV)

16

19

21

34

Confidence
level

(%)

99.3

99.0

97.5

98.2

(5

(7

(6

(8

Yield per
annihilation

.2±

.0i

.5i

;2.7)

1.7) >

1.9) >

2.0) >

< 10"3

< 10"3

< 1 0 " 3

< 1 0 " 3

We conclude that the other three peaks, whose intrinsic widths are less

than the instrumental resolution, originate from populations of quasinuclear

bound states in the pp-system. From which initial atomic state they start

remains to be found out.

Other sources for these lines have been ruled out by studying the p-He

spectrum which shows no structure in the energy regions where the y~P6aks

from pp were found.

To get the confidence levels which are shown in Table I, we have pro-

ceeded in the following way: Monte Carlo spectra of the same form as the
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experimental spectrum have been generated and in these spectra a search for

a peak has been carried out. The probability of finding a peak as a func-

tion of the standard deviation of peak intensities has been studied. The

result is a Gaussian probability distribution centered around 2 a. From

this distribution the confidence levels have been determined.

* Participants from Stockholm: K. Fransson and A. Nilsson
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at the 2 n d Int. Conf. on Nucleon-Nucleon Interactions, Vancouver 26-30
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2. P. Pavlopoulos et al., to be published in Phys. Lett. B

3.5.4 A SEARCH FOR X-RAYS FROM THE pp AND K"p SYSTEMS

(Basel-CERN-Karlsruhe-Stockholm collaboration*)

An attempt to observe X-rays from protonium and kaonic hydrogen has

been carried out at the K19 beam from the CERN proton synchrotron. The pho-

tons were recorded by five Si(Li) detectors which were tuned so that their

response was almost identical. The total detection efficiency was about

4 • 10~3, and the energy resolution in beam about 350 eV at 10 keV. The tar-

get was a liquid hydrogen container (16 cm long, 10 cm diameter) with very

thin mylar windows (35 um) facing the X-ray detectors. The trigger indicat-

ing a stopped antiproton or kaon was obtained from a telescope consisting of

five scintillation counters and two Cerenkov counters. Reasonably well en-

closing the target, there were seven more scintillation counters to detect

charged particles emerging from the reaction. A stringent signature for p

annihilation events was obtained by requiring at least two of these counters

to fire.

A preliminary, smoothed X-ray spectrum from antiprotons stopping in the

hydrogen target is shown in Fig. 1. The high continuous background is chief-

ly due to secondary radiation produced during the slowing-down of charged

particles. The dominant peaks in the spectrum originate from the stopping

of p in C, 0 and A&, which (besides H2) are the main constituents of the

target and detector set-up. Several pionic X-ray lines are also seen. They

are due to those annihilations pions which are sufficiently slow to stop

near the target.
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FIGURE 1 A preliminary X-ray spectrum of the pp-system. The spectrum is
treated by a smoothing procedure which also prints error bars,
but these are considerably reduced in order to make the picture
clearer. Assigned peaks are from the well-known series of anti-
protonic C, 0 and AJl and pionic lines arising from annihilation
pions. The three undesigned arrows are possible candidates for
antiprotonic X-rays in hydrogen, as discussed in the text.

A simple Bohr-model calculation of the spectral terms of the pp atom

yields E(2p-»-1s) = 9.57 keV, whereas the level separations above 2p are

1.77, 0.62, 0.29 ... keV. Only the 1s term will be affected (shifted and

broadened) by the strong interaction, and thus a clear finger-print of pro-

tonium np-*-1s X-rays would be a triplet of lines with separations of 1.77 keV

and 0.6-0.9 keV, respectively, the latter figure depending on the relative

intensity of the unresolved n^4 lines. The shift and width of the 1s term

are expected to be of the order of 1 keV, but the predictions are very un-

certain.

The intensities of these lines are subject to a strong and also poorly

predictable attenuation, due to the Stark effect acting on the small neutral

pp system when it traverses electric fields deep in the atoms of the medium.

There is thus no characteristic peak height ratio to be obeyed by the members

of the triplet.

The best candidate for such a triplet is shown by the set of three
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undesigned arrows in Pig. 1. The possibility that this pattern has other

sources, for example electronic X-rays from impurities in the AÍ- housing

of the datector of in the A& of the superinsulation, is now being examined.

The yield of the pp X-rays is less than 10~3 per stopped antiproton if we

assume a line-width which is small compared to the instrumental resolution.

Our K p-spectrum has only one fourth of the statistics of the pp-spect-

rum. Besides pionic and kaonic lines of C, D and A£, it also contains lines

from the E atoms of these elements, and it is thus quite crowded. Also here

an upper limit of about 1CT3 per stopped kaon can be inferred for the np->- 1s

lines.

* Participants from ATI: K. Fransson and A. ïlilsson
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3.6 INSTRUMENTATION AND METHODS

3.6.1 THE 225-cm CYCLOTRON

(H. Atterling and K.-G. Rensfelt)

Operations and technical improvements

During 1977, the 225-cm cyclotron was in operation for only about two

months and a half. The last run for the year ended on 15 March. This date

was set in accordance with the schedule for the construction of the experi-

mental hall (see the following). For the connection of this hall with the

cyclotron area, two large openings had to be made in the west wall of the

cyclotron hall and in the west wall of the transport corridor (see Fig. 1).

To make this work possible, various parts of the beam-handling system and

all the experimental equipment in the corridor (previously used as an experi-

mental area) had to be removed. This dismantling was finished early in

April.

The shutdown will last until, at least, the beginning of March 1978.

A great deal of work remains to be done in the meantime. A project which

under all circumstances has to be completed before the machine can be put in-

to operation again, is the construction of the new heat exchanger system,

mentioned in the following. Also, a reorientation of the extracted beam with

respect to the new beam-handling system is necessary. This will be accom-

plished by turning the acceleration system around the centre of the magnet

about 6°.

With regard to the safety of the construction workers, it was necessary

also this year to limit the operation of the cyclotron to evening and night

shifts, the day shifts being used for maintenance, etc., and for ion-source

changes. The distribution of cyclotron time from December 1976 through 15

March 1977 is shown in Table I.

During the year, very little time has been available for machine improve-

ments. After the shutdown of the cyclotron, much effort was put into work

concerning the experimental hall. This work included general planning, de-

sign and tests of components for the beam-handling system, and design of an

interlock system for personnel protection in the new area. Besides, a very

heavy work load xjas put on the Accelerator Division personnel in connection

with the building of the caves in the experimental hall (see the following).

Among minor developments of the machine, mention way be made of preparations

for installing a new power supply for the electrostatic deflector. These
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T̂ riLE I Division of time among activities, from December 1976 to
15 March inclusive.

ACTIVITY
NUMBER OF
8-hr SHIFTS

In-beam experiments with a-particles 29

In-beam experiments with protons 1

In-beam experiments with l2C ions 29

Production of radionuclides 3

Machine tuning and beam adjustments 19

Beam available but not used because of target set-up, etc. 7

Scheduled maintenance and ion-source changes 30

Repairs, improvements, installations, testing of equipment 32

Total work time 150

preparations include redesign of certain related parts of the machine. This

work is not yet finished; it is scheduled to be completed early in the year,

and the redesigned parts are expected to be manufactured before the end of

the first quarter of 1978.

Future development programme

In the programme for future development of the cyclotron are included,

in the first place, plans to continue the efforts made during previous years

to increase the reliability of operation. Among difficulties encountered

in the past can be mentioned vacuum leaks in the beam pipes caused by the

axial movement of electropneumatically actuated 0-ring-sealed probes, in-

stalled for beam monitoring and other purposes. This problem will be solv-

ed by providing the new beam-handling system with probes having bellows

seals. Orders for commercially available probes of this type have been

placed.

Much effort will be concentrated on improvements of the heavy-ion

source regarding reliability as well as ion output. The possibility of re-

ducing the trouble caused by the build-up of sputtered cathode material, by

replacing wolfram by hafnium carbide - successfully used at the Karlsruhe

cyclotron - will be investigated. An improved positioning mechanism

for the source is also on the programme.

Other projects of importance to the intensity of, in particular, heavy

ions, concern improvements to the extraction system as well as to the pumping
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system. The use of cryogenic pumping is being considered.

Experimental hall, etc.

The building for the new experimental area, briefly described in the
2)

1975 and 1976 Annual Reports , was essentially completed last October.

Some complementary work still remains to be done.

The main features of the build: »:g - almost completely under ground -

are shown in Fig. 1. The vertical section shows the experimental hall

without cave walls or other details. As can be seen from the horizontal sec-

tion, the area will have 5 caves constructed of movable concrete blocks. On

top of the 3-m high caves, there is a 1-m thick concrete shielding, the part

covering the central section - below the travelling crane - consisting

of movable blocks. This central shielding forms an upper floor, part of

which can be used as an experimental area. The overhead travelling crane

has two 10-ton hoists for handling shielding blocks and equipment.

Also included in the hall is a counting laboratory and space for power

supplies, storage, etc. In the last-mentioned area, space will be made avail-

able for work with short-lived radioactive gases for medical applications.

Ventilating equipment, refrigerating machines and air compressors are placed

in a house on the roof of the hall. A cooling tower is also placed in this

area.

The cave walls are still under construction. This work, being carried

out almost exclusively by the Accelerator Division personnel, is scheduled

to be essentially completed in January 1978.

In connection with the construction of the experimental hall, a special

room for a new heat exchanger system has been built. This room is located

under ground adjacent to the south wall of the cyclotron hall (partly on top

of the transport corridor shown in the lower part of Fig. 1), The old heat

exchangers used for about 30 years are being dismantled and - because of

their poor condition - scrapped. The new system will have an appreciably

higher cooling capacity than the old one, to meet the increased demand for

water-cooling in the new experimental area. Included in the system is the

above-mentioned cooling tower. Previously, the heat exchangers were cooled

either by water from the large pond built on top of the cyclotron hall (see

Fig. 1), or, at high outdoor temperature, by city water. With the cooling

tower now installed, the cooling capacity will be sufficient, except in ex-

treme cases, without the use of expensive city water. If necessary, city

water can be used for additional cooling.

Installation of heat exchangers, pumps, etc. in the new room has been



- 141 -

going on for several months. This work will be finished about mid-January.

For the beam-handling system planned for the new experimental area, a

number of large components were ordered in 1976 and early in 1977. The or-

ders comprised: three quadrupole doublets, power supplies for two doublets,

one switching magnet with circular poles (M 1 in Fig. 1 ), vacuum chamber

and power supply for this magnet, two complete pumping stations with turbo-

molecular pumps and automatic controllers, four complete pumping stations

with oil diffusion pumps and automatic controllers, and three stands and

automatic control units for existing diffusion-pump stations. Some of these

components have been delivered, but some have been delayed. Two delivered

diffusion pumps were faulty and had to be sent back to the manufacturer.

However, all components mentioned are expected to be available in February

1978. Among ordered and delivered minor items can be mentioned 16 electro-

pneumatically actuated vacuum valves with 10-cm aperture.

It may be noted that the switching magnet M2 in Fig. 1 is the old 80-cm

cyclotron magnet, which has been somewhat modified (the opening on the beam

exit side having been enlarged horizontally). A chamber for this magnet has

been made and vacuum tested.

In the 1976 Annual Report, it was mentioned, that the first beam to the

new experimental area could be expected to be delivered during the first

quarter of 1978. Because of, among other facts, the delay of the building

project by at least two months, a delay of the delivery of the first beam

must be taken into account. However, the goal is still to have the first

beam, which will be delivered to cave 1 (Fig. 1), operational in the spring

of 1978. Two of the other beams which are marked by solid lines in Fig. 1

can be expected to be operational during the latter half of 1978. The fourth

beam marked by a solid line is planned to be operational somewhat later.

The beam marked by a dashed line in Fig. 1 (cave 4) is also a future beam.

Because of limitations set by the maximum Bp attainable in the 80-cm magnet,

this line can be used only for light ions. It may be mentioned, that various

types of beam-division devices (see BD, Fig. 1) have been discussed, but no

decision regarding this matter has been made as yet.

List of personnel

The Accelerator_Division had the following members during the year:

Physios staff H. Atterling, C.J. Herrlander*, A. Nilsson, K.-G. Rensfelt
Z. Sawa**;

Engineering group K. Abrahamsson, A. Blomqvist, S. Egnell, K. Ehrnstén,
J.-E. Eriksson***, H. Jardemar, G. Printz and J. Sjökvist;

Operators B. Brandberg, A. Englund, T. Puusepp**** and J. Weimer.
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Since 1976, the following Technical Develogment_Groun has the main

responsibility for the implementation of the technical programme concerning

the experimental area, etc. :

H. Attsrling, S. Borg, A. Kerek, K.-G. Rensfelt and J. Starker.

This group has a number of CD-workers from the technical staff (including

the cyclotron engineering and operation groups) and from the physics staff,

the total group being divided into four working parties. One of these has

the function of a local building committee. The three others are responsible

for the detailed work concerning the equipment for the experimental area as

well as for work on major improvements to the cyclotron.

* On leave during the first half of the year.
** On leave as from 26 September.
*** From June through November.
**** On leave during the whole year.

REFERENCES
1. Experimente am Karlsruhe Zyklotron im Jahre 1972, Kernforschungszentrum

Karlsruhe.
2. Research Institute of Physics 1975 Ann. Rep., p. 168, and 1976 Ann.

Rep., p. 147.

FIGURE 1 (opposite page)

The experimental hall and the 225-cm cyclotron hall. The vertical section
shows the former without caves and other details. The horizontal section
shows schematically the planned heam layout (see text).

B Future beam (in case of beam-sharing)
BD Area reserved for a future beam-division device
BP Beam-pulsing arrangement
C1-C4 Caves for in-beam experiments
C5 Cave for processing of target material
CB Concrete beam (support for roof blocks)
CO Supporting column
CR1 30-ton crane
CR2 Crane with two 10-ton hoists
CT Cooling tower
D Shielding door
E Earth filling
EL Elevator to other parts of the laboratory
LT Lifting table
Ml ,M2 Switching magnets
M3 Bending magnet
M4 Analysing magnet
P Passage to computer rooms
Q Quadrupole doublet
R Outdoor refrigerating machine
S Skylight
SC Staircase to computer rooms
SO Smoke outlet (opens in case of fire)
TP Target probe
U Utility trench
V House for ventilating equipment, refrigerating machines and air com-

pressors
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3.6.2 THE 80-cm CYCLOTRON

(H. Atterling, A. Nilsson and E. Tõth-Pãl)

Operations

During 1977, the accelerator was operated intermittently for undergrad-

uate work and for the production of '50 for bio-medical purposes (about

100 hours, totally). The machine was shut down on 25 April (see below).

Historical note

On 25 April 1977, the 80-cm cyclotron was run for the very last time.

According to plans, decided upon several years ago, the machine was disman-

tled. The magnet was slightly modified for use as a switching magnet in the

new experimental area.

This cyclotron was originally designed and built under the leadership

of Sten von Friesen. It was ready for the first tests at the end of the

1930's, thus being one of the first cyclotrons in Europe. From the begin-

ning of the 1940's to the beginning of the 1950's, the cyclotron was succes-

sively modified by replacing various components by new ones. During the

first half of the 1950's, a far-reaching remodelling of the accelerator

was undertaken. These various phases of development are to some extent de-
1-6)

scribed or illustrated in the references given below. When the machine was

finally shut down, only two of the original main components were still in

use: the ASEA-built magnet with its motor generator and the "home-built"

high-voltage rectifier.

Originally the 80-cm cyclotron was provided with an electrostatic de-

flector. The vacuum chamber used at that time was partly made of cast brass,

and several leaks caused by pores in the casting gave rise to much trouble.

In 1941, a new chamber was installed. The machine was also provided with

new dees. Being designed for the production of radionuclides, the new chamber

and the new dees were not built to accommodate a deflector. This system was

used for about 10 years, during which period the machine produced radionu-

clides for the S- and y-ray spectroscopy work at the institute and, to a

great extent, for medical and biological purposes.

When the above-mentioned remodelling of the machine took place (during

the first half of the 1950's), a deflector system was incorporated to meet

the growing interest in in-beam experiments. However, when the 80-cm cyclo-

tron laboratory was built, no space was accommodated for experiments with ex-

ternal beams. Therefore, a new room had to be constructed adjacent to the

old cyclotron hall. The machine was moved to this new space and the old room

was arranged as an experimental area .

After the last-mentioned remodelling, only minor modifications to the
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accelerator were made. These included the introduction of DC bias on the

dees and providing the oil diffusion pump with a refrigerated baffle as well

as a change-over to DC-heating of the ion source filament.

REFERENCES

1. M. Siegbahn, article on The Research Institute of Physics in "Nordisk
Familjeboks Manadskröru.ka 1939" (in Swedish); one of the illustre..ions
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2. S. v. Friesen, Arkiv for tiatematik, Astronomi och Fysik, 27B (1940) No.
describes the demountable oscillator tubes originally used in •rhe R.F.
oscillator for the 80-cm machine (in Swedish).

3. H. Atterling, Kosmos j?l (1943) 41; describes the 80-cm cyclotron in its
appearance at that time (in Swedish).

4. H. Atterling, The Cyclotron at the Research Institute for Physics in
Stockholm, KVA:s Arsbok 43 (1945) 379 (in English).

5. H. Atterling and G. Lindström, Arkiv for Matematik, Astronomi och Fysik
35A (1947) No. 4; describes a new R.F. oscillator with demountable
tubes for the 80-cm cyclotron (in English)

6. K.G. Malmfors, Kosmos Ul_ (1964) 37; describes the remodelling of the
80-cm cyclotron made in the 1950's, its experimental area, etc. (in
Swedish).

12;

3.6.3 THE NEW DATA ACQUISITION AND HANDLING SYSTEM AT A F I

(S. Hultberg, S. Kallstenius-Hellman, A. Kerek, C.-G. Linden and J. Starker)

The data collection system is accommodated in the western gallery on

the top floor of the experimental hall. The gallery also contains a "silent

room" for telephone calls, discussions, etc., a pantry and a small rest-

room (see Fig. 1). The counting area, temperature-stabilized to within ±1°C,

contains racks for housing the analog NIM electronics and the new computer

PDP 11/55. This computer (the fastest in the PDP 11 family), with 16 K bi-

polar and 32 K M0S memory, forms the heart of the data collection system.

It is interfaced to the analog electronics via a CAMAC system. The data

collection room has direct access to the two new computer rooms situated at

the former place of the 80 cm cyclotron in the old building. In the begin-

ning of 1978, these rooms will be reconstructed in order to house the new

PDP 11/70 and the existing PDP 9 computers.

A block diagram of the complete data-collecting and computing system is

shown in Fig. ?. The TDP 11/55 computer will be used chiefly for on-line

.-implications via a CAMAC system, whereas the PDP 11/70 computer will mainly

be used for actual computing and for data analysis off-line. The two computers
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FIGURE 1 Plan of the new data collection and reduction area at AFI.

Lift-table
Magtape storage

A Data collection room
B "Silent room"
C Pantry
D Rest room
E Air cooling system

F
G
H,J Off-line computer rooms
I Terminal room

are connected via a DMA link and it will be possible to transmit, in real

time, ciata from 11/55 directly into the memory of 11/70 where the data may

be further manipulated and/or stored on disk. Provision will also be made

for using the 11/70 directly on-line, which may be useful in cases where the

PDF 11/55 breaks down. The PDF 11/70 computer will run under the RSX11M

executive system while the PDF 11/55 computer will use the RT 11 or RSX 11-S

executive systems.

To visualize the data there is one display unit on each of the two com-

puters. The 11/70 is equipped with a small display processor, GT 41, with

independent CPU and 16 K memory, while the 11/55 uses a UNIBUS-connected

display processor, VT 11.

FIGURE 2 See next page.
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3.6.A CONSTRUCTION OF A NEW HIGH-INTENSITY ELECTRON ACCELERATOR FOR STUDIES

OF TIME-RESOLVED ATOMIC AND MOLECULAR SPECTRA, USING THE HIGH-FREQUENCY

DEFLECTION METHOD

(J. Hilke, R. Buchta, L. Lundin and B. Svensson)

The presently used electron accelerator for lifetime studies with the

High Frequency Deflection (HFD) method has been in use for about five years

and has been working satisfactorily in spite of the fact that it was con-

structed mainly from old surplus equipment. However, when the great versa-

tility of this instrument became obvious, it was decided to build a new ac-

celerator with considerably higher efficiency. Financial support for this

project was given by the Swedish Research Council for Natural Sciences (NFR),

and after a number of tests the construction started about one year ago.

Figure 1 shows a simplified view of the new construction, which to a large

extent is based upon all the experience gained from the old one. As that

apparatus and its principle have been described elsewhere (Ann. Rep. 1971,

3.6.9, Physica Scripta 12 (1975) 177), we will here deal with the improve-

ments in the new construction only. These can be summarized as: a) an im-

proved vacuum system with high efficiency differential pumping, b) improved

beam intensity and geometry, and c) improved HF sweep system using square

wave deflection. Besides the above-mentioned three main lines of improve-

ment, there has also been included a number of technical improvements, such

as intense water cooling of all surfaces that can be struck by the electron

beam, improved service accessibility, a number of security devices to prevent

heat, water and high tension hazards, compact design and improved mobility.

The vacuum system

To be able to keep the gas pressure in the excitation chamber (1) as

high as possible and still maintain a vacuum of < 10~6 Torr at the electron

gun (2), a very efficient differential pumping system is needed. In order

to reduce the gas leakage from the excitation chamber, the light-exit ports

are connected by tubes to the monochromator viewing windows (3) and the pick-

up electrode or beam stopper is placed inside the chamber. The gas leakage

from the only remaining opening in the excitation chamber, the entrance slit

(A), is taken care of by the first pumping stage (5), utilizing an Edwards

Diffstak 700/160 oil diffusion pump and an EDM 12 backing pump. This stage

can be run at a pressure up to 5 x10" Torr. The second pumping stage is

of the same design as the first one and reduces the pressure further in the

section between the two defining slits (7) and (8). The third stage (9) eva-

cuates the beam sweep chamber (10) to less than 10~5 Torr and an Edwards

Diffstak 300/100 is used for this purpose. The electron gun chamber (2) is
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11

FIGURE 1 An artist's view of the new high-power accelerator for time-
resolved precision spectroscopy. The items denoted with figures
are briefly described in the text.
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also pumped by a Diffstak 300 (11) and these two diffusion pumps are backed

by a common EDM 12 (12',. With this differential pumping system we are able

to maintain a varuum of 10~b Torr in the electron gun chamber at a gas pres-

sure of 10"1 Torr in the excitation chamber.

Beam intensity and geometry

Due to the good vacuum conditions at the electron gun (2), a standard

Pierce type, it is allowed to run at its optimum voltage 20 kV, producing

a well focused 300 mA beam. The beam has primary circular focus in front

of the 90° bending magnet (13). The astigmatism introduced by this magnet

is not corrected for, and a beam with a line-shaped cross section (5x40 mm2)

is projected onto the entrance slit of the excitation chamber. In this way

the influence of space charge effects is reduced. A set of electromagnetic

lenses (14) (15) on both sides of the bending magnet are used for beam shap-

ing. To attain short electron pulses in the excitation chamber, the beam is

deflected away from the entrance slit by means of voltage pulses applied on

a pair of sweep plates (10). In the excitation chamber, a gas volume of

5 x40 x40 mm3 is excited by the electron beam. This volume is viewed edge

on and parallel to the entrance slit of the grating monochromator, thereby

filling the total solid angle of the instrument. The excited gas volume can

be viewed in a similar way by a second monochromator placed on the opposite

side of the HFD-apparatus• In the electron gun chamber (2), space is left

for two additional guns which in cooperation could give up to 1 A of excita-

tion current, However, already the single gun 300 mA (6 kW) beam is strong

enough to cause non-trivial cooling problems and an essential part of the

construction is the tilted defining slits (7)(8) and the beam stopper which

have to share the total power dissipation. At 300 mA (20 kV) the increase

in excitation efficiency is about ten times compared with the old machine

working at 15 mA (7 kV).

HF sweep system

Another factor of ten for the excitation efficiency is gained by apply-

ing a square-wave HF deflection instead of the presently used sinusoidal de-

flection. With the square-wave it is possible to optimize the excitation

conditions, i.e. in a general situation one could select the "on-time" to

be about 3 times the lifetime T of the studied transition, while the "off-

time" is 5-20 times T. The width of the electron beam at the excitation

chamber should be 5 mm, corresponding to the width of the entrance slit,

but the projected images at such beam intensities do not have very clean

boundaries and it is difficult to get a good step function unless the beam
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is swept away very quickly and quite a distance. To obtain a very fast cut-

off of the excitation, a rise-time of a few nanoseconds and an amplitude of

0.5- 1 kV are needed for the voltage pulses applied to the sweep plates. A

repetition frequency up to 10 MHz gives a possibility to minimize the meas-

uring time even at short lifetime studies. To design a wide-band tunable

pulse generator fulfilling the above-mentioned requirements (to our knowledge

there is no such generator available on the market) is not an easy task,

but promising results have been attained using semiconductor avalanche tech-

niques. Rise-time and amplitude are of the right order of magnitude, whereas

the repetition frequency still is too low to give maximum time-saving for

lifetime measurements in the region below 30 ns. Thus, when the effects of

all the improvements are added, the new accelerator should make it possible

to perform time-resolved studies with about two orders of magnitude higher

efficiency as compared to the present accelerator.

3.6.5 SHORT-LIVED RADIONUCLEIDES FOR MEDICAL APPLICATIONS

(H. Atterling, W. Forsling, A. Nilsson, K.-Â. Pettersson, E. Tóth-Pãl and

M. af Ugglas)

As reported earlier , studies on the use of cyclotron-produced,

relatively short-lived radionucleides have been made at our institute in

cooperation with research groups at the Caroline Hospital and at the Dande-

ryd Hospital in Stockholm.

During the last few years, work has been concentrated mainly upon the

production and the use of the radionucleides 1 50, 81mKr and 1 2 3I. In the

spring of 1977, extensive work with the first-mentioned nucleide was going

on at the 80-cm cyclotron for labelling suitable molecules applied at a

study of regional cerebral metabolism. A special report has been written
2)

about this project .

In connection with the construction of a new experimental area for the

225-cm cyclotron, the operation of the 80-cm cyclotron was discontinued

this year (see sect. 3.6.2). The last run was performed in April 1977,

whereafter the machine was dismantled. The 225-cm cyclotron was shut down

already in March, in order to make possible the connection of the experi-

mental area with the cyclotron hall. As this machine had to be shut down

for at least the rest of the year, only limited experimental work concerning

""Kr and 123i could be carried out during 1977. Reports on the work done

so far were given at the Symposium on the Medical Application of Cyclotrons
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at the Âbo Akademi, 8-10 June, 1977, and will be published in the proceed-

ings of the symposium.
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3.6.6 PRODUCTION OF !5O-LABELLED DEOXYGLUCOSE

(M. af Ugglas, E. Tóth-Pãl, H. Beving* and K.-Â. Petterson)

Glucose is one of the very few substances which penetrate the brain

blood-barrier. A homolog, deoxyglucose, seems very promising for radio-

nuclide labelling, as it follows the glucose uptake without being further

metabolized.

Using the old 80-cm cyclotron which delivered up to 30 MA beams of

7 MeV deutrons, the production of * 5O (t = 2
15,

w a s out by the

reaction N(d,n) 0. The incorporation of 0 into deoxyglucose (DG) was

performed in an acid-catalysed hydrolysis of a methyldeoxyglucoside (1IDG),

synthetized prior to the production of H2
150. The reaction was followed

kinetically as a function of time at various sets of temperature and pH-

values. Samples from the hydrolysis, extracted at regular intervals, were

analysed by a high-pressure liquid-chromatograph (HPLC) from Waters Associ-

ates with a refractive index (RI) detector. A separation between DG, MDG

and water was obtained. A 20 cm3 Nal(TA) detector recorded the activity

in the RI-detector by viewing its active volume through a lead collimator

at a distance of 2.5 cm (between centres of active volumes).

FIGURE 1 shows the experimental set-up. The total nitrogen gas flow

and the hydrogen and oxygen admixture rates were measured with rotameters.

The gas target chamber was a nickel-plated cylinder with a 25 um Ti en-

trance window. Various constructions of traps were tested for temporary

adsorption of the radio-labelled water. Many kinds of vessels were tried

in order to obtain a good contact between the vapour containing H2
150 and

the sugar. The large span of dose-rates, over five orders of magnitude

(30 rem/h down to 0.3 mrem/h), was covered by plotting logarithmically the

output rate from the three GM-tubes.
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Radio gas-chromatography was used for identifying the precursor molecule

H2
15O.

As a result, 16 % of the radioactive label i 5 0 , taken up in the gluco-

side trap, came out at the same time as the deoxyglucose peak after an inter-

action time for hydrolysis of 3.8 min, followed by a complete HPLC separa-

tion requiring 1.2 min.

Further optimization of the reaction kinetics will be tried at the

225-cm cyclotron.

This investigation was performed in collaboration with:

Karolinska Sjukhuset, Neurorad. Dept. (T. Greitz and M. Bergström)

Karolinska Sjukhuset, Neurophysiol. Lab. (L. Widen)

University of Stockholm, Inst. of Physics (T.R. Gerholm and L. Ericsson)

* The Caroline Institute, Stockholm

3.G.7 X-RAY ANALYSIS OF BIOLOGICAL SAMPLES

(Th. Fried, B. Emmoth and M. Braun)

Qualitative analysis of some trace metals in biological samples has

been done. The work at AFI has been performed in two specific areas, which

have recently attracted much attention among researchers in medicine.

a) Analysis of human blood specimens to determine the contents of lead and

cadmium in the blood of cancer patients. Attempts are being made to

interpret the first preliminary results. These experiments have been

made in consultation with Prof. Jerzy Einhorn, the Caroline Hospital

in Stockholm.

b) Analysis of human sperm with special regard to its contents of Pb and

Cd. This work has been performed in collaboration with Dr. Stefan Arver,

Department of Physiology, the Caroline Hospital, Stockholm.

The analyses were carried out by measuring X-ray spectra induced in the

samples by energetic protons accelerated in the VdG accelerator at this in-

stitute. A 50 mm2 Si(Li) X-ray detector, manufactured by Ortec, was used for

the detection.
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3.6.8 A NEW DEVELOPMENT OF THE COLLECTOR METHOD IN SPUTTERING STUDIES

(B. Emmoth, Th. Fried and M. Braun)

We have developed the collector method for sputtering studies by using

a spherically symmetric shape of high purity collectors, and combining this

with a quantitative analysing method, the Rutherford backscattering tech-

nique (RBS). The collector method has a long history in sputtering experi-

ments , but in many respects its properties have not been satisfactory;

for instance, the geometry which in most earlier measurements has complicated

the interpretation, or the collector material which has been reacting with

atmospherical gases thereby making the analysis difficult, or the analysing

method itself which has not been quantitative.

During recent years, several attempts have been made in order to improve

the collect method. Common to all these new attempts is that new analysing

methods have been applied. Furthermore, at AFI the collector arrangements

have also been improved.

Three new different analysing methods, recently used in this connection,

are:

2)a) Analysis by y~ray spectroscopy on induced activities . Activities

can be produced by (p,n) and (a,n) reactions. By high-energy-charged

particle irradiation it is possible to dope uniformly the surface re-

gion of a thick target with a tracer activity. The total sputtering

yield may be determined by surrounding the target with a collector sur-

face, and the angular distribution can be measured by segmenting the

collector.

b) By proton irradiation of the collector, induced X-rays can be measured

and the relative emission from different parts of the collector gives

the angular distribution of the sputtered material . This method has

not been calibrated in any experiment of this kind and absolute measure-

ments of the sputtering yield have not been done.

c) The RBS technique as a tool for analysing the collector has been used
4)at AFI '. This method has a very good spatial resolution, and therefore

angular distributions, preferential sputtering, and influences from the

crystalline structure can be measured. It is also directly quantitative

and makes it possible to measure sputtering yields, sticking probabili-

ties, and backscattered particles. For these reasons we have chosen

this method.

A collect experiment is divided into two parts, the sputtering and the

analysis. Ue have paid much attention to develop the collector itself and
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FIGURE 1 The interior of our UHV chamber with, from the left, the aperture,
the Faraday cup, the collector ring and the target holder.

Collector

Shutter

FIGURE 2 The new collector with a shutter. Collectors with different
radii are easily interchangeable.
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Fig. 1 shows a view over the target and an old type of collector, mounted in

our UHV chamber. We have now a more sophisticated collector arrangement,

see Fig. 2. For final cleaning of the target, a shutter is covering part

of the collector during the first minutes. The reason why not the whole

collector is covered is that we are also studying the influence of the last

atomic layers on the distributions. Collectors with different radii are

easily interchangeable, which gives us great freedom in studying targets

with both low and high sputtering yields. For lower sputtering yields, a

smaller radius is thus chosen, and the necessary time for a run at the ac-

celerator can be kept within reasonable limits.

Angular distribution measurements have been performed, reported else-

where in this Annual Report, but we have also preliminary results on the in-

fluence of the crystalline structure and on backscattered particles.
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3.6.9 IMPROVEMENT OF THE HIGH-TEMPERATURE ION-SOURCE AT PINGIS

(M. af Ugglas, L. Hiidingsson and S. Forsberg)

During the construction time of the new experimental hall the PINGIS

ISOL-system has been demounted in pieces. It has proved possible to arrange

a cooperation with the large heavy-ion accelerator UNILAC at GSI, Darmstadt.

The complete target ion-source from PINGIS will now be placed there, directly

in the beam position of the local on-line separator operating successfully

since late 1975. Provisions have also been made for a remote-controlled in-

jection of the PINGIS discharge chamber with its target close to the core of

the R2~reactor at Studsvik through the lens tank of the OSIRIS ISOL-system

located there. The present work aims especially at direct measurements of

release times for reaction products.

Before a transfer of equipment could be considered, however, adaptation

of the heat-shield cartridge-diameter to the smallest one of the two tank

bores had to be made. Another necessary preparation turned out to be a

strengthening of the radial supports holding the discharge chamber. Behind
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these precautions lie the facts that in the vertical mounting of PINGIS,

with its symmetry axis parallel to the field of gravity, no seriously de-

forming forces are exerted on the hottest components of the interior. How-

ever, at the other laboratories, having horizontal separators, the risk of

a "hang-down" is not insignificant at the high temperatures used (f»1900°C

on the target and « 2900°C on the discharge chamber). Therefore, the whole

assembly has been attached to the old off-line separator (horizontal) at

our institute as a first check to find out at which temperature this occurs.

An early version of the discharge chamber is shown in Fig, 1. The altera-

tions brought about are marked in italics. The tests now made show that the

modifications suffice and that the same temperature region can be reached

as before.
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FIGURE 1 Cross section of the PINGIS ion-source.
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4. SEMINARS 1977

17/1 B. Höistad (Uppsala): "Review of the (p.ir) reaction on nuclei"

24/1 P.B. Smith (Groningen): "Measurements and calculations of absolute

compound nuclear reaction cross sections"

26/1 G. Drukarev (Leningrad): "Atoms and negative ions in strong electric

and magnetic fields"

31/1 S. Landowne (Copenhagen): "Developments in semi-classical collision

theory"

2/2 C. Roulet (Orsay): "Some proposed experiments for the future French

heavy-ion accelerator GANIL"

17/2 M. Ploszajczak (Jülich): "Yrast traps"

21/2 B. Emmoth: "Non-radiative transitions between atoms and metals"

21/2 M. Braun: "Resonance tunneling observed during ion bombardment of

aluminium"

7/3 N. Elander: "Electronic transitions in molecules: experiment and

theory"

14/3 A. Kerek: "On a new data acquisition system at AFI"

16/3 N. Johnson (Oak Ridge): "The new heavy-ion accelerator at Oak Ridge"

and "High-spin states studied by Coulomb excitation"

21/3 I. Otterlund (Lund): "Search for charmed particles produced in

neutrino-induced dilepton events using hybrid emulsion-electronic

detectors"

28/3 R. Liotta and R. Sorensen: "The continuous Y~ray spectrum at

high spin"

4/4 J. KrumLinde (Lund): "The structure of the yrast line for oblate

nuclei and the possibility of yrast traps"

18/4 R.D. Lawson (Argon National Laboratory): "Properties of '80 "

25/4 J.C. Hardy (Chalk River and CERN): "Superallowed nuclear 6-decay:

a nuclear view of the Z vector boson, and symmetry restoration in

high electromagnetic fields"

2/5 E. Lindholm (Stockholm): "Properties of molecules (excitation, ioni-

zation, electron affinity, etc.) studies by use of the new quantum-

chamical method HAM"
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9/5 H. Atterling: "Calculations on the neutron shielding in the new

experimental hall at AFI"

9/5 C. Bergman (Stockholm): "SSI's views on the radiation shielding

around a particle accelerator"

(SSI = The Swedish Radiation Protection Institute)

11/5 C O . Wene (Lund): "Heavy-ion-induced fission around the Coulomb

barrier"

23/5 B. Lehnert (Stockholm): "Present state of fusion research"

25/5 T. Carlson (Oak Ridge): "Angular distribution in photoelectron

spectroscopy"

6/9 R. Garwin (New York): "Science and technology advice for public

affairs"

12/9 J. Kallne (Uppsala): "Research at the new meson factories LAMPF

and TRIUMF"

16/9 J. Hollander (Washington, D.C.): "The US National Academy of

Science's study of nuclear and alternative energy sources"

22/9 G.T. Seaborg (Berkeley): "Forty years in transuranium elements"

26/9 F. Janouch: "The fatal increase of atmospheric CO2 due to the

present burning of fossile fuels"

30/9 A. Johnson: "Memories from Japan, or a report from the interna-

tional conference on nuclear structure, Tokyo 5-10 Sept."

10/10 L. Beekman (Stockholm): "On the neutron bomb"

14/10 K. Fransson: "On atomic and nuclear bound states in the pp system"

24/10 A. Lindgárd (Copenhagen): "Systematic trends in alkali isoelectron-

ic sequences based on the numerical Coulomb approximation"

31/10 I. Bergstrom: "Present status in the field of exotic atoms"

7/11 K. Kulander (Daresbury): "Collisional and radiative dissociation

of molecules"

15/11 G. Hansen (CERN and Ârhus): "Shifts in the energies of K X-rays -

nuclear and atomic effects"

21/11 P. Möller (Lund): "Hydrodynamical models for heavy-ion collisions"

and "The use of solar energy for heating of houses"

25/11 E. Veje (Copenhagen): "Studies of the beam-foil excitation mechanism"
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6/12 J. Daniels (Munich): "Atomic capture of muons"

Ti/12 F. Waelbroeck (Jülich): "Hydrogen-metal interactions in fusion

devices":

1) "Chemical interactions"

15/12 2) "Metallurgical aspects"
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5. PUBLICATIONS
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J. Phys. B, 1 (1976) L345

R. Beetz, F.W.N. de Boer, K. Fransson, J. Konijn, J.K. Panman, L. Tauscher

and G. Tibell

"Determination of the effective quadrupole moment in 181Ta with pionic X-rays"
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K. Fransson, I. Bergström, L. Tauscher, G. Backenstoss, P. Blüm, R. Guigas,

H. Koch and L. Simons

"Pion absorption in 181Ta and 209Bi. A study of prompt and delayed gamma-ray

spectra"

To be published

J. Blomqvist, I. Bergström, C.J. Herrlander, C.G. Linden and K. Wikström

"Quadrupole interaction and high spin states in the lead region"

Phys. Rev. Lett. J18 (1977) 534

M. Braun, B. Emmoth and R. Buchta

"The influence of aluminium oxide layers on ion bombardment induced light

emission"

Proceedings of the Seventh Int. Vacuum Congress and Third Int. Conf. on

Solid Surfaces, Sept. 1977, Vienna, Vol. I, page 501

J. Bromander, N. Curie, P. Erman and M. Larsson

"Lifetimes of some levels in neutral carbon, nitrogen and oxygen"

Physica Scripta (in press) •

J. Bromander, L. Liljeby and I.A. Sellin

"Observation of zero field quantum beats in gas-excited helium projectiles"

Z. Physik A283 (1977) 299
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W.K. Chu, M. Braun, J.A. Davies, N. Matsunami and D.A. Thompson

"Energy loss of He ions in solified gases"

Nucl. Instr. Meth. (in press)

L. Curtis and P. Erman

"Measurements of optical lifetimes > 1 psec using pulsed electron excitation

techniques"

Physica Scripta .16 (1977) 65

L. Curtis and P. Erman

"Distortion effects in measurements of long optical lifetimes"

J. Opt. Soc. Am. 6_7 (1977) 1218

N. Curie, P. Erman and M. Larsson

"The influence of collisional transfers and perturbations on the radiative

lifetimes of the A and B states in CN"

Submitted to Physica Scripta

B. Emmoth and M. Braun

"The angular distribution of sputtered particles measured by RBS analysis

of the collected particles"

Proceedings of the Seventh Int. Vacuum Congress and Third Int. Conf. on

Solid Surfaces, Sept. 1977, Vienna, Vol. II, page 1465

B. Emmoth, N. Braun and H.P. Palenius

"Implantation profiles and sputtering studied by detecting the optical radia-

tion from sputtered particles during ion bombardment"

J. Nucl. Mat. 6jl (1976) 482

P. Erman

"Experimental oscillator strengths of molecular ions"

Astrophys. Journal 213 (1977) L89

P. Erman

"Recent advances in atomic and molecular physics using nuclear spectroscopie

tools"

Nukleonika 22 (1977) 608
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P. Erman

"Recent advances in studies of molecular transition probabilities"

Physica Scripta JjS (1977) 60

P. Erman

"Lifetime measurements by electron impact excitation of diatomic molecules

with regard to predissociation"

Proc. Int. Conf. on Interactions between excited states and continua

(invited talk) C.N.R.S. Aussois, France, 13-17 June -77 (in press)

P. Erman and S. Huldt

"Trapping of non-resonance radiation in atoms and its influence on measured

lifetimes of the 4p and 5p levels in Arl.

Submitted to Physica Scripta

P. Erman and M. Larsson

"Lifetimes of excited levels in some important ion-molecules, part 11:0-

Physica Scripta 15 (1977) 335

Z. Haratym, J. Kownacki, J. Ludziejewski, Z. Sujkowski, L.-E. De Geer,

A. Kerek and H. Ryde

"High-spin states and evidence for particle-core coupling in the N-83 isotones

^ N d , 145Sm and ^ 7Gd"

Nucl. Phys. A276 (1977) 299

S.A. Hjorth and W. Klamra

"Properties of rotational excitations in odd mass Dy isotopes"

Z. Physik A283 (1977) 287

D. Horn, 0. Hausser, T. Faestermann, A.B. McDonald, T.K. Alexander, J.R. Beene

and C.J. Herrlander

"Core-excited high-spin isomers in 212Rn"

Phys. Rev. Lett. J39 (1977) 389

F. Janouch

"Nuclear energy: To be or not to be"

Submitted to Teknisk Tidskrift
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Noah R. Johnson, P.P. Hubert, E. Eichler, D.G. Sarantites, J. Urbon,

S.W. Yates and Th. Lindblad

"Lifetimes of ground-band states in 192Pt and lskVt "

Phys. Rev. C15 (1977) 1325

A. Kerek, J. Kihlgren, Th. Lindblad, C. Pomar, J. Starker, W. Walus,

Ö. Skeppstedt, J. Bialkowski, J. Kownacki, Z. Sujkowski and A. Zglinski

"Multidetector arrangements for on-line measurements of y-ray and neutron

multiplicities"

Nucl. Instr. and Meth. (in press)

Th. Lindblad

"Means and methods of investigating high-spin states in nuclei"

Nukleonika (to be published)

C.G. Linden

"A 480 ms isomeric 29/2" state of the

configuration in 203Pb "

Z. Physik A280 (1977) 51

f5/21

C.G. Linden, I. Bergströa, J. Blomqvist and C. Roulet

"On the yrast levels in 2Q1*Pb "

Z. Physik A284 (1978) 217

R.J. Liotta and R.A. Sorensen

"Multiplicities and continuuum gamma rays following heavy-ion reactions"

Nuclear Physics A (in press)
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and

Hassler,

K. Zioutas

"Evidence for narrow bound states related to the pp system"

Submitted to Phys. Lett. B

M. Piiparinen. L. Carlën, H. Ryde, S.A. Hjorth, A. Johnson and Th. Lindblad

"Search for high-spin isomers in 150Dy "

Physica Scripta (in press)
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V. Rahkonen, I. Bergström, J. Blomqvist, 0. Knuuttila, K.-G. Rensfelt,

J. Sztarkier and K. Westerberg

"An isomeric 19+ state of the ^hg/? Í73/2 vgQ/2 ^~2^Q+ con^iguration

in 2oçAt125
 an<^ t'le question of isospin dependence in the two-particle

core polarization"

2. Physik (in press)

L, Tauscher, G. 3ackenstoss, K. Fransson, H. Koch, A. Nilsson and J. De Raedt

"Precision measurement of the muonic 5-4 transitions in Pb and 4-3 transitions

in Ba as a test for the validity of QED"

Submitted to Z. Physik

G. Winter, J. Poring, L. Funke, P. Kemnitz, E. Will, S. Elfströro, S.A. Hjorth,

A. Johnson and Th. Lindblad

"Evidence for rotational band structures in the N =88 nuclide 153Tb "

Submitted to Nucl. Phys.
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6. CONFERENCE

6.1 FIRST MEETING OF THE USERS CO13MITTEE AT THE STOCKHOLM CYCLOTRON,

STOCKHOLM, 9-10 NOVEMBER 1977

This meeting was held in order to introduce the new facilities to the

outside users, and to seek their advice concerning what priority should be

given to the different experimental caves and their equipment, as well as

to the items of the beam development programme for the cyclotron. The pro-

gramme of the meeting is given below.

A., Johnson: Trends in nuclear structure physics

E. Grosse; Ion physics at GSI, Darmstadt

W. Forsling: Accelerators and nuclear medicine

0. Hansen: Ris^ experiments at GSI

C.J. Herrlander: Supra-conducting cyclotrons under construction

Visit to the experimental area

Informal dinner in the Institute library

H. Atterling:

S,A. Kjorth:

Th. Lindblad:

A. Kerek:

The Stockholm cyclotron (accelerator, experimental
area, beams, present status and possible improvements)

Old and new types of experiments at AFI

On the first experimental set-up to be used when the
cyclotron again has beam

Experimental facilities and the new on-line/off-line
computer system

Points of view of the external users

General discussion and an attempt to outline the future experiments in
Stockholm

Th. Lindblad:

I. Bergström:

Proposals, formalities, etc.

Summary of the meeting

According to the report on the status of the cyclotron and the experi-

mental area, the first beam line could most probably be operational during

the spring of 1978, and the second beam line about half a year later. In

the general discussion towards the end of the meeting, it was decided that

the first experiments around the first beam line should be measurements of

Y-ray singles and coincidence spectra with or without Compton suppression,

Here, Z. Sujkowski, M. Brenner, L. Funke, S.-E. Arnell and H. Sergolle
took the opportunity to advocate experiments they had in mind.
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using mainly the a-particle beam. The second beam line should include the

final experimental set-up for y~ray and conversion electron work, while the

third beam line, operational in one to two months after the second one,

should be designed to g-factor and half-life measurements, using electronic

timing.

In the discussion it was also anticipated that during the first months

of operation, a considerable part of the time available, say up to 75 %,

must be used for work on the cyclotron and beam transport system. Later on

this figure could probably be gradually reduced. Concerning the development

programme for the accelerator itself (cf. section 3.4.1 in this Annual Re-

port) it was said that in the beginning efforts aiming at a higher reliabili-

ty and higher beam currents of presently available heavy ions should be given

priority over efforts aiming at an extension of the catalogue of types of

ions accelerated.

The cyclotron Users Committee presently consists of the following mem-

bers:

S.E. Arnell Chalmers University of Technology (Secretary)

Ch. Bargholz University of Stockholm

I. Bergström Research Institute of Physics (Chairman)

M. Brenner Abo Akademi

B. Fant University of Helsinki

L. Funke Zentralinstitut fiir Kernforschung, Rossendorf/Dresden

0. Hansen Niels Bohr Institute, Copenhagen

J. Hattula University of Jyvüskyla

A. Johansson University of Uppsala

Th. Lindblad Research Institute of Physics (Coordinator)

S. Messelt University of Oslo

H. Ryde University of Lund

H. Sergolle Institut de Physique Nucléaire, Orsay

Z. Sujkowski Institute of Nuclear Research, Swierk, Warsaw
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AWARD OF HONOUR

The MANNE SIEGBAHN Medal

The Board of Trustees of the Research Institute of Physics, according

to suggestions received, awards the Manne Siegbahn Medal to individuals

for substantial scientific contributions or for significant advancement

of the activities at the Institute (cf. AFI 1967, Ann. Rep. p. 195).

In 1977 the Manne Siegbahn Medal was awarded to

Professor L. Hulthén For much appreciated work as the chairman

of The Board of Trustees






