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The University of Colorado 132 cm FFAG cyclotron .has several
i

external beam facilities.  One of these is presently intended for'
:

on-line measurements of y ray and conversion electron spectra and

is therefore simply referred to as the y line.  Beams of protons,

3
deutrons,  He and a particles can be focussed onto the different

target positions by a beam transport system using in total four

quadrupole pairs  and  two 45obending magnets (see  Fig.1). Beam currents

used during data aquisition varied from a few nA to 2 UA, depend-

ing upon the type of experiment being performed.  Beam energies

can be obtained up to 28 MeV for protons, 18 MeV for deuterons,

44 MeV for 3He and 36 MeV for a particles.  The fraction of the

beam transmitted from the beam defining slits after the second

bending magnet to the Faraday cup, with no target in place, was

always greater than 80% and usually close to 100%.  Thus the back-

ground produced without a target is very low.  However, with tar-

gets of the order of 10 mg/cm2 there is a significant amount of              

small-angle scattering of the beam.  Due to the neutron back-
1 *1/ a *111

ground produced it was necessary to provide heavy shielding for '  f lf# 1 1111
a .88 1 8: B i
ali: / 1:1: 1 ithe spectrometers.  Therefore a concrete-block cave was built, ...... .& 1.9

-

.  :mil# 15)111

with 61 cm thick walls and roof. With a beam current of 200 to lijai iliialW :ags. :11:16:
U 13819 51.Us:g

300 nA of 21 MeV protons on the target the neutron flux outside   = Iltia  8:lgia
le   ..g-.  I.

0111#5 1,31-*:ij

the cave is 400 neutrons/cm2:sec and in the cave at the y detec- 4 115.11 1:41js

tor   position the neutron   flux   is 10 neutrons/=28.c.        Ins ide   the    :iliti   lilli:1
W ;5111 :1,9,11

y cave, additional shielding of lead and borated paraffin sur- J 2:3/ gr.:,9/
1i1ia/1ri:ii1

rounds the detectors.  Since it is not practical to put more ilt':Sitillid

4 i l l i l l, l i i i
Kill/,15::12:

shielding around the detectors, a time gating system has been :-4.-84.:R//6
81 /41 i /111

i   developed to gate the data taking system on only during beam     i

pulses.

Essentially only three different instruments have been emg

ployed to investigate the prompt and delayed radiation which

result from the induced nuclear reactions; namely, lithium

drifted germanium detectors, a two-meter curved crystal diff-

raction spectrometer, and a broad-range electron transport 7..
solenoid-Si(Li) spectrometer.  This unique instrumental set-up
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on this y line is a powerful tool for investigating rather

complex spectra, as the instruments provide for high resolution

electron and gamma ray spectroscopy, and allow assignment of multi-

polarities to the transitions observed.  By means of coincidences

and angular distribution measurements one can determine the order          

in which the transitions occur and the spin and parity sequences

of the levels connected by these transitions.  An additional ad-

vantage of nuclear structure studies with accelerators, which is           

not generally available in radioactive decay studies, is that one         1

can measure y ray branching ratios as a function of bombarding

energy.  If the y rays deexcite a common level then the measured

intensity ratios are independent of bombarding energy.  This is           I

a very good criterion to apply when assigning y rays to nuclear           I

levels. Furthermore the study of prompt  y  ray and conversion  elec-              1

tron spectra which result from nuclear reactions has another ad-

vantage above radioactive decay studies, in the fact that the

reactions usually bring in several units of angular momentum into          

the nucleus, making it possible to excite considerably more levels        
 

than in most radioactive decays.                                          1
1

All the  Ge (Li) detectors  used   in the course  of the experiments                  i

were manufactured at the University of Colorado, Nuclear Physics

Laboratory.  The devices used are coaxially drifted and have
3

volumes of approximately 15 cm .  The energy resolution of a de-60
tector which was used is 2.5 keV FWHM for the 1.33 MeV Co photo-

peak.  The equipment was calibrated for intensity with a standard

set of absolutely calibrated y-ray sources obtained from IAEAt.

The prompt Ge(Li) y-ray spectra are all recorded at a target-

detector distance of approximately  1.2 m.     The  data are analyzed

in the form of 1024 channel spectra with a Nuclear Data ND 160

pulse height analyzer.  The recorded data are stored on magnetic

tape and taken to the University of Colorado Computing Center for

analysis.
  Studies have been made of prompt and delayed gamma ray spec-

tra resulting from reactions induced by beams of 7.5, 12, 16 and
3

26 MeV protons and 21, 30, 37.7 and 43 MeV  He particles incident

on natural tantalum foils (10-15 mg/cm2).  In fig. 2 the prompt

y-ray spectra from 26 and 16 MeV protons incident on tantalum are

shown.  The y-ray spectra are rather complex and the analysis of

the data from these spectra alone will be insufficient to uniquely'

establish the level scheme.  All the prompt y-ray spectra show

prominent peaks at 596, 694 and 1040 keV as well as several weaker
i
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74    72       70lines due to inelastic neutron scattering by   Ge,   Ge and   Ge

in the detector itself.

The Ge(Li) detectors were also employed for angular distri-
bution measurements of the prompt y-ray spectra with respect to

the incident beam direction. In these measurements a second

Ge(Li) detector at a fixed angle of 90' was used as a beam monitor.

The  other  Ge (Li) detector including the necessary and rather heavy

'       Equipment Co.).  This platform was lifted by an aircushion, making

lead and paraffin shielding was mounted on an air pallet ·(Clark

it easy to place the detector at the desired angle.  The prompt
181

y-ray spectra were measured in the case of the Ta(p,xn) reactions

at angles of 60', 90', 120', 150' and 166' for incident proton

energies of 26, 16, 12 and 7.5 MeV.  The target detector distance

in all these measurements was one meter.  The y-ray spectra as a

function of angle from 26 MeV protons on tantalum is shown in

fig.3. The study   of the angular distributions   of the different

y transitions emitted from the nuclei formed by the nuclear re-

action permits assignment of multipolarities of the y rays, and

spins and parities of the levels involved. It has been found1-4)

that a wide range of excited states populated in (particle,xn)

reactions are well aligned so that y rays exhibit angular distri-

butions depending on multipolarities and the spin sequences.  On

the other hand if'a y ray, which is expected to exhibit an aniso-

tropic angular distribution, in fact has an isotropic distribution,

ode expects this transition to be fed mainly via the excitation

of an isomeric state.

The curved crystal spectrometer was used to perform accurate          

energy determinations of the prompt y rays in the energy region

50-500 keV.  The geometry of the spectrometer is of the DuMond

type with a two meter focal length.  The instrument is equipped

with a bent germanium crystal using the <422> planes for dif -

fraction.  The thickness of the crystal is 1.6 mm.  The full

width at half maximum resolution of the spectrometer is given by

BEY = 2.9x10-5 E2, where E  is in keV.  Thus, BE  is 2.6 keV at

300 keV.  A germanium crystal designed to use the <220> planes

for diffraction is being tested and appears to have approximately

twice the resolution of the <422> crystal.  The spectrometer was

calibrated in each run using the KX-rays of tantalum as a standard.

All spectra are scannedat least twice, usually once on the left

and once on the right diffracted peaks.  The energy of the tran-

sitions  are then obtained  from E  (keV)  - TL +  TR ' where T  and
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T  are the locations of the diffracted peaks.  The value for the
R

5constant a is accurate to 2 parts in 10 .  As an example of the
181 179

data that have been taken, spectra from the Ta (p, 3n) W and

181 180
Ta (p, 2n) W reactions are shown in fig. 4 and 5.  The data

are counted per integrated beam clock and recorded from the spec-
trometer in a Nuclear Data ND 181 FMR analyzer operating in the·

multi-scaler mode.

Prompt and delayed conversion electron spectra were studied

with a broad-range electron transport solenoid equipped with a

Si(Li) detector as an electron spectrometer.  The details of the

design of the instrument are given in the paper by Klank and

Ristinen presented at this meeting.  The solenoid is also 10-
5)

cated in the y cave on the external y line.  The target-detector

distance of this instrument is 54 cm, and the Si(Li) detector is

mounted with its face perpendicular to the axis of the solenoid,

facing the target.  The solid angle subtended by the electron

detector for X- and y-rays is very small (0.0017% of 4n ster),

while the measured solid angle for electrons with a 64 mm2 de-

tector is 22%, 10% and 4% of 4n steradians at energies of 100,

600 and 1800 keV respectively, when the apparatus is operated

at a magnetic field of 5500 gauss.  The inside diameter of the

free space for the electrons in the solenoid is 7.5 cm. Both

the   Si (Li) detector  and the modified front end   of the preampli-
fier (Canberra 1408C) are cooled to liquid nitrogen temperature·.

137
t

The electron conversion spectrum of Cs as recorded with a
1

4.7 mm thick, 9 mm diameter silicon detector is shown in fig. 6.

&          The electron detector was operated at a bias voltage of

1          -2400 volts and has a FWHM resolution of 3.0 keV for the

624 keV K-conversion electrons, although the count rate of the

i          detector was around 6000 counts/sec.  Very recently larger Si(Li)

electron detectors (4 mm thick, 19 mm diameter) have also been

,<tried in the solenoid.  The preliminary results are very promising.
- -

To investigate KX-e  or y-e  coincidences, a Si(Li) or

Ge(Li) photon spectrometer can be mounted on the opposite side of

the source with respect to the electron detector.  As the K-

conversion electrons are coincident with KX-rays produced as a

;·          result of the internal conversion process, KX-e- coincidence

measurements will be a useful tool in the interpretation of com-

plex conversion electron spectra.  For these measurements a Si(Li)

photon detector (2.6 mm thick, 9 mm diameter) was used.  Both the

i           silicon detector and the modified front end of the preamplifier

(Canberra 1408C) are cooled to liquid nitrogen temperature.  The

;

3

I1
It
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target-detector distance is 1.5 cm to 2 cm and the photons are

viewed through a 110 mg/cm2 thick Be window plus a 0.25 mm thick

mylar window.  The detector had an energy resolution of 1.1 keV

FWHM at y-rays of 122.0 keV from a Co source. A similar but -57

thieker  S i (Li) photon detector   (10 mm thick, 9rrml diameter)   had

an energy resolution of 1.4 keV FWHM at 122.0 keV.

The usefulness of the broad-range electron transport solenoid

becomes quite evident from the electron transmission curves re-

'        ported by Klank and Ristinen One may also point out that the5)

actual source-size is not an important factor in the performance

of the instrument.  A weak low specific activity can thus be com-

pensated for by using a large area source, if necessary up to a
2few cm , and still allow for a thin source to avoid line broadening.

Some examples of investigations with the electron spectro-

meter device will be discussed below.  At an early stage of the

instrument before optimum performance was achieved a number of

spectra were investigated.  In fig. 7 and 8 the prompt conversion
159 158

electron spectra are shown from the Tb (p, 2n) Dy and
169 168

Tm (p, 2n) Yb reactions respectively.  The spectra are obtained

with 16 MeV protons on targets having approximate thicknesses of

700 gg/ cm . The Dy ground state rotational band transitions of2       158

218 keV (4 -•2 ),  321 keV  (6 -•4 ),  406 keV  (8 -•6 )  .and  475 keV

(10+=8 ) are observed as well as the transitions in the energy

region of 677 to 998 keV.  All are transitions from the y band to
168

the ground state band.  In fig. 8 the    Yb ground state rotational

band transitions of 199, 299, 385 and 455 keV are recognized to-

gether with the high energy transitions from the Band y bands to

the ground state band.  The most striking features of this elec-

tron spectrum are the very strong 1197 and 1543 keV transitions

observed earlier and assigned as EO transitions by Graetzer

et al.6).  Our y-ray data taken with a Ge(Li) detector show no

presence of y-rays at these energies, and thus confirm the EO

assignments for these transitions.

The prompt conversion electron spectra from 26 MeV and

16 MeV protons on a 300 ug/cm2 thick tantalum foil are shown in

fig. 9 and 10 respectively.  These spectra together with the

spectra shown in figures 2, 3, 4 and 5 comprise a large source
179,180 ..

of information on the levels excited in w. Preliminary

analysis of these data reveals the rotational structure of several

179
bands in W including the ground state [514]7/2- band (energies

in keV):  g.s. (7/2-), 119.94 (9/2-), 264.67 (11/2-),

432.15 (13/2-) and 618.99 (15/2-); the [52111/2- band:
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221.52 (1/2-), 303.78 (3/2-), 317.14 (5/2-), 508.02 (7/2-) and

532.05 (9/2-); the [6241 9/2  band:  308.97 (9/2+) and

423.86 (11/2+); the [5121 5/2- band:  429.77 (5/2-) and

530.11 (7/2-) ; the [6331 7/2+ band: 477.46 (7/2+) and
572.45 (9/2 ).  Also a weak excitation of a possible three quasi-

particle state at 719.77 keV consisting of the configuration

p[402]1'   p[514]t n[514]1 coupling   to   J"=3/ 2 . The rotational  mem-

bers built upon this state are observed at 773.38 keV (5/2 ) and

849.18 keV (7/2+).
181 180

The spectra concerning the Ta(p,2n) W levels clearly
show that, contrary to an earlier assignment6), the 902 keV tran-

sition is not an EO transition but rather an El + 9% M2 transition,

in agreement with the results obtained by Goudsmit et al. in the7)

180
decay of Re.  As shown in fig. 11, which is only a part of the

total disintegration scheme, the 902 keV y transition deexcites

the two-quasi particle state at 1006.0 keV, which consists of the

two-proton state·[402]t [514]t coupling to JN=2-. The rotational
levels built upon this state as deduced from the prompt y-ray

7)
spectra  are also included  in  fig  11.     The  7.4 nsec half-life      of

this state explains why the angular distribution of the 902 keV

y-ray is nearly isotropic.  Furthermore, the angular distributions

are isotropic for all the g.s. rotational members, indicating that

the bulk of the feeding of this band is through the isomeric

5.2 msec state at 1528.8 keV.  Of,the more prominent y-rays only

the 454.6, 316.4, 225.0 and 196.5 k6V transitions show a strong

angular distribution, indicating that they do not result from a

feeding through tte isomers.
In the studies of the radioactive decay8) of the 6.7 min

179W activity the conversion electron spectrometer was used to

establish a new 101.6 keV E4 transition in cascade with a

120.1 keV E2 y-ray and competing with the 221.52 keV M3 isomeric

decay to the W ground state.  The recorded electron spectrum
179

  shown in fig. 12 is the result of a bombardment of 26 MeV protons
2

on a 300 vg/cm  thick tantalum target.  The spectrum is a sum of

six successive activations, each measured for one half-life              Idirectly following the turning off of the proton beam.  The dis-
179m 179

integration scheme of - ---W and W is presented in fig. 13.

Finally, the electron transport solenoid has successfully

been operated with the coincidence equipment for the study of the
73m

isomeric decay of Se. The 25.9 keV E3 isomeric transition in
73m                                             9)

Se has recently been observed by Murray et-al.  .  From the
9,10)beta decay a spin-parity assignment was made of J"=1/2- for



-7-

the 39 min. state.  On the basis of the energy dependence of the
70       73                          11)

cross-section for the Ge (a, n) Se reaction Akhmed et al.

however, assigned J"=9/2+ to the 7.2h and J"=1/2- to the 39 min.
73

states in Se.  These authors also suggest that the 7.2h state

is the isomeric one, however, these arguments are shown not to be
9,10)valid by the above mentioned experiments

The partial half-life for the isomeric transition is in10)

hgreement with an E) multipole character.  Therefore, this tran-

,·       sition must end at a 7/2  level, if a spin and parity of 1/2- is

assigned to the isomer.  The preceding arguments suggest that

either there is a 7/2 9/2  transition in cascade with the isomeric
11)transition or the spin-parity assignment made by Akhmed et al.

73
for the 7.2h Se is incorrect.

The electron transport solenoid spectrometer with the

coincidence equipment provides a unique facility for either con-

firming or rejecting the existence of a transition in cascade with

the isomeric one.  The latter transition will be almost completely

converted and an Ml(E2) transition would still have an appreciable

y decay component (e.g. about 10% of a 10 keV Ml transition in Se

would still proceed by y decay).  Therefore, by gating on the

L shell conversion electrons of the 25.9 keV isomeric transition

and observing the entire low energy y-ray spectrum above the

LX-ray energies of about 1.5 keV one should be able to determine

if there is a y transition in coincidence with the isomeric tran-

sition.  KX-rays should not be in coincidence with the L shell

conversion electrons unless the cascade transition is K-converted.

Therefore, this measurement will be conclusive even if the energy

of the cascade transition is hidden in the Se and As KX-rays in

a non-coincidence experiment.  The experiments are described in
12)more detail in ref. and show that there is no transition in

cascade with the 25.9 keV isomeric transition.

-             One of the authors (J.K.) would like to express his appre*

ciation for the hospitality extended to him during his stay at the

University of Colorado.
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Figure Captions

Fig.  1  University of Colorado, Nuclear Physics Laboratory experi-

mental facilities:  Cyclotron and beam transport system.           i

The broad-range electron transport solenoid-Si(Li) spectro-

meter is not shown on the figure, but is located near the

curved crystal spectrometer.

Fig. 2  Prompt gamma ray spectra as recorded with a Ge(Li) detector.

The spectra resulted from a bombardment of 26 MeV and 16  '

MeV protons on a tantalum foil (10 mg/cm2).

Fig.  3  The gamma ray spectrum from 26 MeV protons on tantalum

recorded at different angles with respect to the incident

beam.  The spectra from top to bottom were taken at 60',

900, 1200, 1500, and 1660 respectively.  The detector was         ;
3a 15 cm  Ge(Li) spectrometer.

Fig.  4  Prompt gamma ray spectrum as recorded with the two-meter

bent germanium crystal diffraction spectrometer.  The re-

action was induced with 26 MeV protons on tantalum.
181_ 180

Fig.  5  Prompt gamma ray spectrum from the -Ta(p,2n) W reaction

using 16 MeV proton energy.  The data are taken with the

two-meter bent germanium crystal diffraction spectrometer.
137

Fig.  6  The conversion electron spectrum of   Cs, as recorded with

the broad-range electron transport solenoid-Si(Li) spectro-

meter.  The spectrum was recorded with a countrate of

about 6000 counts/sec.
159 158

Fig.  7  Prompt conversion electron spectrum from the Tb(p,2n)   Dy

reaction using 16 MeV protons.
169 168-

Fig.  8  Prompt conversion electron spectrum from the Tm(p,2n)  -Yb

reaction using 16 MeV protons. 181 · 179
Fig.  9  Prompt conversion electron spectrum from the Ta(p,3n)   W

reaction using 26 MeV protons.
181 180

Fig. 10  Prompt conversion electron spectrum from the Ta(p,2n)   W

reaction using 16 MeV protons.

Fig. 11  Part of the total disintegration scheme of levels excited in

. 180 181 180
W by the Ta(p,2n) W reaction.

Fig. 12  The conversion electron spectrum of the 6.7 min. 179m  decay.

179m 179W as reported in ref.8).
Fig. 13  Decay scheme of -W and

1

1
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TRANSPORT SOLENOID - Si(Li) DETECTOR
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