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ABSTRACT

A trochoidal ß-ray spectrometer has been const::ucted

at the University of Manitoba. The spectrometer unam-

biguously separates positrons and electrons. Energy

determination is made using solid state detectons and

the nesol-ution is that of the detectons Þlus associated

el-ectronics. Numerous difficulties wene encountered

in the deveì-opment of the instrument but these wene

eventually overcome. The instnument was used as a

pair spectrometen to study internal- pair fonmation in

205p¡, 206p5, 207pY and 88sr and it was also used to

measure the internal conversion coefficients of vanious

transitions in these nuclides.
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CHAPTER ]

INTRODUCTION

ItBut screw your courage to the sticking-place,
And wetl-l not fail-.rt . . . . .Lady Macbeth

In l-933 ThÍbaud(1) r'r""d a trochoidal ß-r:ay spectrometer

to separate the positrons and e.l-ectrons pnoduced by Y-rays of a few

MeV. Such a spect::ometer consists essentially of a cylindnícaÌly

s¡rmmetric magnetic field produced by a paÍn of cir^cular pole tips.

If an el-ectron source is placed in the fringing fiel-d beyond the edge

of the pole tips the emitted el-ectnons wi-Il foflow trochoidal or"bits

such as that shown in Fig. I-f, and will- dníft anound the pole tips.

The dinection of drift is independent of the oniginal dinection of

emission and all- electnons drift in the same dinection. Posit::ons,

on the other hand, drift in the opposíte direction, since they ane

oppositely changed, so the spech:ometen unambiguously separates posi-

trons and efectnons.

The nadial- field component produces stnong vertical- focussing.

Thus particles emitted out of the median plane are subject to strong

focussing forces towands the median plane, so that supenimposed on the

trochoidal motion is a ventica.l osciffation about the median p.Iane.

The pencentage of emitted el-ectrons whích are captured into stable ver--

tical- oscilÌations and dnift anound the pole tips without col-l-iding with

the poles or wall-s of the magnet may be used as a convenient definition

of the instrumentfs tnansmission . Because of the vertícal focussing
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FIG. 1-1

fl¡e nature of the trochoidal orbits.
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the transmission, thus defined, is expected to be la:nge, -50%, and

it is insensitive to the energy of the panticle, aside fnom an ex-

pected gnadual decrease with incneasing energy'

Since the spectrometen tnansmits electrons of all energies

the magnetic resol-ution of the instrument is essentially non-existent'
()\

Malmfons\ " inas suggested using time of ftight as a method of enengy

determination in such a spectnometer. Because of the trochoidal- or-

bits which the particles fo]low the distance through which they travel

ín rìn'iftinø a siven azimuthaf distance around the pole tips is many- Þ*-

times langen than the actual- a:rc-lengtþ. Then' because of the long

flight path, the time taken to drift thnough some fixed angutar dis-

placement, such as Ì80o, is relatívely long and can be measured elec-

tronicatly. The flight time is energy dependent and therefore pnovides

a suitabl-e measure of the particlers enengy. Malmfo""('), usíng a

fiel-d whicho in the median p1ane, satisfied the equation B=Bo(?r''

was abfe to obtain an enengy nesol-ution of about 29o fot the K-conversion

e.l-ectnons fnom the 570 keV tnansitio' of 207Pb. This line I'ridth was a

reffection of the vaniation in flight time with dinection of particle

emission. The actual- time of flight was -fus'

An altennative nethod of energy detenmination is to measure the

electronsr energy in a counter by inter"cepting the panticles at some

azimuthal distance anound the pole tips from the source. The resol-ution

is then detenmined by the detector and with the devel-opment of solid

state detectors it became possible to achieve good resofution. (A resol--

ution -Skev F!{HM in the negion l-00-1000 kev is not unreasonable)" The

magnetic field then acts as a guide to convey the eJectnons fi:om the source
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to the detector and because of the high transmission the el-ectron

detection efficiency is expected to be high. Thus a tnochoidal-

ß-ray spectnometer employíng solid state detecto::s for enengy

determination has the dual- advantage of high efficiency and good

resol-ution.

Although the efectron efficiency, in such a spectnometer'

is high the y-ray detection efficiency is smalJ-, because of the smal.l-

sol-id angle which the detecton subtends, and because of the inherently

smal.ler y-ray efficiency of the detector. The Y-ray detection effi-

ciency can be funthen neduced by placing l-ead shielding between the

sounce and detecton, (between the pole tips). This shieJ-ding does

not intenfene with the efectronsr motion since they d::ift anound the

nnla l-r'nc

Because of the unambiguous separation of positive and nega-

tive charge, combined with the high efficiency and good nesolution,

such an instnument is particularly wel-l suited fon use as a paír

spectnometen. In thÍs application a pair of sol-id state detectors

are used, one for positrons and one fon electrons. A spectrometer of

this type has been constructed at the University of Manitoba and in the

following chapters the devel-opment and use of this instrument are dis-

cussed.
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CHAPTER 2

MAGNETIC FIELD MEASUREMENTS

trlf it were done when ttis done, then rtwene wel-l-
ft we::e done quickly:rt Macbeth

]NTRODUCT]ON

The spectúometen magnet assembly is shown in Figs. 2-I

and,2-2. The flat cincular pole tips ar-e 10.625" in diameten, 0.75'l

thick and ane sepanated by a gap of 2tt. The height of the vacuum

chamber beyond the edge of the pole tips is 3"5rr. The magnet stnuc-

ture for,ms part of the vacuum chamber. Access to the vacuum chamber

is pnovided thnough four po::ts as shown in Fig. 2'2- The field is

genenated by six sets of Ítatel.-cooled coil- pancakes, thnee around

each poJ-e piece, wined in series and located outside the vacuum

chamber'.

A pr:ognamme of magnetic field measunements was undentaken

with the íntention of using the nesults in a computer study of the

spectrometen. The vertical and radial- field components vlere measured

independentty as a function of nadial- displacement fron the pole tip

edge and as a function of ventical displacement fnom the median plane

using a Hall- Pl-atet. The fiel-d components were measuned over a nadiaL

range of appnoximately 3rrrfnom l.Srt beyond the pole tip edge to 1.5rr

inside the pole típ edge at vanious vertical displacements fnom the

median plane. fndependent measunements welle cannied out above and be-

low the median plane, at cunnent settings of 250, 300 and 350 A"

t - F" I'I. Bell, rnodel- BH2O7 "
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l4agnet clloss section showing tlre location of
- tlre coi-Is and the vasuum chamber"
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Frc. 2-2'

Plane viev¡ of magnet show'ing the
location of the access Ports"
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DESCRIPTION OF THE APPARATUS USED IN THE FIELD MEASUREMENTS

Since the intention of the fiel-d measuremenrs was to obtain

an accunate plot of the magnetic fietd it was necessany to be abfe to

position the Hal-l plate accunately and nepnoducibly as a function of

nadial- distance fnom the pole tips and ventical displ-acement frnom the

median plane. This was done using the dnive mechanism shown in Fig.

2-3. The aluminum dnive shaft is driven by a threaded star wheeJ-,

20 turns to the inch, and can be positioned radiallSr with an accuracy

of 1.001r'. The Hal-l- plate ítself was mounted on aluminum supports shown

in Fig. 2-4 which in tunn wene fastened to the brass suppont base shown

in Fig. 2-3, The bnass base senves a dua.l- pulrpose. The series of

tapped holes enables the Hall- plate to be positioned accurately at var-

ious ventical displacements f::om the median pJ-ane and the base is waten-

cool-ed to senve as a heat sink fon the Hal-l plate. (Mean temperatune

coeff icient -. Lso/oC). The Ha}l plate r^ras hel-d in position on the

al-uminum suppont using a thin layen of vacuum gnease.

A Hal-l plate measures the field penpendicul-ar to íts sensitíve

ar"ea and thenefor"e the radÍal- and ventical field components \^rere measur-

ed independently by alígning the sensitive area perpendiculan to and

panalleJ- to the median plane nespeetively, using the supports shown in

Fig. 2-4, Care was taken to ensure that the Ha}.I pj-ate lras properly

aligned and that the dnive shaft moved paralleJ- to the pole tips" The

rel-iabil-ity of this aligûnent was confinmed by a nufl- neadíng for" the

nadial fiel-d component in the median Dfane.
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FIG. 2-3

The apparatus used for positioning the Hall plate
for ttte maginetic field neasurements"
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EIG" 2-5

Polvrer sræp1y for tlre Hall plate control curcent.
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The Hal-l- plate contnol cunrent was supplied by the cur"nent

generator shown in Fig. 2-5. A stable I vol-t supply was used fon the

current genenaton and a coarse gain and fine gain potentiometen were

used to keep the Haff curnent at a constant vafue. The contnol cun::ent

was monitored by measuning the voltage drop across the 4Q resister

and was kept at a constant value of 90.f5mv. The Hall voltage r¡Ias mea-

sured using a Non-Linean Systems digital rnil-Ii-voltmeterrmodel V60, wíth

a range of 0.0f mv to 99.99 mv.

CALIBRATION OF THE HALL PLATX

The HalI plate was calibnated oven the fiel-d range 0 to l-2

kilogauss using a Rawson-Lush, type 8200 notating coil gaussmeter" having

a quoted accuracy of 0.LTo or 2 gauss,(whicheven is lange::), and a coil

diameter of 0.L251t. The coil was housed near" the end of a Ìong (-tgtt)

pnobe tube, and the Hal1 plate was cal-ibnated by plaeing it beside the

coil in the median plane of the magnet (as shown in Fig. 2-6). since

the HatI plate and coif wene not in exactly the same position, the uni-

fonmity of the field, in the anea of intenest' r'Ias checked with the

gaussmeten and no devi.ations langer than 0.1% wene found' llith the plane

of the HaIl plate ho::izontal, the plate was calibrated independently fo:r

field directions ttuptt and |tdownrr.

Cane was taken to obtain the cornect mechanical alignment of

the rotating-coi.l gaussmeten. The meten reads the component of field

penpendicular to the axis of the pnobe tube and thenefone the pnobe tube



FIG. 2-6

Ttre aligrnent of ttre rotatirg-coíl giar:ssreter and the
Ha11 plate for HalI plate callbration.
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must be parall-ef to the pole tips. The gaussmeter was supported

as shown in Fig. 2-6. Pana.Lle} al-ignment was obtained by var"ying

the height of the rear suppont so that no light was tnansmitted

between the pnobe tube and the plywood bl-ocks. To check this pro-

cedure the rean suppont $tas purPoseJ-y ttmis-adjustedrt slightly and

a dec::eased fiel-d r.eading was obtained. A second alignment was nec-

essany since the tube has to be notated to a] ign a prefe:rred direc-

tion of the pr.obe panallel to the magnetÍc fiel-d" this a] ignment

was accomplished by :rotating the gaussmeten until a maximum fiel-d

reading was obtained. Since the output of the gaussmeter fall-s off

as the cosine of the angle between the fiel-d and the pneferred dir-

ection this rnethod of alignment was considered adequate.

Sevena.I calibrations welle made and fo:: each nun the pnobe

was independently aligned. Above l-kG. neadings were taken approx-

imately every 300 gauss, whi.Ie below 1kG. neadings wene taken at

fields of 35, 155, 370 and 7l-0 gauss. The mean deviation in the

cal-ibration points was the gneate:: of 0..159o and 3 gauss. Thê data

obtained wer e used to generate a tabl-e ne.Iating Hall voltage to mag-

netic fiel-d by using a stnaight tine intenpolation between adjacent

calibration points. Based on the vaniation in slope of these straight

l-ines the estimated accunacy of the nesulting convension table is

0.29o or 4 gauss, whicheven is langer.
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FTELD MEASUREMENTS

Because of the constnuction of the magnet it was convenient

to measune the field at each of the fou:: access ponts shown in Fig " 2-2.

Before beginning the measulrements it was necessary to shift the top and

bottom pole tips so that they wene exactly ovet? one anothen. This ad-

justing of the poJ-e tips was checked using the Hall plate positioning

apparatus shown in Fig. 2-3. The HaIl pJ,ate suppont was mounted so

that it did not clear: the pole tips and the distance from the outer-

most position of the dnive shaft to the point of contact of the pole

tip and the aluninum support was measuned on each of the four po:rts"

The pole tips wene al-igned so that for" a given port the distance to

the top and bottom pole tips was the same. Table 2-I below shows the

resul-ts of this alignment.

TABLE 2-]-.

?ont Distance to Top Distance to Bottom Mean

I

¿

I

4

1. 313rf

I. s2t_

l_. 3l_7

1. 304

I 1l Â

l_. 323

1.319

1" 306

l. 315

I.322

1. 3l_8

l_. 305

It wi]-l- be noted that the mean distance

outer'¡nost position of the drive shaft)u

vaniation was adjusted fon in measuning

the nadia] distance with nespect to the

to the pole tip edge (fnom the

varies from pont to port. This

the magnetic field by defining

edge of the poJ-e tip.
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The sensítíve ar^ea of the Hall plate is appr.oximately

.03Otr by .060t'. Fon measuning the vertical- fiel-d component the

J-onger edge was orientated panalle] to the nadial- l-ine al-ong which

the Hal-l- plate moved. This cornesponded to the sensitive anea

subtend.íng an angJ-e -0o fOt, (measured fnom the centre of the pole

tip), when the HaJ-l plate is at the edge of the pole tips. For mea-

suning the radial fiel-d component the sensitive area was orientated

with the longen edge perpendicul-ar to the median plane.

The foll-owing genenal pnocedune was fotl_owed in taking

the data: (l-) tne HalI ptate suppont bras mounted on
the brass suppor"t base (See Fig. 2-3),
to measure the fiel-d at a given ventical-
Cisplacement from the median plane.

(2) The positioning apparatus was mounted on
a given port with the Hatl_ plate above the
median plane and the magnet cunrent vias
nun up to 2504 from zero.

(3) The field was measuned at intervals of
0.500rrrwith the Hal--l- plate advancing to-
wands the centne of the magnet, over: a r:ad-
ial- distance of 3rt, stanting from appr:oxi-
mately I.5tr outside the pole tip edge.

(4) When the measunement was completed for: the
magnet cument of 2504 the Hal-l- plate was
wíthdrawn to the outenmost position, the
cunnent was raised to 3004 and the field
measurements were repeated for the new
cur"r:ent setting.

(5) The same pr.ocedune was nepeated for a mag-
net curuent of 3504 and the magnet cunrent
was then returned to zeno. The positionj-ng
apparatus was de-mounted and the HaIl plate
was examined to see if it had moved out of
position in the a.l-uminum suppont. The
assembly was then rotated thnough I80o and
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re-mounted on the same pont to measu¡e the
fiel-d bel-ow the median plane.

(6) Following this set of measurements the
assembly was removed and the Hal-l- plate
support $Ias tle-positioned on the suppont
base to measure the field at a diffenent
ventical displacement.

Field measunements wer:e made with the positioning apparatus

mounted on all four ponts and a1.l- measu::ements wene done with the Hal-l-

plate advaneing towards the magnet centr"e to compensate for any back-

l-ash in the dnive shaft. The magnet cunrent was monitored by measu:ring

the vol-tage dnop across a l-mll shunt and coul-d be contnolled to +0.3 amp.

Fon the ventical fiel-d component measurements wer:e made at ventical- dis-

pJ-acements from the median plane nanging fi:om +1 .471-r'to -1.479ft in ve::-

tical- steps of .f875rr and for- the nadial- fiel-d component measurements

were made at vertical displacements ranging f::om ff.467rtto -f.475tr in

steps of .1875'r. In addÍtion the ventical- f iel-d component was a.lso mea-

suned at displacements of +.8OBrr and -.816fr. The gap space, between the

pole tips, is only 2tf. Therefone,fon ventical dispfacements >l-rr the

fiel-d was measured only outside the edge of the pole tips.

The nesults of the field measurements ane summanized in Figs.

2-7, 2-8 and 2-9. The cu::ves nepresent the average of the fields ob-

tained fnom measunements on the four ponts" The pnonounced rrbumprr in

the ventical- fiel-d componentr(rig' 2:8), in the neighbounhood of the

pole tip edge, is attributed to the rrshanp't edge of the pole tip.

Tabl-es 2-2 and 2-3 show a uepnesentative set of HaII pJ-ate voltages in-

dicating the nepnoducibil-ity of the measurements fnom pont to port"
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Erc" 2-7

The median plane nragnetlc fielcì for rnagnet currents of 250,
ctmze A, 300, curve B, and 3504, cu:r¡e C" The oriqin is

tåken to be the edge of the pole tj-p.
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FIG" 2-8

The verticaL field ccrçonent for a cr:rrent of 3004 at
displacenents frorn the nediar¡ plane of 0", A, "559",B, "'746", C, .808", D, "934", E, 1"L21", F, 1"321", G

and 1" 47I", H" The origin is taken to be the edge
of tlre pole tips.
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Frc" 2-9,

Ttte radial field ccnponent for a cr¡rrent of 3004 at
ðisplacørents frcm tl¡e rnredian plane .180", A, .375" ,
lJ, "555", C, "742", D, "930", E, L.LI7", F, 1.317",
G and I.475", H" Itre origin is taken to be tlre edge

of tlte pole tips.
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For the venticaf field measuÌ.ements the gneatest devíation from the

mean is -L9o and this occurs only in a l-imited negion close to the edge

of the poJ-e tip. The r.adial- fíel-d component is genenally not as nepro-

ducible as the ventical field but the }angest deviation of a measurement

on a gíven pont fi:om the mean is -f9o.

The nep::oducibil-ity of the measurements from port to port,

coupled with the accuracy of the HalI plate calibnation, l-imits the

accunacy of the field measunements. Thus the ventical field is estima-

ted to have an absolute accuracy of 0.5%, except in the immediate vícin-

ity of the pole tip edge. This error? is composed of a contribution,

from the nepnoducíbilíty of the Hal1 plate voltages from port to port'

of .2eo and a contnibution fi:om the cal-ibration of .3%. It is wonthwhil-e

pointing out that the median plane field r"Ias r.emeasur-ed one yeal? aften

the ínitiaf measunements and the Hal-l- voltages vJeue repnoduced to with-

ín the stated accuracv of !.29o.

How does the finite anea of the Ha1I plate affect the accuracy

of the measurements? The Hal-i- voltage nepnesents some sort of ttavenage

fiel-drr, averaged oven the anea of thà HaLl Plate. (Recatl that the dimen-

sions of the Hall plate used hene a:re . O3Otr x .060rr). Fon the venticaf

field component the HatI plate was mounted so that the output nepnesented

the average fieJ-d oven a radial- dístance of.060tt. If the field, oven this

length, varies Ìineanly with the radius this tfaveragett field is then the

same as the fiel-d at the midpoint, which we have used to define the lo-

cation of the Hall plate. The results of the field measurements indi-
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Scne representatíve results of the rnagnetic

field measure¡r¡ents i¡rdicating the reproduci-
bility of the vertical field corponent fron
port to Port"



Radial Posítion

+l . 50rt
+1 . 00rt
+0. 50rl

0. 0ort
-0. 5Oil
-l-. 00rt

--l_. 5oil

+1" 5Oil
+l-.00rr
+0. 50rl

0. 00rl
-0. 50il
-1. 00il
-1.50rr

+.I. 50il
+1. 00rt
+0. 5Oil

0. 00il

-1. 00rt
-l-.50rt

(b) 9/l-6rr above Median P.Iane

Por.t #4 Mean

6. 09 6.09
8.70 8.72

12.65 L2.67
r7.26 17.28
20.30 20.32
21.38 2l_.39
21.66 2r.67

5"þ/ 3.Þö
8.05 8.07

l_2 . l_9 12.20
l_8. 93 18. 99
2L"66 2r"70
2I.78 2r.79
27.77 2L"78

4.98 5.00
6.78 6. 79
9.99 10.00

28.32 28. 40
23.52 23.58
22.13 22.14
21.89 21.94

HALI PLATE VOTTAGE (mV)

Pont #l- Pont #2 Pont #3

(a) Median Plane

6"08
8.72

12.67
I7.28
20. 31
21.40
21" 68

s"69
8. 09

12.2I
19.01
2r"72
2I"8L
2I.BO

5. 02
6.81_

l_0. 00
28.73
23.70
22.r5
22"02

6. 08
8.72

12. 68
r7.29
20.32
2l_. 39
2r.66

5" 67
8. 05

L2.L9
19"02
2r.72
21.80
2r"79

5" 00
6.78
V"VI

28.52
23. 54
22"16
2I"94

6.09
8.74

12.69
17. 30
20.33
2i_.40
2l-.68

5"69
8.09

12.2I
l_8. 99
2r.70
2r"79
2L.77

5.01
6. 80

10.04
28.26
23. 58
22.IT
2L.90

(c) 15/16rr above Median Plane



TABI,E 2-3

Scrne representative results of the magrneti-c
field n€asursnents índicating tlre re¡roduci-
bility of the radial fíeld ccnponent frcnn
porb to port"



Radial- Position Port #1 Port #2 Pont #3 Pont #4 Mean

(a) 3/I6rt above Median Plane

+.1-. 50rr
+l-. 00rl
+0. 50f r

0. 00rr
-c.50rr
-l-. 00rr

+l_. 50rr
+1. 0orf
+0, 50rf

0. 00rl
-0.5Otf
- l- . 00rr

+r. 50rr
+].0011
+0.50r1

0. 00rt

^ 
tr^lt

- 1. 00rr

+I.50rr
+1.0011
+ 0. 50rr

0. 00rr

-0" 50rr

- r. 00rr

0.75 0.74
l. 11 l-.10
1.55 1.54
l_. 43 1. 40
0.64 0.63
0.19 0 " l-7

2"2r 2.23
3.37 3. 39
s.l_3 5. 17
4.97 5.00
1. 53 i-. 54
0.34 0" 35

2.88 2.90
4.42 4. 45
7.22 7.26
7.80 7.81
l-.43 l-.44
0.30 0.3L

3.48 3.50
5.34 5.37
9.23 9.29

14.20 14.44
0.55 0"60
0. 08 0.l-4

(b) 9/16tt above Median P1ane

G) tZ/rc" above Median Plane

0. 73
1.09
i-. 53
1.40
0.60
0. l_8

2.19
3.34
s.09
4. 91
r.52
0.35

2. 88
4"43
7 "20
7 .74
r_.41
0.27

3.45
5. 30
9. 19

13.83
0. 55
0. 05

0. 73
l-.08
1. 51
1.41
0, 62
0.16

2.2r

5.1r
4. 94
7.52
rì aR

2.9L
4. 45
7 "24
7.80
1.45
0. 3l_

3.45
5. 30
9.19

13.96
0. 55
0. 06

^ tlr

I 'lô

1.41
0.62
0.18

2"27
3.37
5. J-O

4" 96
1" 53
0. 35

2.89
4.44
7 .23
7 .79
1. 43
0. 30

3.47
5. 33
9. 23

14. tI
0. 56
0. 08

(d) 15/16'r above Median Plane
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cate that, for a l-imited nadial distance, the field can be considered

to vany linearly with r:adius, so fon the venticaf field component

the finite area of the Hall plate does not introduce any significant

error, except for those points around the top of the rrbumprr in the

ventical field. (See Fig. 2-8). Fon ventical dispJ-acements -13/16't

and 15/16" fnom the median plane, the vertica-l- fie1d, near the top of

the rrbumptt is not as accullate as the ::epnoducíbil-ity of the Hall plate

neadings indicates. It is estimated that in this ::egion the ventica.l-

fiel-d is only accunate to'L59o. For" the radial field component the

HaIt plate was mounted so that the output nepnesented the rraveragerr

radiaf field over a vertical displacement of .060rr. Over this limi-

ted r"ange the nadial fiei-d can be considened to vany lineanly with

heighth so the effect of the finite anea is smal-l. Thus the accur:acy of

the nadiaL field component is -tl-% as indicated by the rep::oducibility

of the measunements fnom port to pont.
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CHAPTER

THEORETICAL ANALYSIS OF SPECTROMETER

ItEvenythingts got a moral-, if you can only find it.rr

Lewis Cannofl

FIELD FITTING:

The expenimental- data fon the ventical and nadíal fíe1d

components l"las used in a computer study of the spectnometenrs per-

fonmance. For this studv it was desinable to fit the nagnetic

field to an analytic expnession and an attempt was made to find a

function, F(::rz)" fon each field component, which would adequately

nepnoduce the expenimental data thr"oughout the entire negion. Ini-
I

tially a least squanes fit to a polynomial- B =rl, Orr*nnzm was tnied

but the nesufts were not adequate. A second attempt was made using

the standand expan"ior (3) in ,"r"ndne polynomials. Up to 9th onden

polynomiafs wene included in the expansion but again an adequate fit

was not obtained, presumably because not enough terms wene inc.l-uded

in the expansion. Fofl-owing this, the seanch fon a sÍng]e fitting

function was abandoned.

It was finally decided to fit the field components to

appnopniate functions" Bo(z) and Br(z), at each of the nadiaf posi-

tions at which the fiel-ds had been measuned, and to genenate the fie.l-ds

at an anbitrary position, (rrz), in the following mannen: The two

neanest radial- positions" R and R + AR' at which the fiei-ds had been

THE
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measuï-ed, a¡e determined. The fields at (Rrz) and (R + ARoz) are

cal-culated using the functions BoCz), and Br(z). The fie.l-ds at (r,z)

ane then ca.l-culated using a stnaight line intenpolation in n. Be-

cauae the fiel-d components above and below the median plane differed

slightly, they wene fitted independently in the two negíons z > 0 and

z S O. It was possib]e to obtain good fits to both the nadial and

vertical fiel-d components at most nadial positions using sÍmple pofy-

nomials. Howeveno for nadii close to the nadius of the poJ-e tips, ro,

the polynomial fits wer.e fan fi:om satisfactony" To gain some feefing

fon the functional fonms which might be used the measuned values of

B" and B" wene plotted as functions of z for o-oo. See Fígs. 3-1 and

3-2. The shape of the curves suggested using exponenti.a.l tenms and

satisfactony fits were eventually obtained using the equations

B = A1*A 2l^l+4lrl2 +ea/ [I+Exp{45{ lz l-21) }]z

2
+ A5 Exp{ Azqzl-=ù } ,

where zr = 2.90 cm., 22 = ?.30 cm", and

2lzl+calrl2 +cal 
" | 

3+c5 
nxp [c5 (lrl-ro>2)

where zo = 2.8375 cm.

Except for 7 radial positions in the immediate vicinity

the pole tip edge the coefficient 45, (vertÍcal field)e l{as set:

VI

n
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FrG" 3-l-

The vertical field ccnrponent versus Z for radial
displacemenLs of .23cm", A, .48crn", B, "73øtt., C,

and .99crn., D, frcnr the pole tip edge.



õ8
5

þt
ffiF

þ
V

4.0

Z (em)

\*\
\'-]t

3.0

"{;

4.0



28.

'FrG. 3-2

ftre radial field conponent versus Z for radial
dísplacenents of "2Bq¡" , A, .53crn., B, .79an. ,
C, and 1"29cn¡", D, frcm the pole tip edge.
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The method of obtaining the ttbestt' fit to the expenimental

data,using the above equatÍonsowas sirnilan fon both components. Fon

the radial- field several neasonable values of C5 wene chosen and fon

each va.l-ue the coefficients C1 to C5 r.rene genenated by a least squanes

fit to the data using a polynomiaÌ negnession technique. The nesults

wene then companed to obtain the itbestrr value of C5. The judgement,

as to which, of two values of C5r gave the betten fit, \¡ras somewhat

subjective and involved a cornpanison between the ovenal-I shape of the

cunveo the maximum deviation of the calculated fiel-d fnom the measuned

fíeÌd, and the vafue of Z at which thís maximum occurs, the aver"age al-

gebraic ernor between the caLcul-ated fields and the measured fíeÌds,

and the average absol-ute enror" Fon the ventÍca.l- fiel-d A5 and A7

wer"e determined in a similan fashion.

An example of the fits obtained fon the nadiaf and ventical

field components arae shown in tables 3-l and 3-2 nespectively. In

these tables the nadial position is measuned with nespect to the centne

of the pole típs, nadius l-3.Scm. and the ventical- position with respect

to the median plane. A check on the validity of the fitting pnocedure

was obtained by pnedicting the ventíca.I and r"adial- fiel-d components

at vertical displacements diffenent fnom those at which measurements vtere

made. Figs. 3-3 and 3-4 compare the pnedicted fiel-ds at such displace-

ments fnon the median plane, with the measuned fieLds obtained at neigh-

bouning vafues of z" These curves confir,¡n that the fitting functions

genenate a fieLd pattenn consistent !ùith the measurements.



TABLE 3-1

Conparison of the predicted radial field ccnr
ponent rvitlr the oçerinental i¡alue"



Vertical- Position (cm) Measured field (kG) Estimated Field (kG) Pencent Enr-or

0. 00il
.456

1.409
1. 885
2.36r
2. 838
3. 346
3.727

(a) r = 17.2cm.

0.0
0. 347
0. 696
1. 030
I.347
1.614
t_. 845
2.0r2
2.2r4

(b) n = 16.2cm"

0.0
0.477
0. 968
1.445
1.893
2.262
2.562
2.744
2.967

0.0
0. 638
1.329
2. 043
2"766
3.391
3.831
e oo?
4. 182

Algebnaic Avenage Ernor =

0

0. 345
0.696
l_.029
1.334
l_. 602
1.830
2.022
2.r24

0.0
0.477
0. 969
1.437
r-. 867
2.244
2. 545
2.7 54
2.828

0.0
0.642
I.318
2.025
2.74r
3.370
3.798
3 "977
3. 966

0

¿ fìÂ

-. 09
_oa

n lr

-.84
+. 50

-4.l

- .7 59o

0
+0. 03
+ "08
- .58
-I. 40

- .78
- .65
+ .35
-4.7

.852o

0. 00
0.456
0. 933
1. 409
1.88s
2.36I
2. 838
3. 346
3.727

Algebnaic Avenage Er:non =

(c) n = 15.2cm.

0. 00
0. 456
rì OQQ

1.409
1. 885
2. 36J_

2. 838
3"346
3.727

0
+ .61
- .81
- .83
- .92
- .63
- .87
-l'Lq
-5. l-5

-l-"OL%oAlgebnaic Avenage Enron =



Vertical Position (cm)

0

.456

1. 409
l-. 885
2.36I
2. 838
3. 346
^ 

4^-J.tzt

U

. 456

" 933
I. 409
l-. B8s
2. 36I
2.838
ó" ó+Þ
3.727

n

.456

1. 409
l_. 885
2. 361_

3. 838
3 .346
3.727

Algebnaic Avenage Ennon =

(e) r'= l-3"8cm.

(d) n = 14.2cm.

0

,7l_8
1. 547
2.532
3.883
5. 678
6. 820
6. 4l-4
6. 047

0
Â7q

I. 467
2.428
3. 887
7.016
9.676
7.622
6. 630

Algebr"aic Average

(f)n=I3.2cm.

0
.571

l_.204
1.893
2.688
2. 949

Measuned field (kc) Estimated field (kG) Pencent Er:non

rl

"726
1 qql

2.5I7
3. 869

6.74r
6.454
s.726

0
.693

1. 524
2.435
3 "872
6. 881
9.400
7.896
6. 298

Ernon =

0
q7e

1.l-98
]- B74
¿. ooz
2. 885

Undefined"

+l_. 10
+ .40
- .58
- .96
-1. 46

-t_.16
+ "62
-5. 3Ì

-.759o

U

+2.2
+3.9
¿a

- .4
-l_. 9
-2 "8
+3.6
-5"0

-.QI9o

0

+ .36
- .67
- .99
- .97
-2.17

- "749oAlgebnaic Avenage Ennor =
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TABLE 3-2

Ccnparison of ttre predlcted r¡ertical field ccnr
ponent w-itt¡ ttre e4rerirrental value"



Ventical Position (cm)

-0. 0r
.47
.94

I.42
ron
2.05
¿.óI
2. 85
3. 36
3.74

-0. 0l-
.47
.94

I.42
r-. 90
2. 05
¿"ót
2. 85

3.74

-0.0L
.47
.94

L.42
l-"90
2. 05
2.37
2.8s
3. 36
3. 74

(a) n = 17.3cm.

2.70L
2.679
2. 6l_B

2. s23
2.389
2.323
2.227
2.0L6
r.827
l-. 663

(b) r = l-6.3cm.

3. 566
3. 537
3.447
3.302
3. 092
2.997
2.8r8
2.484
2. r-61
1.902

(c) r = 15.2cm.

4.765
4.739
4. 651_

4.469
4.157
4.014
3. 686
3. 062
2.454
2. 003

Algebraic Average Ennon =

Measuned Field (kG) Estimated Fie1d (kG) Per"cent Enror

Algebraic Avenage Ernor =

2.685
2.678
2"6l-9
2.52I
2. 385
2. 333
2.2I7
2.O27
1. 818
1. 666

3. 552
E R?E

3.450
3.302
3. 087
3.001
2.8I2
2.497
2.150
1. 900

4.746
4.737
4.649
4.468
4.154
4.015
3.683
3. 086
2"432
2"009

_ .61_

- .03
+ .04

- .15
+ .41
- .45
+ .56
- .52
+ .20

- .069o

- "39
- .05
+ .l-0
- .0

+ "14
- .22
+ .52
- .49
+ .19

- .049o

- .39
- .04
- .05
- .02
- .06
+ .02
-nq
+ .80
- "92+ "32

- .049oAlgebraic Avenage Enror =



Verticai- Position (cm) Measuned Fiel-d (kG) Estimated fiei-d (kG) Pencent Enro::

- oi
lt1

.94
I.42
I On

cô6
2 "37
2. 85
3. 36
3.74

-0. 0l_
u'7

.94
I.42
f.90
2"05
2,37
2"85
3. 36
3 "74

-0. 0l
.47
.94

L. +Z
1.90
2.05
2.37
2,85
3. 36
3.74

Algebnaic Avenage Enror =

(e) r = 13.7cm"

(d) n = l-4"2cm.

6 "269
6"282

6. 340
3.2r2
6. 067
5. 490
3. 750
2.253
l-. 453

7.037
7 "082
7,234
7. 540
8. 067
8"281
8. 543
3. 379
l_. 102
0.575

Algebraíc Avenage

(f)n=13.2cm.

7.72r
7 .783 '

8. 023
8"535
9. 596

10.198
L2"379

6.2+4
6.290
þ. ózJ
6. 330
6"213
6.063
5. 452
3. 843
2"I74
l_. 480

7.II4
7 "052
7 "254
7.435
7.944
B. 559
8. 376
3, s96
1.014
0,607

Ernon =

7.697
7 "778
8. 029
8. 535
9.584

t_0. 2l_0
12 "377

Undefined

- .39
+ .13
+ "15

+ .01

- .69
+2.48
-3.49
+l_.83

- . O79o

+l-. I0
- "+\t
+ .28
-l_.39
-r. 53
+3. 35
-1" 95
+6.43
-8. 00
+5.63

* ,32eo

- .32
- .06
+ .08

0

- .l-3
+ "I2
- "02

Algebraic Avenage Enror = - .059o



. FrG. 3-3

Ccngrarison of ttre predicted vertical field conçrcnent
witkr neasuremer¡t. Cunre A, Z=2.371:o.tt neasured; c,
Z-2.27qn., predicted¡ B, Z=2.05cm., measured; C, 7p
1.90cnr., neasured; y, 7çI.56qt.rpf.ediæedi D, Z=I.42,

flrgasureo.
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' FrG" 3-4

Ccnparison of ttre preducted radial field ctcltponent
w"ith meast¡renent. Cr:rve A, Z=2.36qn-, neasured;

a, 7;2.06cnr., Predicted;
13, Z=L.B9c¡n., neasuredì ß, '/FI"57Crn., predicted
C, 7pl.lJ.qr.., measur.edì ^(, ÞL.09cnr", predicted
D, Z=0.93crn", neasu:æflî 6, k .77qt", predicted
E, k "47s¡", neasured; €, 7= .2Lstt-, predicted
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THE STUDY OF THX SPECTROMETERIS PERFORMANCE

A de'Eailed study of the spectrometen has been canried out

using the magnetic field corresponding to a magnet current of 3004.

Since el-ect::ons emitted from the source are subject only to magnetic
I

interaction the equation of motion may be wr.itten î = tåË = q ? * Ë
1

(r-ationa-l-ized MKS units), whe::e m = mol(f -gz)-'is the relativistic

mass. Because of the cylindnical s5rmmetny it is convenient to wo::k

ín cylind::ical polar co-ondinates. Then

s'=ef+BÊTZ

and the equations of motionrin.component fonm, become

t
m(L._ o ð-)= q"ðn-

,("öïzio ¡= q¡ån*-ån_ )nz

m Z = _qn0Bo.

Using the Runge-Kutta technique (U) an" computen pnogramme

integrates the equations of motion numericallyo in consecutive and equal

incnements of timerfor electnons emitted in nandom dinections fnom a

point sounce.l-ocated on the median planer7.6mm. beyond the edge of the

pole tips, (the nonmal- position of the sounce in the expenimental wo:rk).

The el-ectr:ons are tnacked thnough an angulan distance of tSo around the

poJ-e tips. At the end of each itenation the position of the electron is

checked to deter'¡nine if it has col-l-ided with the pofe tips on the wa.l-.1-s



of the vacuum chamben. The t::ansmission of the instrument is then

defined to be the pencentage of emitted el-ectnons which are captuned

ínto stable orbits and dnift to .l-5o without suffening such coll-isions.

Since the electnons wilf have gone thnough sever"al periods of thein

ventical motion by 15o no appreciabl-e numben of el-ectnons ane lost

after. this point.

Although no comprehensive study of the detail-ed motíon of

the el-ectnons has been cannied out, we have, for a few caseso computed

the individual- onbits which the panticl-es fol-low" Figs. 3-5 and 3-6

show the computed motion of a 500 keV electnon emitted tangentially

to the poJ-e tips and at an angle of 15o to the median plane, from a

source l-ocated 7.6nun. beyond the edge of the poJ-e tips. These fig-

unes demonstnate the general nature of the motion. In these figures

the points indicated by xrs correspond in time. It wi.l-I be noted that

the period of the vertica.l osciflation is severa]- times langen than

the per:iod of the tnochoids.

To study the effect of finite detector anea the geometnicaf

panametens of the detectons used in the expenimental- wonk wene incl-ud-

ed in the prognamme. (The detectons are circul-an with the si wafer

mounted on a bnass cylinder 21mm. in dianeten and l2.7mm. deep' See

Fig. g-7.) E.l-ectrons were assumed to be detected only íf they stnuck

the fnont of the active anea of the detecto:: and cal-culations vlere

canried out for circulan active areas nanging fnon 100mm'2 to 35Omm'2'

For punposes of calculation the detector htas suPposedly centned on the

median o.Lane at the same radius as the sounce and focated l5o fnom the
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FIG" 3-5

Ccnputed rmtion of a 500 keV electron enLitted 15o ou.t.

of tl¡e rnedian plane slrcn,iing the trochoidal r¡ature of the
nu¡tion. ÍLre ¡rcints labelled I'X'' in Fig. 3-5 and Fig" 3-6
correspond i¡ tjJne"
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FIG. 3-g

ccrçuted nurtion of a 500 keV electron emitted l,5o out
of the redian plane shoøing the r¡ature of tlre vertical
n¡ction" ltre points labelled "X" in Fig. 3-5 and Fig.
3-6 correspond in ti¡ne"
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FIG. 3-7

Detector Cross-section"
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sounce. (ie. The face of the detector" is assumed to.l-ie along a

nadiaL plane 0=l-5o, whene the sounce is at 0=0. ) Electnons which

stnike the active anea of the detector may do so in two ways -

(f) They may stnike the face of the detector
as they cross the 0=150 plane fon the finst
time.

(2) They may cross the 0=150 plane without stnik-
ing the detecton and, because of the t::o-
choidal paths which they folJ-owo the el-ec-
trons may then reverse dinection and necnoss
the 0=l-5o plane without stniking the side of
the detector. Having done this such an elec-
tnon may then subsequently stnike the active
area as it again crosses the 0=150 plane' This
process is indicated in Fig. 3-8. 0f course
electrons whích stnike the side of the detec-
tor after having cnossed the 0=150 planeu (wittr-
out having stnuck the face of the detecton),
ane considerned to be ttlosttr.

Computen runs wene made at vanious elect¡-on energies ranging

fnom 100 keV to 1700 keV and for each enengy thr"ee different lruns þIelre

made using different sets of nandom directions of emission. Fon this

wor-k, a rninímum of 500 el-ectnons wene emitted fon each nun. The itena-

tíon time was varied from energy to energy, decneasing with incneasing

enengy, so that the minímum numben of iterations fo:: the efectnon to

dníft 15o was ¿ 2000. At the end of each itenation the rrspeedrr of the

electnon was calculated fnom the veloeity components which pnovided

an intennal check on the itenation procedune since the efectronr s speed

is a constant of the motion. It was found that the calculated speed

nemained constant thnoughout the motion to within 10.1%.

Fon each electron tnacked the pnognamme listed the following:
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' FrG" 3-8

An exanple of one rvay i.:o which an electron might
be incident on th¡e detector"
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(1) the initia.t conditions sueh as dinection of
emission, total veÌocity and the velocity
components;

(2) the fina-l- conditions, (including the neason
fon stopping)o such as time of flight, nad-
iaf and ventical- positions at time of stop-
ping, whether or: not the electnon has struck
the detector face on side and fo:: e.Iectrons
which strike the detecton face whethe:: it
struck the face on the finst pass across the
0=l-5o plane or on a subsequent pass;

(3) the mínimum and maximum radia] distance from
the centre of the magnet; and

(4) the maximum displacement from the median
olane.

For each set of elect::ons nun the programme also computed

the transmíssion and the pencentage numbe:: of electrons str iking the

active area.

The nesults of this anafysis ane summanized in Fígs" 3-9

and 3-10. The two sol-id fínes, A and B, shown in Fig' 3-9 ane the

calculated tnansmission, and the cal-culated percentage number of el-ec-

trons striking an active anea of 100mm2 as functions of energy' The

points joined by the dashed line, c, ane the measured full energy peak

detection efficiencies of the spectnometen using a circular detector

with a nominal active area of .l-00mm2. It shoul-d be noted that the

computed number of efectrons striking an active area is inherently lan-

gen than the full energy detection efficiency since, expenimentalJ'y,

not al.I e.l-ect::ons which hit the detectort s active area will- resu]-t in

a fu]l- enellgy output pulse. The open cincl-es' on curve B' are the

measured efficiencies of the spectrometen, using the same detecto:r as

for curve C, when all output pulses fnom zero to futl- energy are in-
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.FrG" 3-9

The energy dependence of the calculated transnission,
surve A, and tlre calsulated ¡:ercentage of electrons
detected by a 10ùmnz actj-ve area detector, ctm¡e B.
The o¡:en circles on surve B are tlre measured detection
efficiencies counting all pulses fron zero to full
energy using a Simtec detector w-ith a norninal area of

Cu¡¡¡e C is the neasured fu11 energy peak de-
tection efficienc¡¡ of the same detector.

100rffn2.
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, FrG" 3-10

Calculated ¡:ercentage of electrons striking tlre active
area, for various electron energies. Calculations were
carried out using three sets of 500 electrons, øn-itted
in random directions" Ttre poi:rts are the nean value and
the bars are the nean deviation. The solid lines are
visual fits to the points and indicate an a¡rproximately

linear relation.
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Frc" 3-11

The calculated distribution of electrons across
a radial plane O=constant for a set of 500 elec-
trons w'itl¡ a kinetic energy of 100 keV emitted

i¡ random directions.
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u.q

FIG" 3.T2
Ttre calculated dlstrf6ilEñ-of electrons across
a radial plane O=constar¡t for a set of 500 elec-
trons r,'¡itLr a ki¡etic energ¡f of 195 kev erni-tted

iJI rando¡n directions"
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FrG. 3-13

The calculated di-strij¡uti-on of electrons acrcss
a radial plane O=constant for a set of 500 elec-
trons witÌ¡ a kinetic energy of 500 keV ernitted

ix randcnr diresbions.
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Frc" 3-14

The calculated distributi-on of electrons across
a radial plane O=constant for a set of 500 elec-
trons with a kinetic energ'y of 1000 keV eruitted

in randcrn di-rections.
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cluded. It was found that the contribution to the computed detection

efficiency from electrons which miss the detecton on the finst pass'

was small- ( Sf 5% ) .

Fig. 3-l-0 shows the nelation between the active area and the

computed number of efectnons stniking it fon vanious electnon energies.

For a given energy, the nurnber of electnons stniking the active area

within the range considered, is appnoximately Iíneanly related to the

anea. These Iines do not pass thr"ough the origin because the el-ect::on

density across a verticaf section of the annufar chamber is non-unífonm.

(It is l-arsest in the median nlane at the same nadíal distance as the

sounce. ) The comÞuted dístrÍbution of efectrons acl?oss the 0=f5o,

for random <iinections of emission, is índicated for a few energies by

Fiss. 3-11 - 3-I4.

In addition to the above calcufations the t'ime of fj-ight

for" nandomly emitted. el-ectrons to d::ift l35o around the pole tips was

cal-cul-ated for vanious energies. (In the experirnenta.l wonk the source

and detectons were separated ly fSSo). The results of these calcul-a-

tions are shown in Fig. 3-l-5. Each point represents the ave::age time

fon 20 electnons. The bans are the R.M.S. deviations. Malmfons(2) t."

derived the fol-lowing expression for the tíme of flight:

T(o) =

0n
o

Rv'^0e -o- o' E+l
=-oæmc¿ n -/1+E\r,\n_r

t
,f+n(n-2) zt' . ---\.T7+)

o

(l)
orr_rt
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. FrG. 3-15

Calcu1atæd time for electrons to drift 1350 around
the pole tips frcrn the source versus the el-ectron
;tEr. rtie poínts are the meã:ffiie fot 20 elec-
tronf of a giiren energy srLitted j¡l random directions
and the bars are tfre n"U"S. deviaLi-on" The solid

line is tlre theoretical prediction'
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where r is the sounce position in cm., E the electron enengy ín
^-

units of rnc2, z, the amplitude of verticaf oscillation and whene the

median plane fiel-d is given'by B = Bo(+)n. The sol-id line in Fig.

3-15 is the pnediction of equation (l-) for el-ect::ons emitted in the

median plane, (z¡=0), using the parameters n=3'59, 8o=6'27 kG and

no=I4.3 cm., which panameters collresPond to the median plane of the

present instrument fon a cunnent of 3004. The agreement of the pne-

sent cal-cufations with the p::edictions of equation (t) is gratifying since
( 2l

Malmfons t"' has expenimentatly venified (t) fo:: the case n=%.
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CHAPTER 4

EXPERIMENTAL PROPERTIES OF THE SPECTROMETER

rrNo! No! Sentence first - vendict aftenwards.rt

....Lewis Can:ro1f

INTRODUCTION

Figure 4-l- shows an el-ectron spectrum fo:: the 570 keV

tnansition in 207pb obtained with the spectrometer. Hene the peak

detection efficiency is 23eo at a nesolution of 5 keV FI'IHM; ie: the

percentage of K-conversion el-ectrons emitted fnom the sourlce which

appear in the ful.l- enengy peak in the detector i,s 239o. A límit to

the resolutÍon is of counse set by the intninsic resolution of the

detector, which, acconding to the manufactuner, is 4 keV. The re-

mainden is due to el-ectnonics. A numben of dÍfficulties had to be

ovencome to obtain nesults of this quality. In this ehapter. these

pnoblems a::e discussed togethen with the calibnation of the spectno-

meter: and the genenal operating pnocedunes.

APPARATUS AND EXPERÏMENTAL ARRANGEMENT

The standand anrangement of the soullce and detectons is

shown in Fig. 4-2. The detectons are cincul-ar- Simtec detectons with

a nominal- active area of 100mm2 and'ane located l-35o around the pofe

tips from the source as shown in Fig. 4-2" The detectons a:ne mounted

on liquid nitrogen cooled copper heat sinks and can be precisely posi-
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FIG" 4-l-

Electron spectnm of 207ei obtained using the spectrcnreter.
The source was prepared by subliming onto gold plated V.Y.N"S"

resl_n"



lo,o

J
l¡J
z.z
To
fr
t¡l
À
(n
Þ-z
:)oo

lt
il

il

FwHM =5.okeV IIrÌYn'v'|-"'"\i 

i"
lt
ili\

r**"*t****. * / t**

5,OOO

57O keV K

o
300

6

{l

ilil
x2.5 j!rlI'I lszo keV M

i {"¡; 
""' 'v'

J U\
øæ.ñcw"k"-d"@ 

t 
Çg*.

57O keV L

CHANNEL NUMBER 400



ETG" 4-2

Plane vie,¡ of ÍEgnet strcx,,ring the location of ttre
detectors ard source"
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tioned radially by means of a threaded stan wheel. The details of

the detector mount ane shown in Fig. 4-3. The detecton outputs a::e

f ed to Canbep¿r l-408C pre-amps focated outside the vacuum chamber '

The detecto::s and pre-amps are sePanated by approximately 18tr of co-

axial- cable which together wíth connectons nesults in an input capaci-

tance of aPPnoximatelY 25PF.

sources are placed ínto the maÍn vacuum thr"ough an interlock

shown in Fig. 4-4. The interfock is fitted with an auxillary 2rt oif

diffusion pump which is trapped by liquid nitrogen to neduce contamination

of the main vacuum. The sounce fname is mounted on the end of a 'l-'5r'

O.D. a]uminum rod which passes into the vacuum thnough a double t¡o-ringtt

sliding seal. The al-uminum nod is dniven by a th:readed star wheel' 20

turns to the inch, and can be positioned nadially with an accur'acy of

+.001-il. The cotd finger- shown in Fig. 4-2, besides increasing the

pumping speed, helps to neduce contamination of the main vacuum by va-

pourss intnoduced thnough the sounce intenl-ock'

The main vacuum is pumped by a 4" C.V.C. oil diffusion pump

(type MCF-300) with an unbaffled punping speed of 300 L'/sec. To reduce

the amount of oil backstneaming the diffusion pump is fitted with an

optically dense baffl-e and a liquid nitrogen cold tnap as shown in Fig'

4-5. The diffusion pump is backed by a Balzerts Duos mechanical pump'
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FIG. 4-3

The detector assenblY"
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source interlock"
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FIG" 4-5

The arrangsnent of the baffl-e and liguid nitrogen
cold trap used to reduce oj-l back-strearni-ng from

the diffusion Purqr.
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SOME PROBLEMS RELATEÐ TO L]NE SHAPE

In this spectnometer energy degradation of the elect:rons

may occur both at the source and at the detector. Because the efec-

tnons are foll-owing cunved paths the effective thickness of any mat-

erial through which they pass is magnified many times and the pnoblem

of energy degr"adation tends to be more ser"ious than in conventional

spectroscopy.

Energy degradation at the detector is caused by the intnin-

sic dead layer, which according to the manufacturer is <0.2 micron, and

by any layen of vapour which has condensed on the face of the detecton'

Increased broadening of electr"on l-ines has been observed foll-owing ne-

peated use of the source interlock and this broadening has been att::ibu-

ted to just such condensation. The::efore, the detectons, which have a

washabfe entny window we::e periodically nemoved and cl-eaned with afcohol'

The fol.l-owing pump-down procedure has been found to be satis-

factory in neducing the amount of vapour condensation:

(t) With a given source in posítion the system is
pumped on for sevenal houns, without cooling
the cold tnap or the cold fingen,reducing the
pressure to appnoximately 5xl0 omm Hg'

(2) The cold tnap in the pumping line is cooled
and the systern is pumped fon a further peniod
of aPProximateJ-Y 6 houns.

(3) The col-d finger over the pole tips is then cool-
ed and aften an additional period of 8-l-2 hours
the p::essure is neduced to appnoxirnately J-0 t

mm Hg'

(4) The detectors are then cooled.

Following this pnocess the spectnometer coufd be oper^ated fon

several weeks, with a given source in position, without appreciabl-e de-

terioration of the fine shaPe.
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The t::ochoida]. orbits which the efectrons foffow pnesent

certain pnoblems, re.lated to source mounting, which ane peculiar to

thís type of instrument. In conventionaf s-spectnoscoPy only those

electr:ons emitted in the ttfo::wand dinectiontt are detected and one is

concenned only with back-scattering. In a trochoidal spectrometen

electrons which are emitted in the ttbackwa::d dir"ectionr and pass

thnough the sou::ce and sounce mountíng may also neach the detecto::'

In addition' many e.l-ect:rons, in thein first few turns' pass through

the sour:ce backings sevenal times. Besides these problems, nelated

to source thickness, the sounce frame which supports the backing must

have a sufficíently large rtopen areaf' to pnevent loss of elect¡ons

thnough colfisions with the fname'

Thnee combinations of sounce mateniaf and backing have given

good. electron fine shapes over the energy range 100-1800 keV' These

were:

(1) i:;l;:,î":::îii ä::iî:Ë îii:-i::: fåã'iË,"*",

(2) Active material sublímed onto a narrow strip
(-.1-25tt wide), of 180¡.rg/cmz afuminum foil, and

(3) A drop of active material evaporated onto gold
plated V.Y.N.S. resin.

Anexampleofthelineshapeobtainedusingthislattercom-

bination is shown in Fig. 4-6. This spectlrum shows the K and the L+M

convension peaks of the 166 keV tnansition of 139La. By comparison, the

sÞectrum of Fig. 4-.1- was acquined using a sublimed sou::ce'
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Electron spectn-un o¡ l39gs obtained using thre spectrcfr€ter.
TLre source v/as prepared by evaporatiJlg a drop of active
naterial onto V"Y.N.S. resin. The K-conrrersion electron

energy is 127 keV.
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The source frame used i-n the spectroneter"
Also shcnrn is tL¡e ah-rni¡¡-rn nask used to de-

fine the locaLion of the source'
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The sou:rces were a.Ll- mounted on the type of sounce frame

which is shown in Fig. 4-7 together. with the sublimation mask used

to define the source l-ocation duríng source pnepanation. This mask

!¡as .l_00tt thick with a central hol-e .079rr in diameter. The mask

was machined to fit inside the source fname leaving a c.l-eanance of

.025r' between the backing and mask. When subl-iming onto V.Y.N.S.

nesin the::e is a tendency fon the fil-m to be pul1ed down onto the

mask duning the initial noughing down of the subl-imation chamben.

To prevent this, holes wene dnifl-ed thnough the side of the source

fname to atign with channels cut into the mask so that the vofume bet-

ween the mask and fifm was not pumped on so1eJ-y thr:ough the central-

hol-e. (see Fig. 4-7). The drop sources were made using a glass

needle having a bore of app::oximately 0.Smm diameten. The dnop was

centnally located on the V.Y.N.S. backing by placing the source frame

over a sublimation mask and using the maskrs central hol-e for: align-

ment. It was impossible to precisely control- the size of dnop sounces

but genenally they r.¡ene -2-3mm. in diameten.

The dr:op sources are easiest to pnepane and can be used

when the source matenial is carnien fnee on of high specífic activíty

but when the sounce material is of low specific activity it is neces-

sary to prepare the sounces by subliming. 0f coulrse" the elect:ron

l_ine shape is the true test whethen a given source is good on not.
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CALIBRATING THE SPECTROMETER

Thefu]-]-energypeakdetectionefficiencyoftheSpectro-

meter has been measuned over the energy range l-00 - l-800 kev using

conversion el-ectnons f::om known sources. Table 4-I is a surnrnary of
(5 Â)

the sources used in this v¡onk' rJ¡u'r The efectnon counts in the ful-I

energy peak were determined using a stnaight l-ine background subtrac-

tion. The absolute strength of these sources was found by counting

the y-:rays on an external ee(Li) detector which had been independently

cal_ibnated using standardized I.A.E.A. sources. (see Fig. 4-8)' The

e.Iectnon emission nate was then determined fnom the known conver"sion

coefficients "

Thehighestdetectionefficiencywasobtainedwiththesource

anddetectoncentenedonthemedianplane.300''(7.6mm)beyondthe

poletipedgeanda].Imeasurementsl¡ierecarriedoutusíngthisconfigu-

nation. The strength of the magnetic fie.l-d also affects the peak de-

tection efficiency. It was found that the efficiency did not Íncrease

for cunnents greaten than 300A but that the peak shape gradually degen-

enated as the cunnent was incl:eased. Below 3004 the efficiency slowly

decreased with the dec::easing field without signifícant impnovement

in the peak shape. It was decided, therefone' to calibnate and oper-

ate the spectrometer at a cunnent setting of 3004'

Asitwasfoundoexperimental.ly,thattheefficiencywasde_

pendent on the detecton used' the spectnometer was ca]-ibrated fo:: both

detectors.ThisiseasiJ-ydonebypositioningbothdetectonsasshown
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TABLE 4-I

ltre caliJrration souroes used in detennining
the efficienry of the spectrcneter.



Sourc6r
l4içs
I 39çu

2031po__Þ

19 8¡.,,

I l3gtt

207F,í

20591

I 379=

5 8co

207Bi

6Szn

6 oco

6 oco

2079i

20 591

EJ
1l+5kev

166tev

279keY

htetev

392keV

5?OkeV

703keV

66zuev

Stttcev

rO6l+t<ev

1115keV

1173keV

1333keV

1770keV

1903keV

TABTE 4-1

Electron E:erqf
103 keV

127 keV

191+ kev

329 keV

361+ tcev

l+82 lçev

6t5 t<ev

6eh tev
Bo3 rev

976 kev

1106 kev

tr65 kev

1325 keV

t68e rev
1815 kev

Conversion Coefficient
oK= 3.?9 x 1O-1

*K= 2.11+ x 1O-'

tra= t'63 * lo-t
oK= 3'02 x Lo-2

"*= 
f*.38 x 1O-f

oK= 1.55 x 10 -
r"= t.O5 x 1O-2

"; 8.91+ x 1o-2

oT= 3.32 x 1O-*

oK= 9.60 * to-2
-lroT= 1'85 x to

*T= 1'65 * ro-4

oT= 1'26 x lr}--

57o-K/IT'(o-K=gr-2/1
oK= 6'65 * ro-h



Âq

FTG" 4-8

Efficienq¿ caliJcration of ttre C'e (Li) detector
used in calibrating tlre present spectrcrneter.
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in Fig. 4-2. Reversing the fiel-d polanity reverses the dinection of

el-ectron dnift so that both sides of the sPectrometer may be cafibra-

ted, in succession, at a given energy, with tlle same source of conver-

sion efectnons. The fact that the source was on one side of the back-

ing fon one detecton and on the othen side fon the second made no diff-

enence to the line shaPe.

Fon each nucfíde used in cal-ibration' at feast two independ-

ently pnepared sources I^Ielle used to check the repnoducibility of the

measurements, The cal-ibnation cul:ves fon the two detectons ar:e shown

in Fig. 4-9. The upper curve, for detecton A, is the avenage of effi-

ciencies obtained using 4 sources, 2 sublimed and 2 dropped, while the

lower curve has been obtained using drop sources only. The erron in

the measurements has been estimated at 10%" Both curves were obtain-

ed with the detectors I35o around the pole tips fnom the sounce' It

wil-I be noted that the two detectons have considerably different

efficiencies, and this effect is believed caused by different active

aneas. The efficÍency of the spectnometen, using detector B, has been

compared to the theoneticaL calculations in Fig. 3-9" For this com-

par"ison a]l pulses fnom zero to fulI energy wene included. AIso shown

is the cornesponding full ene?gy peak detection efficiencies.

The counting nates fon the 570 kev and l-064 K electrons fnom

Zf¡?gi$¡ere found to be the same with the detector at 45o, 1350 and l-80o

fnon the source, indieating that the efficiency is independent of the

angu]an separation between the sounce and detector as expected'
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FTG. 4-9

I4easr:red ful1 energy peak detection efficiencry of
the spectrcnreter versus electron energy for two.Sim-
tec detectors botñTi-t}l a nqninal area of l0ùrrnz"
Ttre solid lines joining the points are visual fits

to tle data"
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Severaf problems arose in calibrating the instnument and

it Ís instr.uctive to considen these since símifan pnoblems may be

encountered in many exPerimental situations. Eanly wonk with subfim-

ed sources yielded inconsistent results which were eventuatly traced

to difficul-ties in subliming. At the sub.l-imation tempenatune the

pressure within the sublimation chamben rises as the materiaf l-eaves

the boat causing diffusion of the radioactive material throughout the

chamber. Some of the activity subsequently settles on the source frame

and backing nesulting in a uniform layer of background actívity as

wefl- as the centra.L sout-ce spot. When one measur'es the y-nay counting

ratee (fnom which the electron emission nate is cafcufated), the Ge(Li)

detector nesponds to this background activity whereas the spectrometer

only responds to electrons emitted fnom the centr"al negion' Thus the

appanent efficiency is small-en than its true value. To conrect this

problem, the y-spectra of sublimed sources wene subsequently acquired

using a tead shield, as shown in Fig. 4-l-0, to elÍminate contributions

fnom the backgnound activity. The use of the lead shield ::educed the

y-counting by appnoximately a factor of 2. since the surface area of

the soulce frame is more than a factor of 1000 greater than the anea of the

central spot it can be infer"red that the density of the diffused back-

ground activity is < 0.Ieo of the density of the central source spot"

Anothen type of pnoblem was encountered with Hg and Sn souraces"

In the hígh vacuum the active materiaf sublimed into the vapour state and
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An3angement of the lead shielding used in
neasuring the .¡-ray cor:nting rate of the

caUJcration sources"
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Ieft the backing. Thus these sources were usefess as calibnation

stanclards. M. ,J. Curty(7) n"" also observed this phenomena and

hesuccessfultyeliminatedtheproblembyencasingthesour:cein

v.Y.N.S. nesin but this was not attempted in the present wonk'

The most interesting pnoblem met in genenating the cali-

bration curves arose with I4tC", l9BAu' and 6oco. tet us con-

sider 60Co. The original- fuIl enengy peak detection efficiencies'

at eLectron energies of rl-66 and 1823 keV, obtained using 60co, *"ru

in marked disagreement with the curves shown in Fig' 4-9' Fon

example, with detector A, 60Co yielded an efficiency -6eo at 1166 keV

wheneas 65Zn ga.re an efficiency -99o fon the conversion line at 1106

kev. This discrepancy was caused by the fact that 60co is a ß-

emitter. (rr"* = 315 keV) The decay scheme gives a ß feed to the

2505 keV leve1 of 60Ni which de-excites by two tnansitions of 1173

and 1332 keV in cascade. If the conversion electron of the 1173 kev

transition is detected then there is a high probability, (-30% for

detecton A), that the associated ß- wil-I also be detected, becatrse

of the high efficiency of the spectrometen. since the amplifien time

constants ane long, (4us), the system will apparently see a single

particle with an enengy 1166 keV+Eu-. such conversion electrons wilf

not be included in the fu.II energy peak and the apparent efficiency

will be ]ower than its tnue value' Fon the 1173 keV transition of

60Co an ernpirical co*ection facton for this effect was determined by

companing the appanent efficieney with the value obtained by extrapolat-

íng the efficiency cunve from l-106 kev (652n). Fon detecton A this
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factor cornesPonds to a loss of 329o of the conversion electnons'

This conr.ection also applies to the 1333 keV transition in 60Co

which gives another poínt on the efficiency curve. It was found

that the ratio of the conrection factors fon the two detectons I^Ias

just the natio of the detectíon effíciencies (in the enengy negion

100-300 keV). Since gu141, and 6n198 are al-so g emitte::s

these sources wiLl- also give apparent efficiencies which are low'

but no dinect method of obtaíning a conrection factor fon these

souï,ces was avail-able and thenefore they were not used in detenmin-

ing the calibnation cunves.

It should be noted that this effect is distinct from nandom

summing of pulses in the amplifien and will be present in many experi-

mentaf measur:ements when tnansitions yieJ-d two rrsimultaneous electnonsrr'

Two conversion electnons fi:om transitions in cascade can aPPear rrsimul-

taneouslytt in the detecton and give a false peak and neduced intensity

of the tnue peak. such a false peak, obtaíned by the sunming of the

570-K andl064-Kelectrons of 207p6, is shown in Fig. 4-l-1. The reduc-

tion in the true peak intensity is unirnportant in case of gi207 (and

60Co) since a 5 .0I but it could be very impontant for transitions which

are highly converted.
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FrG" 4-11

of a 2078i electron s¡:ectnrn shornring
the 570-K plus 1064-K strn Peak.
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CHAPTER 5

ON PAIR PRODUCTION

rrlt is quite a three-pipe problem.rr

Shenlock Hol-mes

SOME THEORETICAL CONS]DEMTIONS

For a nuc.lear tnansition with E >2m c2 one method of de-Yo
excitation is the direct cneation of an el-ectnon-positnon pair.

This method of de-excitation competes with both y-emission and the

ejection of a convension efectnon. The paír is emitted with a totaf

kinetic energy T=E-.-2m^c2. The energy spectnum of both panticles
Yo

is a continuum ranging fnom 0 to T but such that fo:: any given pair

event T_ + T = T" whene T. is the kinetic energy of the positr"on+-'+
and T_ is the kinetic enelrgy of the electnon. The el-ect:ron and posi-

tnon directions of emission are cor.nelated, with both panticl-es tend-

ing to come off in the same dinection. The connefation is dependent

on both the nultipoJ-anity and energy of the transition.

N umenous worke::s 
(B'9'f0) 

hurr" studied this pnobl-em theone-

tically fon El- and E2 tnansitions, Ro=u 
(ff'f2) h." considered the

problem of arbitna::y muÌtipole orden of the el-ectnic and magnetic

nadiation field in the Bonn appr.oximation. Using finst or"de:: time

dependent pertur:bation theory he finds that fon e.l-ectníc 2L multipoles

ys(e ) = {za/n(L+l) }(p+p -/q)(q/Ðzr'-L(k2-q2)-2 x

I zl+r ) ( w+w-+r{ p+p-cos o \+ t (q2 /u2-2 ) Cw+w--rtp..p-cos0 )

+ {<l-rlp+p-{(31q2)(p-+p+coso)Cp.,.+p-coso) - coso}] . .. (]a)
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and for magnetic 29 multipoles

)0+t ^ ^ -2ys(e) = (2u/n )(p+p-lq) (q/k)"''(kz-q¿ ) x

{:-+w+w--(p+p-/q2)(p,.+p-cosO)(p1+p-Cos0)} . ....(2a)

whene yg(0) is the numben of pains per quantum per unit positnon energy,

per /dCos0/, with positnon enerlgy w..,. and positnon and electnon emitted

at an angle 0 r^rith nespect to one anothen. Here W+ is the total- pantícle

enengy, including nest mass energy, pt is the panticJ-e momentum, cr is

the fine stnucture constant, k = tnansition energy ana q=p.'+p'-. The sys-

tem of units is such that h = I = m = c.

Since the pnesent instrument cannot be used to measu::e the

angulan corr.el-atíon let us, fon the time being, ignone this aspect of the

pnoblem. Then, to obtain the total- number of pains emitted with a posí-

tron enengy w+, per quantum, per unit energye we integnate with r"espect

to 0. Then

which gives

ro(wo) = {a/r¡(t+l-)k3 x {(p./2)t2,.lu*,

+ ( 2.cw*w- -(7 e,+r) /4)\+(3/ 2e,(*f+*3 )+.Q,+l-+w*w- )tn_r_

't^
- fr-r)(w+-w_),t n_r] . .. ". (l)

ru(w* , = fo" u(o )sinodo



fon e.Iectric mul-tipol-es and

fu(w1)=(o/nk3){(t+w*w-)t u-{x2/+)(Ju*r-x1x2Ju-r)}'.'..(2)

fon magnetic multipoles, whene

)<z
Jn = [ *0(t-o)-td* , xl= (p+-p- )2 /rz, and

o lx,

*z =(p**p -)z/Xz. J¿ can be neadily evaluated using the

recurnence relatíon

J p.*2'2J s*ttJs = {*!nl-*19'+r)/(f'+r)

and the resu.lts J0=p+p- , Jt=P+P-4fn{(l+w*w-+pnp-)/k}

It should be noted that equatíon (t), fo:r el-ectríc multipoles,

diffens fnom the original nesult given by Rose 
(11). 

The above result

was obtained by integ::ating equation (la)" The correction had, howeven,

already been pointed out by Rose 
(12) 

.

The Bonn appnoximation ignones the effect of the nucl-ear

charge and is thenefone corr:ect only for Z=0. Eon Z>0, Rose has argued

that, although it gives the w:rong enelrgy distribution, the Bonn appnoxi-

mation should give a good estimate of the totaf pair fornmation coeffi-

cient, sínce the effect of the nucfean charge is to suPPress the numbe::

of fow enengy positrons and enhance the numben of high energy ones and

on integnating oven the energy distnibution these two effects largely

cancel. An idea of the erï'o13 invol-ved is given by companing the Born

appnoximatÍon nesults $¡ith the nesults of rrexacttr cafcufations carr"ied

out using Coulomb wave functionq. .Iaege:: and Hufme 
(t) h-',r. canried



out such calculations for El and E2 transitions, fon Z=84, and

the diffenence between the two calculations, fo:r k -3-5, is -20eo.

llô)
RecentJ-y Lomband et al- t-"' have carried out similar cafculations

fo:: El, E2 and Mf transitions for various values of Z ranging from

Z:34 to Z=82. Their r.esul-ts indicate that for El- and E2 transitions

the Born approximation resufts are conr:ect to -209o but foi: Ml- tnans-

itions the nesul-ts of the two calcufations are consÍderably different "

For example, fon Z=82 and k=3.45 (fZOS keV) the Born appnoxímation

cal-cufations give a paír formation coefficientr drr=}.5x10-a whereas

-l+the rrexactrt cafcu.Iation gives un=2.7x10--, for an Ml- transition' Thus

the Bonn appnoximation seems to be reasonab.l-y accurate for El and E2

tnansitions but fon Ml tnansitions it is not satisfactory.

Since the Bor:n approximation is gene::alized to arbitr:ary

muJ-tipole onden it is desinable to be abfe to take into account nu-

clear change effects using a conrection terrn so that

I^(w*) - 1(E tr 7l t' .^**(wa).& , - vg\!+tÐ-'4t '.crBonn'"t'-

lisl
Ho::ton and Phibbs \to'h".t. angued that fon a]]- el-ectric and magnetic

multipoles the enel?gy distnibution may be approximated by

¡ r,., \ = {(2nv..,r-)(Znv- )/l*znv+-t]lt-n-2"u-l } t, o^--(**)I[\w+,, - L\¿rrv+t\attw-tl L'

whene v! = aZ/ßL, B=v/c. Wilson 
(35), in hís review anticle on in-

tennal pair pnoduction states that the above expression gives the con-

nect shape for the enengy distnibution but is incomectly nonmalízed.

This was afso found to be the case in the pnesent study. For example

for Z=82" k=3.45 the above expression gives an El- pair production
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coefficient" ü = .l-.1 x l-0-4 whereas the rrexactrt cal-culation of' 'tl

- (lo) ^ 4 -tr
Lombard et af'-" give" orr= 3'3 x l0 Thus the conr:ection fac-

ton denived by Horton and Phibbs can only be used to conrect the

shape of Born approximation ener"gy distnibution.

Since the cor^rection factor 2rv/(l--gtu) is just the non-

relativistic Fenmi function, which a¡ises Ín ß-decaY¡ vie also per'-

fonmed calcul-ations using the nelativistic Fe::mi functions. In al-f

cases which we exarnined the cafcul-ated shape of the positnon sPec-

trum r^ras essentially the same.

No systematic theoneticaf study of pair production has been per-

formed in the pnesent wor"k since the Bonn approximation calcu.l-ations

- (11) (rol
of Rose ttt'and the ca.Icul-ations oT LomDaro " neveaf the genenal

natune of the pair" fonmation coefficient on the enengy and multipolan-

ity of the transition j.nvol-ved. Rather we have ca.Icul-ated'in the Bor"n

appnoximation, the totaf pair fonmation coefficients and the change-

cornected enengy distnibutions fon particular cases to compar-e with

expeniment. Fon completeness it may be noted that the probability

of pair formation incneases with incneasing enelrgy' as expected, but

decreases with multipote onder-. This l-atten effect contrasts with the

behaviour of the intennal convension coefficient whích increases with

muttipote order.. As well, the paír forTnation coefficient fo:r the 29

eLectric multipole is general-Ìy langer than for the 2" magnetíc transi-

tion.

The shape dependence of the ene?gy distribution on multipole

onden, in the Born appnoximation, and the effect of the nuclean charge
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correction term is demonst::ated in Figs. 5-l- to 5-4. The shape

of the energy distnibution is insensítive to the multipolanity

of the transition and is therefolre a poor: method of determining

the natune of the trnansition. The effect of the nuc.Iear change

on the enengy distribution has been calcufated using the coruec-

(rs¡
tion tenm of Honton and Phibbs

A comparison between the theoreticaf :results and experi-

ment will be de.Iaved until- a discussion of the particul-an experi-

ment involved.



FIG. 5-1

Sarç1e positron energy distrjJcution calcul-ated
in the Born approximation for 81, E2 and E3

trar¡sitions.



f (
T

*)
A

R
B

IT
R

A
R

Y
 U

N
ffS

T o U
> ã æ o æ
. ð å. m J m æ
.

rn 7 C
)

rn *{
IE fm 6) ("
Ñ



80.

FIG" 5-2

Sanple posit-ron energy distrjJcution calculated
in the Born approxirnation for Ml, M2 and 143

trar¡sitions"
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FIG" 5-3

Ccnparison of tÌre shape of the positron specb
tnm for Z=0 artd.7F38"
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FIG. 5-4

Ccnparison of the shape of
trr¡n for Z^0 and Z=82.

ttre positron spec-
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USE OF THE PRESENT SPECTROMETER TO STUDY PAIR PRODUCTION

The tnochoídal ß-nay spectnometen is wel-l- suited to study-

ing the pnoblem of intennal pair production fon two neasons. (1)

Tt wil-l- be necal--l-ed that one side of the spectr-ometen responds only

to positnons and the othen only to electnons. A.l-though the positr-on

and e.l-ectraon energy distr:ibutions are continuous, fon any given pair

event the energies of the two panticles add to a constant. Thereforen

if both particfes nesult in fu.l-l enelgy pulses in thei:: nespective de-

tectors the summed output of the two detectons will be a mono-ene::getic

peak. This can be used to gate eithen the positron side on the elec-

tnon síde to study the indivídual- continua in the presence of background

nadiation such as positrons fron ß+ decay or other- transitions pnoduc-

ing intennal pains, on electnons fi:om ß decay oi: intennal- eonve::sion

processes . e) The efficiencies of both sides is high, -rO-f, and

-9thenefone the pain detection efficiency is high, -10 -.

Let us considen the pair detection efficiency of the spectno-

meter. € . which we define to be the pencentage of emitted pains which
' 'fi-

contribute to the ful-l- enengy rrsumrr peak; ie. Both the positron and

electnon ane detected and deliver theín ful.I enengy to the two detec-

tors so the summed output of the two sides contr:ibutes to the fufl

energy pair peak. The pain detection efficiency depends on the detec-

tion efficiencies fon the positnon and electron, the enengy distnibu-

tion of the positnon continuum, the angulan cornelation between the

directions of emission of the positnon and electnon, and the time of

flight fon the positnon and etectron to dnift fnom the source to the
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detectors. Let us, for: the moment, neglect this last

Then

propenty"

(:T -
rF-n

1-

N

whene €, ^( t ) = the fu.lf energy peak detection efficiency
Lz of sides f and 2 at an el-ectnon ener:gy T'

N(T+)dT+ = the number of pains fon which the posÍfi:on
kinetic enengy is T* 

T

N = the total numben of pairs emítted, = Jt'iir*)at*

and C(T+) is some functíon which neflects the angulan cornelation.

C(T+) depends, in genenal, on two things, (f) The strength

of the angulan conr"elation and (2) the effect of the tnochoidal

motion on the angular co:rrefation. If the anguJ-ar conrel-ation bet-

ween the two particles is isotnopic then both panticles can be con-

sidened to be ernitted in ¡'andom dinections and C(T) = l-. ie. The

pain detection efficiency is just the pnoduct of the efficiencies

of the two sides of the spectnometen. In fact' as we shafl now dis-

cuSS, the tnochoidal onbits which the par:ticles follow trmasktt an5l

angular connelatíon so i¡Ie can consider the positnon and efectnon to

be ernítted in random dinections with nespect to one anothen and

c(T)ã1.

since the natu:re of the angulan connel-ation is such that

the positnon and electnon tend to come off in the same dinection let

us consídelt a case fon which the angulan corllelation is Itcompleterr,
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ie. the two particles are always emitted in the same dinection and

Iet T*=1'_. Furthe:: let us assume that the two detectors are iden-

tical. Let the pairrs dinection of emission be defíned by (0,Ó) where

g defines the vertical angle whích the pain makes with the median

plane and 0 defines the angle which the pair makes with the radial

fine on which the sounce is focated. see Fig. 5-5. Thus Ö=0o for

pains emítted in the median plane and O=+90o fo" pairs emítted

stnaight up towards the pole tips; 0=0o fon pains emitted straight

out from the magnet centre and 0=900 fon pains emitted tangential

to the pole tips. Tf 0=0oo or 0=I80o, independent of $, then the

motion of the positnon is the minr-on image of the motion of the efec-

tnon and thenefo:re if the el-ectron is detected the positron must be

detected and if the electnon is not detected the positron is not de-

tected. If, howeven, e\oo on t8oo thís is not the case. Fon a posi-

tnon emitted on an angle (erO) the t'equivalentt' direction of emission

fon an electnon ís (-0,ö) ie. fon a pain emitted on an angle (e'0) the

efectnonts motion ís the minnor írnage of the motion of a positnon emit-

ted at (-or0)" Thus if the efectron is detected the positnon may not

be detected and vice-vensa.

To demonstnate the imptications of this a computen study, for

rhe ease T.=T =500 keV; was cannied oute using the pl?ogramme descnibed-+ --

in Chapten 3. If the angular coruefation is |tmaskedttby the subse-

quent motion of the two panticles the pair: efficiency wil-l be the same

as if the angular connelation was isotnopic j..e. The pair detection

efficiency wilJ- just be the product of the detection efficiencies of

the two sides. Five hundred el-ectron-positnon pairs wene emitted, in
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FIG. 5-5

Illustration of the angle used to define the
direction of pair enrission.
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random directions but with the electnon and positron comíng off in

the same direction, from a poínt source cent¡ed on the median plane

.300" (7.6mm) beyond the edge of the poJ-e tips. The el-ectnon and posi-

tnon were tracked l5o anound the pole tips and if both particles struck

the active area of their nespective detectors a pair: was assumed to be

detected. The calculations wene cannied out fon active areas of 100mm2'

From Chapten 3 the calculated pencentage of electrons stniking an active

anea of l-00mm2 is 22.5eo at 500 kev. ft was found that the cal-culated

pair: detection efficiency was 5.o%, which is just the pr"oduct of the

efficiencíes of the two sides of the spectnometer' assuming identicaf

detecto:rs. Thus the angulan correlation is completely rnasked and

C( T)=f .

The above cal-cu.Iation r¡ras canried out assuming that the posi-

tron and el-ectnon had the .same enengy, that they wene emitted in the

same dinection and that the two detecto::s wene identicaf. Of course

none of these conditions hold ín p::actice. The positnons and electnons

usually have diffellent energies, the angulan connelation is neven f009o

and of course the two detectons are considenably dífferent as evidenc-

ed by thein calibration curves" (see Fig. 4-9)" Al-1 of these effects

howevero only tend to further mask the effect of the angula:: con:e'la-

tion so that in fact we have been consídering the wollst possible case

and even fon this situation C(T)=]. Thus the fult enengy sum peak pair

detection efficiencY becomes -
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€1 (r* )€zQ -T+)NCT+ )dr+

N

To evaluate €r, one must know the shape of the positnon

continuum, a fact we do not wish to assume a pr:ior:i. one can, in

pninciple, eircumvent this problem. By gating on the sum peak' the

positr.on spectrum, fon a panticular transition, can be accumulated

in a mufti-channef anaLyzen. Let us assume we do this. l,et c(T+)

be the numben of counts obse::ved in Channel X, conrespondíng to a

positnon kinetic ene:r,gy T*. I-.,et N(T+) be the number of positrons

emitted with an ene:rgY T1" Then

COi = €r{fn)€2(T-T+)N(T+) whene €r,, ane the full enengy

peak detection efficÍencies of sides l- and 2. (see Fig.4-9.)

Note that the e]ectnon efficiency is for an energy T-=T-T+ where T

is the total- kinetic energy available to the pain. The positr"on

spectnum is acquined by gating on the fufl- energy sum peak so that

necessa::ily the outPuts of both the positnon and e'l-ectron detectors

cort:esponded to the particl-ets ful] enengy. The integnaf is then

rep.Iaced by a sum and

rc(r* )ç.=!
" # wher:eN= [c{r*)/€r(T+)éz(T-)

and the summation is over all channel numben. Thus to use the in-

stnument as a pain spectnometer invofves a measuremente in the above

senseu of the pain detection efficiency. In general €n dePends on Etf

and on the atomic numbersrZ. This latten dependence anises because

TÍ
),
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of the distontion of the positnon enel?gy spectnum by CouJ-omb repul-

sion.

As mentioned at the begin¡ing of this section the pair effi-

ciency depends on the time of fJ-ight of the panticles, an effect which

has been ignored until now. To see how this dependence ar:ises one

must consider the manner in which the spectnometels is being operated'

The outputs of the two sides ane being added to obtain a mono-energetic

peak comesponding to the total- pair kinetic energy. To ensur"e that

the signals being added coïlrespond to an efectron and positnon firom

a given pair event one must, of course, require a coincidence between

the two sides. The time of flight of the panticles is energy dependentt

(See Fig. 3-15) and therefone if, in a given event, the positron acquires

most of the enengy it will- be detected considerabJ-y before the efectron.

If the differ:ence in time between the detection of the two pal^ticles

is longen than the coíncidence nesol-ving time the::e wil-l be no coinci-

dence signal and thenefone no summing. Such pairs wil-l not contr-ibute

to the sum peak and the appanent number of pain events will- be supPlres-

sed. . Thenefo::e to accept contríbution to the sum peak from a wide region

of the positron enengy continuum one must use a nefatively long coinci-

dence resoJ-ving time. In the pnesent instnument the resol-ving time

has been set at 400 ns, which is the calcul-ated time of flight for a

25 keV electnon to d:rift .l-35o anound the pole tips. (See Fig. 3-15' )

It is easiest to unde::stand what this r"esolving time means

by considening a specific example. Consider a transition for which

E = I52Z key. Then the totaf kinetic energy availabl-e to an inte::nally
I
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Producedpairis500keVand,aspreviouslystated,thisenergyiS

shared between the posítr:on and electron. rf, fon a given pair event'

T+ = 480 kev and T - = 20 keV then the el-ect:ron is detected app:roxi-

mately 480 ns after the positron, and there is no coincidence output;

simil-arily if Tn = 20 keV and T- = 480 keV ther"e is no coincidence

output. The coincidence resolving time nesults' therefore' in a fow

energy rrcut-off,, at approximately 25 keV and a high energy ttcut-offrt

at approximately 475 keV. ie' the ful-f energy pair sum peak contains

no contributions fr"om pain events fon which T+ 5 25 keV or T1 ì a75 keV'

Since the maximum eneragy availabl-e to the positnon is 500 keV' this

means that the sum peak contains no contributions from appnoximately

LOgo of the energy negion avairabl-e to the positron and the pain detec-

tion efficiency is neduced by roughly the same amount'

oneotherpointwhichshoufdbeconsideredindiscussingthe

use of the present instnument as a pain spectrometen is the effect of

a ß* oo ß- continuum. Again let us considen a specific examp'le of

say a ß- feed to an excited state for which one mode of de-excitatíon

is internal pain production. Then associated in time with every inter-

nalJ-y produced pain is a ß- from the continuum. Thus it is possíble

fo:: the positron, from the pain, to be detected in tttrue[ coincidence

with the ß particfe fi:om the continuum" The nirmber of events of this

natu::e wil-l- be noughly the same as the numben of coincidences between

the posítrons and el-ectnons from pain events' Since' however' the ß

oanticles fo::m a continuum, aS do the positr:ons fnom pair production,
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for events of this nature the summed output wil-I be a continuum and

wifl- not contribute to the monoenergetic pair sum peak except as a

general backgnound of counts on which the sum peak Ìies. However, it

is possibl-e fon a ß from the continuum to be detected |tsimultaneouslyfr

with the posiü:on and efectnon fnom a given paír event. Then the sum-

med output of the two sides of the spectr ometen wiff not fie ín the pain

sum peak and the appanent numben of pain events will- be smallen than the

tnue val-ue. This problem is analogous to that discussed in Chapten 4

where the appanent number of conver:sion electnons was low because the

conversion electron and a ß , from the continuumr I^Iere detected rrsimul-

taneouslytr so that the output of the detecton did not contnibute to the

conversion peak"

These effects arise because the ß particle is in tnue coinci-

dence with the pain event. Such effects may afso occun because of ran-

dom coincidences. V,lhat ratio of true to nandom counting r:ates can be

expected? The natio is given bY

m--_-^ N_€r€z'Inue D -

Random - 2IN1N:€,1G2

't ro7
^ = 7ç4¡5;15= x'N- = BN- '

whe::e e:P€z ane some sort of aven-

agedetectionefficiencies,NP=internalpainp:roductionrate'N*=posi.

tnon production rate, N- = electnon pr-oduction nate and 'r = coincidence

resolving time. If we assume that the numben of convension electrons ís

smafl compared to the number of electnons fnom the ß decay and that the

positnon pnoduction r.ate = the pair pnoduction nate and using t=400 ns v¡e

obtain
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If we take f x l-0-4 as a typical pair formation coefficient then for

a source str"ength of lUC the paír" pr-oduction rate is -4lsec and the

true to random coincidence nate is -30/l-. Again it shoul-d be pointed

out that fon random coincidence events the summed output of the spec-

trometer is a continuum.

In summar:y, the present instrument is applicable as a pair

spectnometer to measune the totaf pain fonmation coefficient and to

study the shape of the individual positron and electron continua' The

angula:: connelation between the di::ections of emission of the positron

and e.lectnon is masked by the motion of the particles so that on one

hand the present instrument cannot be used to measure this co:Tel-ation

but on the other hand the conrel-ation does not affect the pain detection

efficíency.
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CHAPTER 6

SÏUDY OF 2O6P¡ TOIIO\^IING THE DECAY gP 20631

t'Nature and Naturers laws lay hid. in night:
God said., rl,et Newton be! | and all- r'¡as light"

.. .. Alexand"er PoPe

INTRODUCTÏON

20691 d.ecays ¿o 206p¡ essentially by lOO% el-ectron capture

r¿ith a half-life of 6.2)+ days. The subsequent transitions in 206p6,

| ¡ l- - r

although numerous, have been well stud.ied by nr:merous workersr\f4'l)'
r6)to/and the decay scheme is reasonably vell established.. In Fig. 6-t

the decay scheme of Led.erer, Hollander and Perlman (fl+) '" presented..

There vere three reasons for und.ertaking the present study

of 20631. (f ) rne relative intensities of several r'ral]. spaced K-

conversion lines are known and a measuïement of, the intensity of these

l-ines is a suitabLe test of the spectrometerf s calibration. (Z) tr'Iiener

lrzl lrÂìet al \rrl and Pendrisat et al t*"'had established the existence of three

hígh energr transitions r¡ith energies of l8l+5' 1879 and, 1903 keV' by ob-

serving the conversion electrons. A second reason, then, for studying

20691 r,¡as to determine the location of these transitions in the decay

scheme. (S) A neasurement of the internaf pair fo:mation coefficient'

crne was undertaken for the strong I'(L9 keV transition as a first attempt

at using the instrument as a pair spectrometer. For conpleteness the ener-

gies and relatÍve intensities of the various y-rays were determined. using

external Ge(Li) deteetors"
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FIG. 6-1

20631 decay schene tal<en frorn r'ederer et aI"
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ELECTfiON AND GA¡fi\,fA-RAY S]NGLES STUDTES"

A typical e]ectron spectrirm o1 206gi obtained using the

spectrometer is shol,m in Fig. 6-2. Only those peahs vhich have been

analysed are l-abelled. No d.etail-ed analysis of this electron spectrura

was undertaken, since the el-ectron vork was usecl only to verify the cal-

ibration curves prevíously obtained-' (See Fig' h-q)' The resufts of

thi-s work are surnmarized and. compared with the resu]-ts of Albur"ger: and

/rc) (-t6'\ lrzl
Pryce \l)/, Stockend.al and Hultberg t"', Weiner et al '-'', and

pred-risat 
"t u.r 

(18) in tabl-e 6-1. T?te agreement is excell-ent' The

reader shou-]d note, in particul-ar that the efficiency curves are veri-

fied for the higher energies.

As can be seen from Fig. 6-Z tne \'gT-l<' 5I6-K and 538-K lines

are not cornptetely resolved, nor is the 398-I( peak completely separated'

from the 3l+3-L fine. To extract the counts in these peaks it was nece-

ssary to do some sinple peak fitting, which was done graphically' By way

of example" the fits to the hgT-K, |.L6-K and 538-K peaks are shor'¡n in

Fie. 6-3. In Fig " 6-3 the points represent the counts per channel after

a straight line background. subtraction, and the solid- curves, all of

which have the same shape, represent the estimated contributions from

each line. The shape of the fitting curve was obtained from the shape

of the 538-K peak. Fitting the high-energ:y side of the curve to the

I+97-K line l¡e were able to obtain the "exacttt shape of the 1ow enerry

side of the 538-K peak from IO/, of full peak height to fu1l heighth'

This shape vas then extrapolated down to I/" of ful1 peak height" Since

this erbrapolation involves only roughLy IO% of the area of the vhofe
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T!¡pical 20631 efectron s¡:ectn-rn. only the
p"uL" wLrich have been analysed are label-led'
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TABI,E 6-1

Ccçarison betr,,;een the relatir¡e intensity of sev-
eral electron line" e¡ 2063i as measured in the
present work and as measured by Alburger and Pryce
(15), a, Stockendal and Hultberg (16), b, Wiener et
aI (L7) , c, and Perdrisat et aI (18) d.



Electron Peak

TABLE 6-1

Relatiyç_ lntensi-!y

¡hs-r
398-K
I+91-t<

,:'6-t<
,37-K
Bo3-K
1019-K
T'96_K
1?19-K
lBBO-K
1903-K

T6?
2oT"
t6t'
^^^â¿¿y ^
2l+j:
100*
t3a

.A+a
3.l+t^
.18'
.o27c

3.4 o
.l-o ¡
. O2O*

Detector A

Bn
1BB
150
233
23L
100
12.6

"56
3"26
"r5r!"02
.021t. 006

Detector B

823
198
17h
2I+O

2l+I
100
10.9

Previous Workers.

T6ø"
h

210.-
'', znD
-t"h
250;
2BO:
lOO:

. -oL)
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FIG" 6_3

Itre peak fitting fof. the 497-K, 516-K, and 538-K
conversion lines"
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peak no significant error is thus introd.uced.. The lack of peak separa-

tion vas caused, in part, by the condensatj-on of vapours on the face of

the detectors. At the tine this work r+as d.one the co1d. finger, shor'i-n

in Fig. \-2, rnras not in use.

As vell- as deter"nining the refative intensities of the el-ec-

tron l-ines the K-conversion coefficient for the 803 XeV , 2+'O+ transi-

tion vas measr¡red.. The 803 keV y-ray counting rate was d'etermined' using

the sane external Ge(ti) detector r,¡hich was used in calibrating the spec-

trometer. The vafue obtained 1las er- = 8.3 x 1O-3 vhich agrees vell- with
'K /^^\

the theoreticaf val-ue of 8.1- x tO-3 ealculated by Hager and. Se;:t'zet.\tt)

Thus the absolute normalization of the catibration curves was also veri-

fi a¿l

As discussed in chapter \ two conversion electrons, from trans-

istions in cascade, may be detected. simul-taneously and give rise to a

fal-se peak. such a situation \{as encountered in the present study.

The apparent intensity of t:ne L595-K line ÏIas too high. This anomaly

rf&s caused by contributions to the peak from the itsimul-taneous" detection

of 803-K and. BBI-K conversion el-ectrons. The effect vas corrected for

using the relative intensity of tne BBf-f electron line as measured by

lr 6)
Stockendal and Hultberg *to', and. the K-conversion coefficient for the

BO3 i<eV transition as determined in the present work. The ratio of

BO3-K an¿ 88t-tç sun counts observed, to BOS-f counts observed is given

by:

g = .e - ffi-äi x a* (803) x €(803-K) r'¡here



l_00.

t-/\

the ratio of the 881-K intensity to the 8OS-6 intensity is .6\ro/.
2

Substituting the appropriate val-ues we obtain X = .60 x .165 x 8.3 x 1O-'

L

= B.z x tO-4. But the observed counts in the 15OT keV Pe*, (r¡96-88)'

relative to 803_K counts, t¡as 5.2 x l_O-J. subtracting the contribution

from the sum counts and correcting for efficiency gives the rel-ative

intensity for the L59r-K line.

Gamma-ray singles spectra were acquired using tvo different

Ce(l,i ) detectors. These were (1) a 35cn3. Ortec co-axial detector and
ve\!¿/ *vvvvvv¡v

(Z) a 20cn3. Princeton-Ga.rnma-Tech, P. y. T. , co-axial detector. A ty¡lical

y-spectrum obtained vith the Ortec d.etector is shorn¡n in Fig. 6-14' The

detectors vere calibrated for full- energy peak detection efficiency,

for fixed geometry, using standardized I.A.E.A. souïces" See Fig. 6-5'.

Because of its better resolution and. higher efficiency most of the singles

runs lfere mad.e using the ortec detector. However, the rel-ative intensi-

ties of several strong transitions veÏe afso measured using the P'y'T'

d.etector and the results vere found. to be consistent' See table 6-2'

It shoul-d be noted. that these tvo measurements are not completely inde-

pendent since the two detectors were calibrated for efficiency using the

same set of sources.

Aspreviouslymentioned.,they_raysinglesexperimentswere

used to determine the energies of the various transitions as well as

the relative y-ray intensities. The energy deterrnination vas done ín two

steps. (f) fft" energies of the strong Y-rays were measured first as

foffows: (a) A y-spectrum from mixed 20631 plus I'A'E'A' standard

sources was accumulated into a 2O)+8 nulti-channel ana]ryzet' This spec-
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FTG. 6-4

Tlzpical 20631 y-ray spectnnn
ortec 35cm5" Ge(Li)

obtaj¡led using
detector.
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FTG. 6-5

Efficienq¿ caljJ¡ration of the Ortec and P-y.T.
Ge(Li) detectors"
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TÃBI,E 6-2

Conparison of the^relatlve Y-ray intensities of
serËral lj¡res 1tt 20631 as neasured using the or-
tec Ge(r,i) detector and tlre P'y-T- Cie(Li) detec-
tor.
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lBl+
343
aoÂ
)+97

ltn

)JÕ
803

1019
1 f100
IIqrl
'l 7't o

TABLE 6_2

RELATTVE GAMMA RAY INTENSITIES OF STRONG LTNES.

RELATTVE INTENSÏTY

Ortec Detector P.Y.T.

2r3 229
279 273
113 rL'
Lrz 150
l+16 ht3
307 303

1000 1000
72.8 T\.0

LzB 133
l+7.1+ 52.o

303 !+2
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trr:m is shovn in Fig. 6-6. (¡) The analyzer lùas cafibrated with res-

pect to energr assuming a linear relation E(x) = Eo+ k(x-xo) vhere

S(x) is the enerry of the y-ray vhose peak is centred. at channel x. The

slope, k, was calculated. ¡sing i¿¡e 279.2 keV transitions of 2039* *t¿

the 11?3.2 keV transition of 60Co and Eo vas taken to be 279.2keY- The

energies of the other standardized. I.A.E.A. transitions were then pre-

d.icted. using the above equation and an empirical correction to the equa-

tion was obtained, at these energies, by comparing the predicted

val_ues vith the t'truett energies. (d) The correction was then plotte¿

as a firnction of predicted. enerry and. the resulting correction curve

vas used in conjunction vith the linear calibration to determi-ne the ener-

gies of the inten"" 206p6 lines " Q) ffre energies of the other transi-

tions 1rr 206p¡ were then d.etermined in a sinilar ma;nner but, using the

"knownt' 206p6 transitions as enerry standards.

The energy calibration of the stronU 206p¡ transitions is

summarized in table 6-3. fhe accuracy of this nethod of enerry cafibra-

tion is linited. by the aecuracy vith which the peak position can be

d.eterrrined and by the accuracy of the correction which must be applied' to

the l-inear cafibration of the nulti-channel analyzer. For the strong

206p¡ transítions it is estimated. that the peak location is accurate

to 1.2 channef. Since the slope of the straight line calibration is -1

keV per channel the resul-ting inaccuracy is -1.2 keV" The empirical cor-

rectj-on cuïve is estímated to contribute a further inaccu-racy of 1'1 keV'

for the strong Iines, so that the energies of the strong transitions are

accr:rate to t.3 keV" The energies of the other transitions are not as



r0s.

FIG. 6-6

Ganrna-spectrrm obta:i¡red with mjxed 2063i plsg
I"A"E"A" calibration sources used for energy

caliJcrati-on of 20691.
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TABLE 6-3

pgg*tff of thre energy calibration of tlre strong
zubBi lines" Also shor,,,rr are the values given by
Lederer et al (I4) , a, and Alburger and Pryce (15),
b"



Peak Location

118. 3

283. 0
683. B

86r.t+
93r.6

a220,7
1387. I
1916. 3

channef
channel
channel
channef
channel-
channel
channel-
channel-
channel-

* E =279.2keV
Y

Peak Location

l-ÕJ. J CnAnnel^/- -¿o>. ( cnannel
350.3 channef
l+07. I channel
511.3 channel
531.3 channel
553.4 channel
832.1 channel-
913.8 channel

1058.3 channel
al.]4z.1 channel
L663.! channel
IT93.1 channel

TABLE 6-3

I.A.E.A. Cal-ibration

Predicted Energf*

| // - a

136.8
279.2
ool-. 5
831+. 5
897.6

IIT3.2

1836. )+

keV
keV
keV
keV
keV
keV
keV
keV
keV

+ (0. 953\ kev / cha¡rnel) " ¡x

Predicted EnerFy*

l8l+.1
262"7
3h3. )+

397.7
t+g6.9

,r5.9
,37.o
902.7
880.6

1018.1+
1098.3
l-195.t+
1718.9

Standards

True Energy

L22.C
136.3
2t19.2
66t.6
B3)+. B

898.0
rLT3.2
l-332.'
1836. t

True Enerry

183. I
262.7
3l+3. t+

397.8
t+97 "t
516"r
,37.2
Bol. o
BBr. o

1018.6
1098. h
rr9r.2
1718.6

Previ-ous l^iorkers

tB)+. oa
z6z.Ba
343" 5:
398. 1:
t+97.r:
--/ ¡ø
/lv. J^

-^- aa)51.o^
803. t'
ARn Aavvv. vla

1018. 8:
- ^^n rDl_uyo. oÌ.
1596 "3:
¡q¡ ¡ nuLtr>. I

Correction

-.2

U
+?
+ .3
+ .l+

0

- .3
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vell known since their d.etersinati-on depend.s on the accuracy r.iith t'¡hich

the energies of the strong lines are known. For the majority of these

other transitions, then, the energies are estinated to be accurate to

+ \ rôt,
-. ) ¿tet.

The results of the y-ray singles work are sr:mmarized. in table

6-)+, vhere the relative Y-ray intensities are compared to those of
/r),\

Led.erer, Hollander and Perlman t--' and- the transition energies are

compared to those of Lederer, Hollander and Perlman and' to those of
lrcl

Alburger and Pryce \L) I . The lines l-abelled. with asterisks have been

identified as new transitions. I^Ie shall postpone a discussion of these

transítions until- later. Unless otherwise indicated the enerry is esti-

mated to be accurate to !.5 keV. The relative y-ray intensity is esti-

mated to be accurate Lo !5% for those transitions l-isted vith 3 figr:res¡ to

!IO/, for the other transitions, unless othe¡uise specified-. From the

present measurement of the relatÍve y-ray intensities the K-conversion

coefficients have been calculated. for a number of transitions' The re-

sul-ts are shown ín tabl-e 6-5. fhese calculations'were done using the

relative K-shell el-ectron intensities obtained in the present study' a,
(rs)

and. the results obtained by Alburger and Pryce \L'/t' b, and vere based

on the present measurement of the BO3 keV K-conversion coefficient'

',.(BOS) = 8.3 x rO-3. Table 6-, a1.so shovs the nature of the transition
tr'

according to the decay scheme of Lederer et af \a*/ (fig. 6-1), and the

multÍpolarity of the transition obtained by comparing the conversion

coefficient to the theoretical calcufations of Hagen & Sel'tzer þZ) 
'
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TABI,E 6_4

sr-unnarlz of the 20631 y-ray singles \^¡crk.



Energy

TABLE 6-l+

/.-\
Alburger & Pryce'42'

LOT.2
- ^^ /L¿3.O

rgl+. r
2O2.5
4\ '3
262.8
^-^ /5rJ. O

3h3. )+

sB6. o
398. 1
ì+97. r
,L6.7
tJ | . /

ezo.ø
632"2
6>l "t
739.9
753.9

803.3
õ-/ a

oJ_o. J
8l+1.7

880. 5
8g>.t

1018. I
1098. 6

*ol.z

1596 "3
r7Lg.7

Rel-ative Intensity

Present hlork
(l tr

Led.erer et aI'- '' '(r+)LedeÏer eT al-

r07.2
- aa /L¿5. O

:
184. 0
^^^ n¿.v¿. I

n)+.)1
262.8
313. T
^t ^ -343, >

386. r
398. I
I+gl.t
e-/ ¡)l_o. 5
,37 "6

620 "T
æ2 "t+
/eo ¡o)f.5

7h;
754

8o¡. r
B16
BI+z

880.8
895.o

1018. g
I noo

:

:
1l+05

r596
r720

rB)+5
r880
rgo3

esent hlork

'7 tr,+1 rltÉ
I c .¿!L. v

z R+r .|l(
t.v-¿.v^ ô.< ^+J. v: . J

L+.2

2.8!.3
?A
J.4f.J
o. J-

zR+a
7 -1 + ?

7.2!.3
¿. v"
0.h
2,2
'7.0
h\a

9.r
\.9
h. 6*
3.0

B. o jl. orç

1.01 .3

:J.JtIx
6.6ttx
Rz+ ?v. t: . J

8.4t .3
t-. 4r1*
q q+]*
Â c+r*
o n+1*
6. ott*
?7*

5.3
o. h*
c l¡#

,.2! . 3
8.6
L. é"
)¡ l

8.r
,2.8

2.5!.5
3.\t.T

2L3

3.ö
36.9

14.2

279
5.2

113

l+r6

307
La4. J

,l+ "6
U+.r
19. I
o.5

j.)+
qn

1000

'to
. B0!.3

65)+
'ì ?o

10
2.2

T2.B
T2B

. l+3t. z
2.'
o.J
1ô

.9
2.5

l-3.2
2"8
2"8

t+l.l+
303

1.1+

5.1+2
:-9.6

3. BB

z]r-o

)o
?n

260

100
r .Qn

l+60

3)+o

l,n+U

4>

53
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TABI,E 6-5

K-conversion ooefficíents obta-ined frcrn the rela-
tive y-ray intensities of thre present work a¡d the
relative electron intensities of tlre present work,
a, of AJJI:rger and PrYce (15), b, of tr{iener et al
(I7) , c, and PerCrisat et al (18), d. Also shown
are the ttreoretical values of Hager and Seltzer (22)
and tlre nature of tLre transition based on the decay
sche¡re of Iederer et al (14) 

"



E., Gamma-Ray
I T.f enq r'fr¡

r07.2

123. 6

183.8 2r3

202.7

234.2 3. B

262.8 36.9

3l-3. B +.2

343.4 279

386.1 5"2

397. I .t-13

497.1 I52

516.1 4f6

537. 6 307

620. 4 54. 6

632.2 44. I

657. 0 l_9. I

K-EIectron
Tnfan q ì fr¡

n
27-

^ .uIJ"I

h
3290-

ô lrUz.a

h
28-

h
247-

t-u¡ ¡uro. c

817*

h
!J

l_Y \t

. ^^aLÕ2

zol

zóo

h

h
24.7*

h
qq

r\
Measuned

IABT,E 6-5

*K

Theoretical

t_.3

-1b. .LX.LU

-l5. bxl_u

-'l3.3x10 -
-l2.4x10 -
-'l2.4x10 -

-'tI. +X-LU

-')8. 9xl-0 -

^4" 7xl-0 -

^b. 4x-LU

-24.8x10 -
ô

4.7x10 -
ô

4.2x10 -

l_.3s(Ml)

z. rxro-r(ur )

s. sxro-f (I4r)

e. zsxro-l(Mr)

2. sxl-o-f (Mr)

l. Bsxro-Ì(Ml-)

r.6sxro-r(Ml)

g. zxto-2(ut)

s. oxto-2(rs)

z. oxro-2(l,lt)

s. r-xlo-2(Mr-)

4.gxro-2(Mt)

+. sxro-2(l¿t)

Type of Transition fnom
Lederer et aI (14)

5 -+5

oal

-+7 ->4'

6 -'5

5 +6
¿¿

4'+4'
,+ ^++ ?ó

5 ->6

3 70

5 +6

-+7 ->4

++3' -> 2'

5 +5

6 +6

++4 ->3'

Agreement

yes

J -*

J-"

yes

J ""

yes

\¡êQ

\rê QJ -"

yes

yes

J'-

yes

-, -"

^^-lf
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739. L

754.9

803. 0

816. 0

841-. 3

881. 0

895.0

10r_8. 7

l_098. 4

1405 " 3

l-595. 2

t-71_8.6

1844. I

1878. t-

1902. I

Gamma-Ray

IntensitY

la

q|.l

l-000

K-El-ectron
Intensity

h

h
.öt

-LlJV

l-
naD.zJ

h
.59-

h

n
ó/.þ

LZ. O

hQ tt-

'h
ôltv

ú. ¿o

^^ ^c. vo¿
^,r 

ôQ. Wa ¿

. 155-

^ ^^a 
*

w.v4.L ,
.027c

'lo

654

139

72"8

128

l_3. 2

47.4

303

5. 42

t-9. 6

a ao

*K

Measured

-/5.7x10 -

-)l.3xl-0 -

-38.3x10 -

TABLE 6-5

l\

Theoretical

g.+xro-2(Mr)

. szxro-2 (¡z )

e. zxro-3(sz)

2.3xro-2(Ml-)

6.8xro-3(82)

z. rxto-2(ur)

r. sxt-o-2(Mt)

l-.7sxto-3(Er)

1. lsxto- 3 
( Et )

_tt
9. 5xl-0 ' ( El )

- l-r
8.5x1-0 '(E1)

-l17. 6xl-0 '(EI )

-I.l.7.4x10'(El)
-u7.0x10'(El)=

-22.6x10 -

-c7.2xI0 "
ô

2.2xL0 -

-J1.4x10 -

2.2xL0 "
â

' - ' ^-9l_. JXI_u

-4
9 " 8xl0

-l+8. 9x10

-49. 5xI0 ,, ,
o. +xIU r,

b. bxru

-4r*. 3XIU ¡, r
5. UXI.U

Type of Transition from
Lederer et a] (l-4)

? +6-

5- + C+)

++2'+0'

6 ->',t-

+
? +4'
++4' -> 2'

5--+6

5 ->b

-+5 +4'
.+5 ++

-+

-+5 +4'

Agreement

no

yes

yes

yes

yes

yes

yes

yes
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From tables 6-)+ and, 6-, it ís evid.ent that the presertt work

is ín general agreement with the d.ecay scheme and transition intensi-

ties of Led.erer et al- (rl+¡. 
The reader will note that the present vork

has not assign,:d. any intensity values to the 107, IÐ1, 203 and- Bt6
/- -\

keV transitions vhích vere observed by Alburger and. Pryce (f)/. Figs.

6-T ana 6-8 show the shape of the y-spectrum, for the run with the best

statistics, in the regions of these peaks. In these figures the foca-

tion of the peaks has been pred.icted. using the position of tfre 183'8

an¿ 803.0 keV peaks assuming a linear cal-ibration of the analyzer. There

woul-d appear to be a peak at 816 keV but the best l^r-e can do is give a

rough estimate of its intensitY.

Also there appear to be weak peaks at about l-l-1 keV and l-98 keV.

It is not clear vhether or not there are genuine peaks but it is believed

that they do not correspond to the 10? and.2O3 keV transiti.ons. The 123.6

liç'ì
keV y-ray is definitely absent. Alburger and. Pryce '-'' have suggested'

multipolarities of El, M1, E3 and Ml respectively for the IO'(, I2l+' 2O3

an¿ 816 keV transitions. Based on this assignment and the relative in-

tensity of the K-conversion electron fi.nes, as measured' by Alburger

and Pryce, the calcuJ-ated intensities of the l-07, Lù+, 203 an¿ Bf6 y-peaks,

relative to the BO3 keV y-Tay, are 6.2 xl0-3, 7.6 x lO-L, l*.5 * fO-L

lr

and 8.2 x lO-+ respeetively. By comparison the relative intensities of

the l\7.5 and. Lr7", keV transitions, which are cfearly visible in Fig.

6-1, are 2.5 x t0-3 an¿ 3.1+ x 1O-3. The absence of the 12)+ an¿2O3 keV

y-ray peaks is consistent vith the above intensities and- hence with the

nultipole assignments of E3 and. Ml. However, the absence of the 10T keV
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FIG" 6-7

Details of the y-ray s¡:ectrr-m jrr tle energy region
of tlre 107, I24, arrd 203 keV Y-ray peal<"
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FIG. 6-8

Oetails of ttre y-ray spectrr:rn in the energly re-
gion of the 816 keV y-raY PeaJ<"
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y-peak is not consistent vith an El mu-'-tipole assignment. According

to Lederer et al- (1)+) tnu l-OT keV transition takes place fron the 3125

keV levet-, (spin and parity not assigned.), to the 3017 keV level-. (See

Fig. 6-l) The ThO keV transition also originates from the 3125 keV level.

Based on the conversion coefficient shown in table 6-5 tfre suggested

multipolarity for this transition is Ml-. Since it terminates on the 6-

leve1 at 2385 keV the spin and parity of the 3125 keV level is then !-,

6- , or 7-. This spin and parity assign:nent suggests the 10'I keV transi-

tion is Ml rather than El. (See Fig. 6-f). If r¿e assume it to be Ml

then the calculated. "y-ray intensity, relative to the 803 keV y-ray is

-L-3 x 10-* vhich is consistent with the absence of this peak in the spec-

trum. In Fig. 6-8 tfre BhZ treV y-peak can be rea¿ily seen. The relative

intensity of this fine is l.g x 10-3. Assuming the background indicated

in Fig. 6-8 we estimate that the relative intensity of the 816 keV peak

-?is -l- x lg-J which is consistent vith an Ml nultipolarity.

In table 6-)+ ttrere are three noticeable di-screpancies between

the values of the Y-ray intensities tabulated- by Lederer et al \t*/ urrd'

those obtaÍned in the present work. These occll-Ï' for the 6,7, Tl9 and' 755

keV transitions. The values of the K-conversion coefficients, calculated

using the relative y,ray intensities measured here and the relative elec-
frc\

tron intensities of Alburger and Pryce \L) t , suggests that these tra¡si-

tions are Ml, Ml, and E2 respectively. (See table 6'5). The MI assign-

ment for tne 6jT keV transition agrees ¡r¡ith the d.ecay scheme of Led-erer

ll h)et al- \'*/ while the Ml assignnent for the 739 keV transitions suggests a

spin and parity assignment of 5- , 6', or 7 for the 3125 keV level- of
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2O6Pb, as previously nentioned. Hol¡ever, the E2 assignment for 1'L,e 755

keV transition disagrees with the decay scheme of Lederer et al- 
(f\)"

There is good evidence, to be presented. in the next section, that the

T5j ke7 transition occtLrs betveen the 5- level at 3hO3 keV and a 3-

level at 26\7 keV, vhich agrees vith the E2 assignment.

GAMMA-GAVN4A COINCTDENCE STTIDY

(a) fntrod.uction

As mentioned in the introduction to this chapter one of the

reasons for investigating the decay of 20 6Bi was to place the 18h5, l-BB0

and. l-903 keV transitions in the d.ecay scheme. The K-conversion coeffi-

cients for these transitions ind-icate that afl three are El, in agree-

lrz)
nent vith the assignment of Wiener et alt'''. To d-etermine the position

of these lines y-y coincidence experiments were made using the Ortec and

p.y.T. Ce(f,i) detectors and the efectronics shown in Fig. 6-9. ff a

pair of y-rays were detected in t'coj.ncidence", one in each detector'

and. if the ^y-ray detected in the ortec d.etector had the appropriate

energr, as determined by the aE víndov setting of the single channel

analyser, s.c.A., the output of the P.t.T. detector was fed into a l-o2l+

multi-channel analyser. Qy setting the AE S.C.A" r+ind.ow on a particular

fulf energy peak, such as the f8)+l+ teV 1ine, we could. col-lect the y-spec-

trum in coincid.ence vith thÍs transition.

To d.evel-op a familiarity with the apparatus relatively short

coincid.ence runs were mad.e gating on the 181+, 3)+3, 5L6" 538n 803, BBt

and. 1T19 keV transitions. Since the positions of these transitions are

firmly established we shall not present a detail-ed- discussion of these

resul-ts other than to note that the results agreed. i,¡ith the decay scheme

of Lederer et a1 
(1[) 

"froo- 
in Fig. 6-;'. Ït shoutd. be pointed' out that
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FrG" 6-9

Block diagram of the electronics used i¡r the
y-y coi-:ncidence study"
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these runs were too short to establish the position of any but the

strongest transitions.

(¡) 0n the Coincidence Resolving Time

Although the coincidence system is refatively straight-

foruard it is perhaps vorthwhile making a few conrments on the coin-

cidence timing" The eoincidence resolvÍng time of the system is d-e-

ternined by the output of the time to nmFlitude converter, TAC. This

output is a voltage pulse r+hose heighth is proportional to the tine

difference between the detection of a pair of Y-rays by the two detec-

tors. The output of the TAC is fed. into an S.C.A. i¡hich is used to se-

l-ect those pulses corresponding to a tttruett coincidence. To determine

the window settings of the AT S.C.A" an auxíliary elq)eriment must be per-

formed. Let us consider a specifie example to il-lustrate. Suppose we

are interested. in obtaining the y-spectnrm in coincid.ence with the 18)+

keV transition. Then ve set the windor,s of the 
^E 

S.C.A. on tne l8l+ keV

line. Next, we feed. the output of the TAC into a mul-ti-channel a.nalyser

through a l-inear gate vhich is triggered by the output of the ¡n S.C.A.

See Fig. 6-fO" The resulting tine spectrum, therefore, represents coin-

cid.ences involvÍng the 18\ keV transition. This spectru:n, in general'

shows aItcoincid.ence peaktt, F.I{.H.M" -30-50ns, lying on a broad. continur:m

of ra¡rdom coincidence pulses. The 
^T 

S.C.A. window is then set on the

coincidence peak thereby d.efining the coineid.ence resolving time.

It should be noted that, in general, the position of the coin-

cidence peak varies somewhat d.epending on vhich Y-ray we gate" This
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srg:_6-10

The a-rangenent of tlre elecbrordcs used to
set rp tlre AT S.C.A. windolv"
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vs.riation is a reflection of the detectorsr variation in tíming d.is-

tribution vith the d.ifferent Y-ray energies involved.

(c) rne r87B kev rransitÍon

To d.etermine the position of 18U+, 1878, 1903 keV transi-

tions relatively long coincid.ence runs' -2-3 d.ays duration, were made

gating on these lines. Because these transitions are relatively veak

the AT S.C.A. windov settings vere not obtained by gating on the trans-

itions themselves but by gating on the 1J19 keV transition in the manner

described in the preceding section. This procedure is not justified a

priori but as we shaIl see the resul-ts of the coincidence vork indieate

that it r,¡as satisfactory.

The coincidence spectrun obtained by gating on the f87B heV

y-rey, as vel1 as the ungated singles spect¡:m, is shown in Fig. 6-ff.

The peak labelled. ttPtf, which can be seen in the ungated singles spec-

tn:m ís generated by a pulser which was fed. into the test ínput of the

P.V.T. pre-amp to obtain an estimate of the rand.om coincidence counting

rate. l,le observe that the 3h3, 538, 803 and- BBt keV y-rays are in appa-

,ent coincidence with the f878 heV transition. Since the AT S.C.A.

windov was set usÍng the 1719 keVtransÍtion the question arises' are

these y-rays in true coincid.ence?

To try to answer thÍs question the aE s.c.A. windol,i vas set

on the backgrowrd above the 1903 keV peak, (see Fig. 6-l+)' and. another
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FrG. 6-l-1

Íhe coj¡¡cidence spectrtm obtai¡red þ gating on
ttre 1878 keV y-ray" Also shcn'¡r is an ungated
síngles spectnm. ftre peat< labelled P is frcnt

a pulser.
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coincidence spectrum v,'as accm.uLated.. It turned out that the sa¡ne

peaks occurred. in this spectn:m but the coi.neidence counting rate

cibtained. when gating on the I8T8 keV line was much higher. If the

appearance of the 3l+3, 538, 803 ana BBt lçeV peaks was solely a result

of the background. on whích the 1878 keV peal< lies no increase in the

coincidence counting rate woul-d have been observed. Alternately,

gating on the f87B treV line leads to an increase in the number of gat-

Íng pulses from the AE S.C.A. and one r,¡ond.ers if, as a result of this,

the increased coincidenee counting rate might not be attributable to

increased rand.oms. fhis possibility can be ruled. out since an increas-

ed. random coincid.ence rate would. lead to the appearanee of other strong

y-rays. SÍnce no other lines appear in the coincidence spectrum Ìre caJt

conclud.e that the 3l+3, 538, 803 an¿ 88t treV peaks do represent true

coincid.ences.

The appearance of tfre 3l+3, 538, 803 and 88r keV y-rays in

the coincíd.enee spectrum inplies a feed to the f68h tçev level o1 206p¡

which then de-exeites by the above transitions. See Fig. 6-t. From the

present experinent it is not possible to ascertain vhether or not the

feed. is a direct feed.. The highest enerry J.evel- o¡ 206p¡ which can be

fed by 20egi is at 3.65 uev. 
(tL) nu" if the L878 line feeds the 1684 kev

level o¡ 206p¡ indirectly the interued.íate level must be within 88 teV

of the f68l+ teV 1eveI. In the present ex¡reriment any "FrW vith E, =

Í88 teV would not be d.etected in the coincidence spectrum, as it would

be masked. by the Pb x-ray peaks.
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If rve assume that the f87B teV transÍtion takes place

directly to the f86l+ teV 1eve1 o1 206p¡ then the transition takes

place from a level at E = Bo3.O + 881.0 + IBTB.I= 3562.f 1 .T keV.

lio'ì
Val-lois et al-\'7l has observed. a fevel at 3562 keV in 206p¡ by inelastic

proton scattering and has suggested. a spin and parity assignment of

5- to this l-evel. On the basi.s of the K-conversion coefficient, the

f878 heV transition is El which agrees trel-l- r,¡ith the suggestion that

it takes plaee between t]ne 3562 keV level and. the 1681+, (l++), t<ev

1evel.

(¿) fhe 1903 keV Transition

The coincidence spectnrm obtained by gating on the l-903 keV

y-ray is shovn in Fig. 6-L2" as r,¡el1 as an ungated. singles spectn:n.

Again we observe the 3)+3, 538, 803 ana B8r teV lines in coincidence

and, by the argr:ments outlined. in the preceding section, these lines

represent genuine coi.ncid.enee events. Thus v'e can conclud.e that the

1903 keV transition feeds the 168h keV 1eve1. Again we cannot deter-

nine if the feed. is indirect, since, if an intermediate level is in-

volved, it must be within 63 tev of the f68l+ tev leveJ-. (1681+ + 1903

+ AX 5 3650).

If we assume that the 1903 keV transition takes plaee direct-

ly to the 168\ keV 1eve1 tr¡.tt 206p¡ he,s an excited state at E = 168\.0

+ 1902"8 = 3586.8 t .J keV. As fer as Ís known there is no good con-

fírming evidence for the existence of such a level but Jo11y, Lin and'

( c¡\
Cohen t'"'have observed. a Ievel at 3.58 trteV, by inelastic deuteron

scattering, vhich might be the level suggested here. Since the nulti-

polarity of the 1903 keV transition is El the spin and parity of the
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FrG. 6-12

TLre coi¡cidence spectrrÍn obtained by gating on
the 1903 keV y-ray" Also shcnvn is an ungated
singles spectn-un. The peaJ< labelled P is frcm

a pulser.
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- ^-^É I -proposed 35ö7 keV l-evel is 3 , 4 , or J "

(e) rhe l8l+h keV Transition

The coincidence spectrum obtained by gating on the 18)+l+

keV transition is shown in Fig. 6-13. It is somewhat more compÌi-

cated. than the previous two cases. In this spectnrm ve observe the

3l+3, 538,755, 803 and B8l- keV y-rays. I{e have concluded that the

r8l+)+ rev transition feeds the 803 keV 1evel o¡ 206p¡ from a level

whÍch is in turn fed by the 755 kev transition. The presence of

the 3l+3, 538, and 88f XeV l-ines in the spectrum is readily explain-

ab1e. To gate on the f8h\ XeV y-r^ay the window of the AE S.C.A.

is set on the f8hl+ xeV peak. Hov-ever, this peak si-ts on a background

which incl-udes contributions from compton scattered y-rays from the

1878 and 1903 keV transitions. These transítions are in coincidence

with the 3l+3, 538, 803 and 881 keV y-rays and. therefore these lines

appear in the coincidence speetrum. However, the intensity of the 803

keV line, relative to the 3l+3, 538, and.88f teV lines r,¡as found to be

-\O% nisner than the value obtained when gating on the 1BTB and 1903

keV transitions and this increased. intensity is attributed to a true

coincidence between the f8l+l+ tev transition and. the 803 keV y-ray.

It shoul-d be pointed. out that this \O% íncrease is consistent with the

ratio of the fShl+ tceV peak area to the background.

Thus the f8\h tceV transitíon is in coincidence with the 803

and.755 keV transitions. If we assume that the fB)+b teV transition
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FrG" 6-13

TL¡e coincidence spectrrnn obtained þ gating on
ttre 1844 keV y-ray. AIso shovun is an ungated
sirrgles spectrrm. The peak labelled P is frcnt

a pulser.
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takes plaee to the 803 t<eV level then there is an excited state in

206p6 at an enerry E = 803.0 + l8l+h.l = 26t+7.1 t .7 keV. Vallois"a "t('r9)
has observed an excited state at E = Z6\8 t 1O keV by inelastic proton

(zt\
scattering and. ZeigLer a¡d. Peterson '--' have assigned. this leve1 a

spin and parity of 3- on the basis of inel-astic electron scattering.

On the basis of the K-conversion coefficient the l8hl+ keV transition

is EI which agrees with the proposal that this transition feeds the

2+ leveI at BO3 keV from a 3- levet at z6hT t<ev.

Now let us consider the ?55 keV transition. This y-ray

is in coincidence vith the 18hl+ keV transition whieh is interpreted

as inplying that t]ne 755 keV transition feeds i-]ne 26\7 keV 3- level

r¿hich is then de-excited by the f8\l+ tieV transition. This contention

is supported. by the faet that the measured intensities of the 18hh and

755 lne{ y-rays are equal. (See tabl-e 6-\). It is proposed that the

755 keV .(-Tay feeds tne 26\T keV 1evel ùireetly from the 5- level- whích

lllr)
Letlerer et al t'*']-ist as occuruÍng at 3)+ol+ t<ev. (See FÍg. 6-1).

From the energf measurements previously discussed we obtain the folJ.ow-

ing energÍes for the levels involved: \

(a) 26\7.1 t .7 keV = 803.0 + 18U+.1

and (t) 3l+02.6 t .7 kev = U18"6 + 803.0 + 881.0

Then the predieted. transition energ'y is 755.5 t 1.0 keV which agrees,

r,¡ithin error, v'ith the measured value of T5\"9 ! "5 keV" Furthermore,

the K-conversion coeffieient for t]ne 755 keV transition indicates an

E2 nultipolaríty which agrees with the suggestion that this transition

is occuring between the 5-, 3l+03 keV, 1eveI and. the 3-, 26\T keV level.
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It should be pointed out that Led.erer et "r 
(1L) 

n.rr"

t}le 755 keV transition feeding the 2526 keV level- which then de-

excites by an B)+e XeV transition. On the basis of the preceding

d.iscussion the 2126 kef 1evel is not fed. in this maru:er and it is

possible that the 2526 ixeV level is not populated in any other fas-

hion which voutd. mean the 8)+e teV transition ís incorrectly placed

ín the published fevel scheme.

(f) Sr:nmary of the y-y Coineidence Study

On the basis of the y-y coincidenee work it is proposed

that three levels are populated in the decay of 20631 r+hich have

not been observed in this decay before. These occllr at 26l+7.L ! .Tt

3562.t t .7, and 3586"8 t .7 keV. It is also proposed that t}:e 755

keV transition takes place betveen the level at 3l+03 keV and the level

at z6\7 t<ev.

NEI,I TBANSITTONS

As seems customary when studying eomplicated nuclides l¡ith

Ge(Li) detectors several new transitions lrere observed. nhese transi-

tions were identified. as belonging to 206p5 by observing that they

decay with the same half-life as 20691. Tabl-e 6-6 shows the energies

and. y-ray counting rate of these transitions relative to the 171-9 keV

cor:nting rate for three different runs. The time between the first

run and the last l¡as 15 days, -Z.h tratf-l-ives. Also shown, for the pur-

poses of comparison, are several lor¿ intensity peaks vhich have been

id.entified as ttsrm peakstt of two cascading Y-rays. These are labelled
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TABLE 6-6

Relatlve y-ray cowrti-::g rates of several weak
y-peaks ¡r 20ô31 whi-ch-have been identified as
new transiti-ons" Ttpse lines labelled with an
asterisk have been identified as sun peaks"
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TABTE 6-6

Relative

Day 10

.11
" l-l+

"25

Counting Rate

Day 15

.10

.13

.23

Ipv r

.15

.11+

.29

.050
" 0l{5
.032
.011
.or2
.013

.0091

.0085

.032
" 0037
.0031
" 0050

.01h0

.0190

.001+6

Average

"12
.11+

1l+7. 5!1
157. Btl
157. B+11+?. 5

582.O
696.6
|Bt+"5
BSBtr
955.5!r
966.6tt
1L41.4 I
Lrl+6.2*'

rt95"5!r

r.208.5tl
L23g
r2l+6lL
1319. 5t1Ë
L333.? 1

13h0. B*'
1560. l+ r
l56't+.5'

r79r.2

.051

.0l+7

" 
03?

.013

.0r0

.0095

. oog8

.0130

.033

.0050

. ool+2

.0051

.01-6

"ozT

.0039

.063

.051

.030

.005

.012

"or2
" 00?0

,013

.035
" 001+3

.00¡+2

.00hh

" 015

.018

.0035

.055

.01+8

.033

.010

^1 
I

.oI2

.0089

.011

.033

.00113

.0038

.001+B

.015

.019

.01+0
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with an asterisk. It shoul-d. be noted that severa] veak lines belong-

ing to the deeay of 2053i weïe observed in the singles spectra. These

1,¡ere readily identifiabl-e and in fact, it was possible to observe that

they d.id. not decay with the 20631 half-life sinply by observing, on a

graphical d.ísplay, the change r¿'ith tine of theír intensity relative to

that of neighbouring 2oe3t lines.

Since the rel-ative y-ray intensities of these new transitions

are very small one must be carefuf that they are not ttsum peaksrr of tvo

cascade y-rays. Table 6-7 shovs a comparison betl¡een the counting rates

of these weak transitions, relative to the 1719 keV counting rate, and-

the calculated sr:n counting rates of various pai.rs of cascad.e Y-rays

which night be causing these weak y-ray peaks. Again, for the purposes

of comparison, we have shovn a few cases for which the peak has been

identified. as a sum peak. The calculations of the sum counting rates

are based on the measured relative y-ray intensity of the strong transi-

tions, measured. in the present work, and- the deeay scheme of Led.erer et
ll )i)al t--'. As can be seen from the numbers involved, only the strong

y-rays need be taken into account and the case of a triple sum peak can

be reJected. Finally the intensities of new y-rays, relative to that of

the 803 keV 1-ray, are shom in table 6-l+.

On the basis of energetics ve have been able to tentatively

assign several of these transitions to the decay scheme" These assign-

ments are shown in Fig. 6-1\. Here, tr,lo types of levels have been use¿le

(f) those levels which have previously been observed in 206p¡ following

the decay og 20631 ineluding the levels at 3587, 3562 ana Z6+7 keV pro-

posed in the present vork, ana (2) leve1s at 293L and 1791 keV which
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TABLE 6-B

Relative intensiQz of ttre weak y-ray peaks of
2069i ccnpared to that of possiJrle strn peaks"



Ener$r

rt+T.5
L57.8
,82.0
696.6
?81+. 5
B5B11
u41.1+
Lf,+6 "2
rr95.5
1208.5r1
'l 2?o+1
ad+6lI
1319. 5r1
1333.7
131+0. B

1560.)+
l-S6t+.5

955
966.6

.

I79T

Sun Peak

sgrlS+reL. o

3)+3. h+516.1

803.0+343.4
311+. 5+881.0

8gl+. g+¡l+S.l+

Soslo+:16. r

8os. o+5s?.6

TABTE 6-T

Sum Intensity

.01)+

.005

.ooT2
very sma11

.001

. oã:

.005

Measured IntensÍty

.01+B

.033

.010

.009

.011

.033\

.001+3

.0038

.005

.oa22 Ì nr ce

.0030 ) 'vL/É

.010

.010

.011-

.012

.0l+0

Ner.¡

a¡ê a

atêq

a¡ê q

yes
?

atêa

no
yes
atê c

arêe

atê q

no
yes

no

arê q

1rÊ q

yes
yes

atê q
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Frc. 6-!.4

Partial decay schene 6¡ 20631 indicating the
assignrent of y-rays sr:ggesteùl jn the present work.
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/rn\
have been id.entified, for exarnple, by Vallois et a1\'>/ by inelastic

proton scattering and. vhich have been labelled with an asterisk.

It should be noted that the L56o.)+ and' L565"1+ tev transitions might

be in cascad.e to the ground state fron the 3125 keV level. This

idea is supported by the fact that the y-ray intensÍty of these

transitions are roughly equal. However, the author is unavare of

any strong evid.ence to suggest the existence of the necessary inter-

mediate leve1 at 1560 or l-565 keV and- for this reason we have not

included this possibility Ín FÍg. 6-fh.

TNTERNAL PATR PRODUCTTON IN 2O6Pb

As discussed in chapter 5 the trochoid.al ß-ray spectrometer

is ve1l suited to the study of internal pair production. As a first

attempt at using the present instrument as a pair spectrometer the

total paír formation coefficient, or' was measured. for the 1719 keV

transition in 206Pb. We sha1l discuss this measr:rement in some d.etail

since the techniques used are of general application.

As l¡il1 be recalled. from Chapter 5 nuclear transitions with

E >2m-& ^"y d.e-excite by the creation of an electron-positron pair. The
Yo

total kinetic energy available to the pair, T = E-.-2m^C2, is shared bet-
Yo

ween the tlro particles, so that the energy d.istribution of each is a

continuum. If, however, the outputs of the two sides of the spectrometer

are added then the surnmed output vilI be a mono-energetic peak corres-

ponding to the total pair kinetic energy T. Figure 6-15 shows such a

sr:m spectrum for 20631 in l¡hich the pair sum peaks corresponding to the
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Frc. 6-15

q>ectnm obtained *igr 20691"
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1595, 77L9,-1845 and L880 keV tnansitions can be seen. In the pne-

sent work r^re have measured the ratio of pains emitted pet- unit time

to K-convension electnons , "!/u*-, for the 1595 and l-719 keV tnansi-

tions, as well as the total- pain formation coefficientsr on. The l-845

and 1880 keV sum peaks were not well sepanated and no attempt was made

to obtain this natio fon these transitions. Hene, the numben of K-con-

vension electrons was obtained dinectly fnom the conversion spectrum"

Thus the ratio e!/e,,- does not depend on the absolute values of the
t\

efficiency curves but only on the nelative efficiency.

By gating on the 1719 keV sum peak we have also obtained the

positt:on continuum fon this tnansÍtion. Fig. 6-16 shows thÍs spectnum,

uncorrected fon efficiency. This spectnum may be companed to the un-

gated positnon singles spectnum shown ín Fig " 6-17, In Fig. 6-17 it

wí11- be noted that the nunber of counts pen channel abruptly dnops

at sevenal locations. These dnops occur at the s¡d-point of the vanious

positnon continua, assocíated with the diffenent tnansitíons o¡ 206p5

which produce intennal pairs. In Fig. 6-18 the theonetical shape of

the positnon continuum fo:: the 17i-9 keV tnansition is companed to the

expenimental spectnum, (connected fon efficiency). The theor"etícal-

shape is calculated in the Bonn appnoximation and cor"rected fon the

effects of nucfean change using the conrection of Honton and Phibb=(fa¡.

(See Chapten 5. ) The experimental- energy distnibution shows a high

eneugy cut-off at appnoxímately 600 keV. The onigin of this cut-off

is to be found Ín the electnonics and wilL be discussed shontly.

The block diagnam of the electronÍcs used in the pain product-

ion wonk is shown in Fig. 6-19. The system ís nelatively straight fon-
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Frc" 6-16

Posi-tron spectnun obtained ty gating on the 1719
pair srm peak.
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tlngated ¡rcsitron sPectnun.
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FrG" 6-18

ftre 1719-pair positron spectrun ccrpæed w¡th
tÌreoretical calcrrlations degcribed in drapter 5.
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FrG" 6-19

Block diagram of tlre elestronics used in tt¡e
påir Prodrction studlz.
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\fard. If a coincidence occurs betveen the two sides rthe línear gates

are triggered allowing the anplified. outputs to enter the adder-ampli-

fíer. The su¡med output is then fe,l to a multi-channel analyzer andfor

to a single channel anaTyzer, S.C.A. By setting a aE S.C.A. windov on.

the appropriate sum peak the s.c.A. may be used to gate the positron

side to col-l-ect the positron spectrum correspond.ing to a given transi-

tion. To coll-ect the corresponding electron spectrum one sirply re-

verses the magnet current which switches the response of side nr:mber l-

from positrons to el-ectrons.

To obtain a monoenergetic pair sr.m peak the gains of the tr'¡o

sides must be matched. Rough gain ad.justments are made using the main

a.mplifiers and fine ad.Justments are nade at the inputs to the add-er

arnplifier. The gains are matched. using the conversion electron spectrum'

The resolution of the paiï' sun spectrum depends on this matching as vefl

as on the resolution of each sid.e. The 1719 keV sum peak shor'm in Fig'

6-15 is -20 keV F.I\I.H.M. This somewhat poor resolution has been attribu-

ted to difficulties in matching the gains of the two sides. In subsequent

experiments the situation has improved consid.erably. This improvement

was achieved sinply by svitching the D.C. restorers' shol'm in Figure

6-L9, from the passive mod.e to the active mod.e.

As discussed in chapter !, the coincidence resolving tirne

is set et l+OO nano-seconds. fhis means' i-n alf cases of Ínterest, that

pair events, for which the positron or electron enerry is s 2J kev, will

not contribute to the fÏll enerry pair sum peak since there will be no

coincidence signals to trigger the gates. The time pick-off units, T'P'O'

are biased" so that they do not trigger unless the pre-arnpLifier output



pulses are sufficiently large. In this way the coincidence circuit

is not triggered by electronic noise. In most e;perimental situa-

tions, it has turned out that the noise level corresponds to electrons

(positrons) rvith an energ'y -30-10 keV. Since the tríggering l-eve1 of

the T.P.O. is set above the noise l-evel those pair events for which

T t 5 50 keV then do not contribute to the sum peak. The main contri-

bution to the electronic noise was found. to be high frequency ripple'

(-fOUnz), on the magnet current. In the 2068i work the electron sid-e

of the system lras particularly sensitive to this oscillation' because

of the inadequate grounding, and- the T.P.O. triggering levef, for the

eI e,of.ron si de had. to be set at a level corresponding to an energ'y

-1OO keV. Thus pair events for r,¡hich 1 - 5 100 keV do not contribute

to the pair sr::n peek. ThÍs explains the cut-off at 6OO keV in the posi-

tron spectrum of the 1719 keV transition.

The ampl-ifier tine constants used on the pair production Ì¡ork

r+arrant a brief di-scussion. Consider a situation for which the total

kinetic energy availabl-e to the pair is T = 1000 keV. In some given

pair event let T* =900 keV and T- = l-00 keV. Then the positron is de-

tected about lOO nano-seconds before the electron. See tr'ig. 3-15.

Therefore the amplified. pulse from the positron side vill- reach ful-l

pulse height about lOO nano-seconds before that of the electron side.

For some other pair event, however' for vhich To-T-the an,plified pulses

from the trnro sides will reach full height at about the sane time.

Since the outputs of the tvo sides are to be ad.d.ed. to give a unique sum
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pufse, regard.fess of the energy sharing between the two particles,

this variation in the time at which the pulses reaeh ful1 height

is potentially troublesome. The problem $l-as very easily circum-

vented. by using long amplifier time constants. The differentiation

and integra,tion time constants were both set at 4 Us. The resulting

peak shape has a relatively t'ffatt'top over a length of approximately

I us. The l-inear gates through r,¡hich these pulses pass are held open

for only 5OO nano-seconds. The output of the coincid-ence circuit

is delayed so that the gates are open vhen the amplified' pulses reach

fuJ-Ì heighth. The adder amplifier therefore sees a pair of pulses

which are essentially square wave pulses of length 100 nano-second's '

The variation in the times at which the outputs of the tvo sid.es reach

full heighth is then effectively cancelled. This has been checked using

a pulse generator. A pair of pul-ses of equal height are fed into the

two sid.es of the system. If one pulse is delayed by l+00 nano-seconds

with respect to the other the change in the summed puJ-se height was found

to be negJ-igíb1e.

Let us nolr turn to the anfysis of the d.ata. The ex¡rerimental-

data vith which lfe have to vork is essentially the ful-1 energy pair

sum peek counting rate Crr. If CO- is the full- energy peak countingnate of

the corresponding K-conversion line then
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priate peak d.etection effj-ciencies. Ïf ' for
;that the pair sum peak contains contributions

regardless of the value of T+, then é =
?T

and €,,- are the appro-
I!

the moment, we assume

fynm q'ì 'l r,q i ¡ prranl- a¿¡v¡u @¿+ ysrr vVçllUùt

* )€z (r-r* )n ( ro )aro

N( T+ ) dr+

where €trZ are the measured fuJ-l energy peak detection efficiencies

of sides 1 and. 2 anð. N(T+) is the number of pairs per unit tine vith

positron energ¡ T4. See Chapter 5"

The general- method of evaluatinS €,, was outlined in Chapter

5, Let us nov consider the specific example of the 1fl-9 keV transition

1tt 206p¡. In Fig. 6-20 we have plotted the product €1 (T., )E (r-r* )

against T* for this transition. Here we have assumed. that €i12(T) 
=

€t,z(100) for all T ÍtOO teV. Although the full- energy peak detection

efficieneies €1 12 havs not been measured for T <100 keV this assumption is

reasonable. In practise, as explained earlier, the present instrument

does not generally detect pair events for which Tt 550 keV so that the

behaviour of the efficíency curves, €1 and €, belov 50 keV is unimpor-

tant. The full energf peek d.etection efficiency curves for both sid.es of

the spectrometer are constant from 500 keV to 100 keV. At some enerry

below 100 keV an appreciable fraction of the particles striking the

d.etector wil-l lose sufficíent energy in the detector dead. layer to re-

d.uce the full energy d.etection efficiency. In the early d.evelopment of

the instnrment the l-ine shape of 60 keV conversion electrons from 109Cd

,TTL

)"'€r(r
T,*



I42.

1¡as foìmd to be reasonably ttsharptr 'uhich indicates that the efficiency

curves are essentially constant to energies -60 kev. Therefore no

serious error is introduced. by the above assumption.

The curve obtained by plotting€r(T+)€z(r-r+) against Ta,

Fig. 6-Z0, is characterized. by a broad. region over which the prod.uct

€l x €z = aconstant = 3.fl- x 1o-2. Therefore we seta*= llt4!-1

where C is a correction factor to account for the fact that the product

€t x€-2 is not constant over the entire ïange of posÍtron energ'y. To

calculate the correction factor C ve gate on the 171-9 keV pair sun peak

to obtaín the positron spectrum shown in Fig. 6-t6. If Cx(T+) is t¡re

observed nr:mber of counts in channel x corresponding to a positron energ¡

Ta then the correction is given bY

c = fc*(r) / {er(ro)e2(ro) }
V

@x
where

the sr.¡¡rmation

transition we

is earri.ed over alJ. occupied. channels. For the
a*

obtain C = 1.02. Then the apparent ratio f is
_K

1719 keV

given by

: = þr' o2-, x€r- 
.uf- 3. l-1x10 - CK- -

Although the correction factor, C, is small in the present example, in

general, for higher eneïg:y transitions, it ís eonsiderably larger and

must be taken into account in analyzing the data.

Since the pair sum peak contains no contributions from pairs for

which T+ Ì6OO keV the apparent ratio calculated above is 1or+. We must,
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Frc. 6-20

The product€, (T+)€2(T-T+) versus T* for
E = 1719 keV.

Y
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now, introduce a second correction ter?. Since the theoretical

shape of the positron continuua fíts the experimental data for

T+ :600 keV r.¡e have used- the theoreticat positlon enerry distribu-

tion to correct for the high enerry eut-off. The correction is then

given by CI=(Area und.er theoretical curve from O to 700 t<eV)+(Area

under the theoretical curve from O to 6OO keV). Then C1=l.pl' ie'

Zj% of the pair events have positron energies vith T+ì6OO ireV. I^le

have ignored. the fact that there is afso a ]ov enerry cut-off which

means that the pair sum peak also contains no contributions from

paÍ.r events for r.¡hich T+ 5To, where To is lor+ energy cut-off. In the

present experiment the positron continur:m obtained by gating on the

fTIg keV s1¡m peak, (¡ie. 6-t6) has no counts for T.uSfO keV" Thus

the low energf cut-off, in the present experiment, occurs at about

70 keV. Because of the Coulomb repulsion of the positrons the number

of pair events for r,¡hich T+<70 keV is negligible and. no error is

introdueed. by ignoring the low enerry cut-off.

In su'mary, then, to obtain the ratio $ for the 1719 keV

"r-
transition it was necessary to introduce t¡,¡o ty¡res of corrections to

the pair sum peak counting rate. The fÍrst correction, which in the

present caÉle r.ras small , accounts for the fact that the pair detection

efficiency for d.ifferent pair events varies with the positron enerry T4.

The second correction accounts for the fact that the pair si:m peak

contains no contributions from pair events for which the positron enerry'

T4, is greater than some cut-off energ¡.
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In the present wonk we have al-so obtained the ::atio ã; fo"

l\

the l-595 keV tnansition. For this t:ransition it was impossible to ob-

tain, exper-imentally, the shape of the positnon continuum because of

the low intensity of the 1595 pair sum peak. Howeven, it is not real.Iy

necessany to do so. Fo¡. this transition the kinetic energy available

to the pair is 573 keV and the p::oduct€i(T1É2G-t*) is essentially

consrant fon T, I S73 keV. Thenefore the only corr-ection which must
--J

be applied to the pair" sum peak counting rate is that associated with

the high-enengy cut-off" As discussed pr:eviously thís cut-off anises

because electrons with T-5100 keV.do not". tnigger" the coincidence circuit.

For- the 1595 keV tnansition the pair sum peak then contains no contri-

butíons fr"om pair events fon which T1>473 keV. !{e have cal-culated a

cornection for this effect using the conresponding connection obtained

fo:: the l719keV tnansition. Fon the 1595 keV tnansition the positnon

enengy negion for whích the pain sum peak contains no contributíons is

a largen fnaction of the energy'r:egion open to the positnon than fo:r

the l-71-9 keV tnansitíon. Thenefore the cornection term is corresponding

by langen. Fon the l-595 keV tr.ansition InIe have ca.Iculated the cornection

terrn to be

c. = r.2s " !:294119ì = r.sot -" ^ (700/600)

The results of the pr:esent measur:ements are summanized in

Table 6-8. Hene we have shoum the measuned pain fonmation coefficients,

the measui:ed natio" "t/",,- and the measured K-convension coefficients
l\

fon the 1595 and 17i-9 keV transitions. Also shown, fon companison,
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TABLE 6-8

Sr-urwnrl 6¡ 20691 pair formation studlz"



TABLE 6-8

Transition Quantity Experimental El- E2 Ml_

-4
2 . 5t. 5xl-0 2.2xro-4 9.5x10-5 f .6xi-o-a

1595 0K 9.8ri_.0x1-o-4 9.5x10-4 2.3xt-0-3 +.7x10-3

+

"= 
/eK .25i" 05 .23 .o42 '034

0
1f

17i-9 d,,

-43.71,6xl-0

-48. 9t " 9xl-0

+
e- /e., .42!.06

I\

-11 -l+ -4
3 . 0xl-0 I. 45x10 2. 4xl-0

B.Sxto-4 1.95xt-o-3 3' 9x1o-3

.074 .061



r47 .

are the corresponding theonetical val-ues for E1' E2

based on the cal-cul-ations of Lomb¡rrd et al (10) 
ur,d

The agneement between the theonetical values fon an

and the expenimentaf data is excellent.

and Ml- tiransitions

Hagen and sel-tz er(22) .

Et multípolarity

SUMMARY

In summary the study of 206pb fol-l-owing the d.ecay o¡ 2063i

was veny fr"uitful. The nelative y-nay intensities of the varíous

transitions have been measured and the cor.responding conversion coeffi-

cients have been deduced on the basis of these measunements and pre-

vious measur:ements of the nelative K-shel.l conversion e.lectr"on inten-

sity. These conversion coefficients genenally confínm the decay scheme

of Lede::enrHo]Iander and Perlman 
(14). 

The cal-ibration cunves for the

spect:rometen have been venified. The positions of 1844, l-878 and l-903

keV tnansitions have been establíshed and the position of the 755 keV

tr"ansition has been changed fnom that suggested by Ledene:: et a.I" Sev-

er:al- new tnansitions have been establ-ished and some of these tnansitions

have been tentatively assigned to the decay scheme. Finally the spec-

tromete:: has been used fon the finst time as a pair spectnometen and sev-

enal impontant asDects of its oÞenation as such have been reveafed"
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CHAPTER 7

INTERNAL PAIR PRODUCTTON AND TNTERNAI, CONVERSTON

rN BBsr FOLLoI,IING THE DEcAY oF 8Bv.

ttObserve how system i-nto system runs '
What other planets circle other suns.l'

Alexander PoPe

IIÙTRODUCTION

8By decays to 88Sr by approximately IOO%" E.C. capture.
lral

The decay scheme, according to Lederer et al t"'is shown in Fig.

T-I. The 2?3Ir keV l-evel of 88Sr de-excites to the gro¿nd-state by

two cascad.e tra¡sitions of 898 keV and. fB36 teV and by a cross-over

transition of 2T3l+ keV. fne 1836 keV level of 88Sr is also weakly

feed via positron decay of 8BY. Previous workers have measured the

K-conversion coefficients for the 898 an¿ fB36 treVtransitions' For

both the f836 a¡r¿ 273l¡ kev transitions internal pair formation is one

mode of de-excitation. The pair formation coeffieients for these

transitions had not been previously dete:ruined, so their measurement

was undertaken. For completeness t.he K-eonversion coefficients, d*:

and the ratios an.lar+or+ .... were also measured for the 898 a¡¿ 1836

keV transitions.

INTERNAL CON\TERSTON MEASURH{ENTS

For the internal conversion coefficient r¿ork (and for the

pair production studies) two independently prepared drop sourees Ì'Íere

used.. For each sourceo electron runs were mad.e, in succession, on



lua

FIG. 7-1

Decay schene of BBY.
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either side of the spectrometer. A ty¡rical electron speetn:n, using a

logarithmíc scal-e for the counts per channel-, is shom in Fig.7-2.

In Fig. 7-3 the spectrr:m, in the vicinity of the conversj.on electron

peaks, is shovn in d.etait, on a linear scale. As can be seen the K

and the L+M+... conversion peaks, for both the 898 ana tB36 tev tran-

sitions, are not completely separated. Therefore it v'as necessary to

do some very simple peak fitting. This was done graphically and the

technique is illustrated in Fig. 7-\. The points represent the 898

K and L+M+.. . conversion el-ectron peaks following a straight line

background. subtraction. The dashed curve represents the estimated

contribution to the d.oubl-et from the higher energf peak. The shape

of the fitting curve Ís the s€Lme as that of the 1or¿er enerry peak.

This is a reasonable shape to use. fhe ttsizett of the L+M+... conver-

sion peak is roughly L5% of that of the K-conversÍon peak" Frrther'

the tr+o peaks are reasonably lre11 separated so that the contribution

to the lower enerry peak from L+M+.. " eonversion electrons is smal-I.

The lower energy peak is then relatíveIy clean and. the peak shape should

be a good approximation to the |ttruett shape. It r'ras found, using this

teehnique, that the mresolved contribution to the L+M+... conversion

peak was generally -IO/, of the total contributiono for both the 898 and-

fB36 t<eV transitions. The mrmber of counts in the K-conversion peak

l¡as obtained. by subtracting the number of counts ín the L+M+".. peak,

obtained in the above manner, from the total number of counts in both

peeks. fhe absolute y-ray strength of these transitions ]ras found us-

ing a^n external- Ge(Li) detector.
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ryG" 7-2

Tlpical electron spectrum of B8Y.
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FIG. 7-3

The 88Y electron s¡:ectrrrn in úe viciniÇ
of tl¡e conversion Peai<s.
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Frc. 7-4

The separation of tlre K and -bhe I¡¡M conver-
sion peaks for tlæ 1836 keV transition of 88Sr.
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TABLE 7-1

The results of the internal conversion wnrk
on 88Sr follonring tlre decay of 88Y, corpared
to theory and to the results of previous \^¡cr-
kers.



Quantity

c*( 898 )

K/L+M+. . . ,898
er( 898 )

c*( reeo )

Pnesent ltonk

K/L+M+. . " (res0) z.et" s

-42"5t.3x10

8"0j"2
_lr

2. I t. 3x10

-¿rl-. 20 t.l-6xl-0

clT (r-896)

Theonetic ar(22)

-l12 "7xL0 (81)

7.8

_¿r
1. 34 t" .l-6xl-0

3. 0x10

1.4x1-0

TABLE 7-]-
t^4)

Hamilton et al\'

-4

_tr' (82)

_¿r
3.0t.2x10

7.0t. 5

-¿r3. 45x10

Metzger "t .t(25)

_l-l3.4t. 7x10

Peacock t Jor,""(26)

. _lr
l-. 7 t. 4xl0

_tl
2.7xI0

_¿r
I. 3x10



in

to

I hh

The results of the internal

table 7-l- and- compared to those of
. /nn\

the theoretical cal-cu-Lati ons.\tt )

conversion work

previ.ous workers

'Ihe agreement Ís

are sumarized.
(zl+,2, ,26) artð.

fairly good.

]NTERNAL PATR PRODUCTION MEASURM{UVTS

Both 273\ keV 1evel and the fB36 teV level may d.e-excite

by the creation of an electron-positron pair. In the present work

we have measured the paír fo:mation coefficient, cln, for both these

transitions. Runs vere made with two independ.ently prepared. drop

sources. Fig" T-5 shows a typical electron-positron sum spectrm in

which the sum peaks correspond.ing to the 1836 and. 2731+ keV transitions

can be seen. Here the number of counts per ehannel is plotted. on a

loganithmic scale. Fie" T-6 shows typical sr:m peaks for the 1836 and

2734 keV transitions in more d.etail on a linear scaIe. The 1836 srm

peak Ís -15 keV F.I.I.H.M. Part of this resolution is surely attribu-

table to d.iffÍculties in matching the gains of the two sid.es of the

spectrometer. This gaín natching was d.one using the 88Y conversion

electron spectrm and therefore we could. check the matching at only

two energies, the energies of the conversion electrons from the B9B

and 1836 keV transitions.

Let us consid.er the 1836 keV transition first. ef gating

on the correspond.ing srim peak ue have obtaÍned. both the positron con-

tinuum and the electron continur:m. These speetra, i:neorreeted for

efficiency, are shovn in Fíg. 7-7, The Lo¡,r energ'y cut-off in these

spectra occurs at about 30 keV" In Fig. ?-8 the posítron spectrum is

compared. to the theoretícal calculatíons of Chapter 5. Ttre syrnnetrie

curve of Fig. 7-B is the calculated. shape, for an E2 transition, using
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FTG. 7-5

flpical pair sr-un spectrrm of 88Y"
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FIG" 7-6

T\rpical pair sun peal<s for tl¡e 1836 and
téV tranËiti-ons o-f 88sr.

2734
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the Born approximation and the seeond. curve is the Born

tion calculation corrected for nuclear charge. Here the
fralcorrection is that of Horton and Phíbbs\¿Jl. The Ferrad

gives essentÍally the sa:ne shape. Both the theoretical-

been nor"m.alized to the experimentat data at T*=\69 ¡.y.

approxima-

oharoø

comectíon

curves have

To calculate the pair formation coefficient for tfre fB36 teV

transition we must correct the pair sum peak couniing rate for the

variation in pair detection efficiency with energ,r and for the l-ack

of contributions to the sum peak from positrons with T*ì T8)+ teV.

In Fig. 7-9 the product 61(ro)é.r(r-ro) is plotted against To for the

f836 teV transition. fgnoríng, for the mo¡rent, the high-energ¡¡ cut-

off , ve set the paÍr d.etection efficíency,€n, = %Ú where

C is the correction which accounts for the vari.ati-on of pair detec-

tion efficiency with enerry. C is calculated. as for the case of the

l-719 keV transitiott o¡ 206p¡, (see Chapter 6), using the ex¡rerimental

positron continur:m obtained. by gatÍng on the t836 teV pair sum peak.

For thís transitÍon c = 1.09. The eorrection for the high energ¡

cut-off vas cal-cuJ-ated by comparing the area under the theoretical

positron continuum, correeted for nuclear charge, from 0 to 78)+ teV

to the area under the curve from O to 8tl+ teV. This rnethod. of calcu-

lation is justified. by the good. agreement between the theoretical shape

of the positron continur:n and the experimental shape. See Fig. 7-8.

lhe correction was found. to be 1.05 ie. The paÍr sum peak does not

contain any contributions fyom 5% of the pair events.
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FTG. 7-7

Conparison of the electron and ¡nsitron con-
tinua from internal pairs frcrn the 1836 keV
transition of 88Sr. -
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FIG. 7:B

Con'parison of operÍrnental shape of tJ-e posi-
tron contj¡lur¡n of i¡rternal pairs f:¡om the 1836
keV transition of BBSr with theoretical calsu-
lations. The synnetric is the Born approxima-
tion for an E2 transition r¡fiile the second cutr/e
is thre same calsulation nultiplied by the charge
correction factor of Horton and Phibbs (13).
Both cr:rves have been norrnalized to the data at
400 keV.
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FTG" 7.9

The producb €jT+)€.2(T-T+) versus T* for
E., = 1836 kev"
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FrG" 7-10

The product. €l (T+)€2 (T-T+) versus T* for
E = 2734 keV.

I
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Nor¡ let us turn our attention to the 2?31+ keV transition.

Because the pair sum peak correspond.ing to this transition is very

l¡eak it was impossible to obtain the shape of the positron continuum

ex¡lerimentally. Because of the hÍgh enerry of the tra¡lsition the

variation in pair detection efficíency, with positron energy, Ís

erpected. to be large and. must be taken Ínto account. This variatíon

is shown in Fig. ?-lO.For this transítion ve set €-= f.h3 x 1O-2n-î-
where C is the usual correcti.on factor. I{e have calculated. C using

the theoretieal shape of the positron continutm, corrected for the ef-

fects of nuclear charge, calculated as ùiscussed in Chapter 5. Since the

correction obtained. in this way may depend on the nultipolarity of the

transition cal-cul-ations were canÍed out for 81, 82, E3, Ml, M2 and. M3

transitÍons. The correction factor l¡as found. to vary from 1.37 to 1.1+2

for the different multipoles. To cal.cuJ.ate the pair fornation coeffi-

cient the value C = 1.1+0 was adolrted. The pair formation coefficient

obtained. using this correctj.on is ex¡rected. to be val-id. for two reasons.

(f) Although we have no direct eonfiruation of the theoretical shape

of the positron continuum for the 273\ t<eV transition the theoretical

shape obtained. for the 1836 kevtransition is in excellent agreement

with the experiment which gives us confidence in the theoretícaI formu-

lae. (Z) The correction factor represents a correction of h0% and.,

therefore an error in the correction of say 20% eonttibutes an error

of only 8/' to the pair formation coefficient. Thus this procedure for

accountÍng for the variation of pair detection efficiency with positron

enerry is Justified.. The correction to the pair sum peak counting rate

arising from the high-energ¡r posítron cut-off is :1. 02 for the 2731+ keV



TABTE 7.2

Surunary of pair formation study of 88Sr follor+-
ing deõay o-t 88Y.



EcrYn

1836 2" 3t.3x10

2734 3.31.5x10

El_

_tr
4. 9x10

_tr
10. 3x10

-+

-4

E2

_l+
2. 3x10

-46. 4x10

TABLE 7-2

E3

-41.2x10
ll

4" 4x10

Ml_

_tr
t" 6x10

-l+4" 4x10

142

8. 7xl-0 "

-l+3. 6x10

M3

4.6x10-c

-42. 5x10
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transition. (The per-centage energy negion for which the sum peak

contaíns no cont::ibutions is -30/1712229o).

The nesul-ts of the paj-n pnoduction wonk ane summarized and

companed to theor"y ín Tabl-e 7-2. Fon the EI, E2 and Ml- t::ansitions

the theonetical oair formation coefficients ane taken fnom the work

lrnlof Lomband et aL'*"'while the E3 and M2 values ane cal-culated using

the Bonn appnoximation as discussed in Chapten 5. Fon the 1836 keV

tnansition the multipolanity based on the pain fonmation coefficient

is definitely 82. Fon the 2734 keV tnansition the best agneement bet-

ween theony and expeniment is for- an 142 tnansition. Howeven, fnom

yBgB -yte36 angulan conrelation \'" the tnansition must be E3. The

lack of agneement between the calcuLated pain formation coefficient

and expeninent is believed to be a r.eflection of the inadequacy of

the Bonn appnoximation.
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CHAPTER 8

sflfDy g¡' 20sp¡ FoLLowfNc THE DEcAY gp 20sgi

tt rCuriouser and curiouser!r cvied Alice. "

Lewis Carroll

INTRODUCTTON

20531 decays to 20511 ty almost 100% eleetron capture'

The subsequent transitions in 205p¡ are numerous and eomplicated.

. ( 16 "28.29.30 )
The decay scheme has been stud.ied by numerous l'Iorkers

lar )
a¡¿ recently Kosanke et al t"'have reported on a study o1' 20531

using Ge(Li) d.etectors Ín which they vere able to ictentiflr -100

y-rays. on the basís of y-y coinci.dence work Kosanke et al- have

proposed a partial d.ecay scheme which is sho'wn in Fig. 8-f. In the

present r^rork t¡e have used. the trochoidal B-Tay spectrometer to mea-

sure several internal conversion coefficients and. severaf internal

pair fomation coefficients.

Tt vi1l be recal]-ed that tr.¡o transitions of 2058i r¡ere used.

in cal-ibrating the spectrometer. (See Chapter h. ) These are the 703

(o )
and. 1903 keV transitions a.nd they are listed. by Hanilton et al '- ' as

transitíons for whieh the K-conversion coefficient is known to better

tinan LO%" Sinee these transitions 'w'ere used. in calibrating the spel-

trometer the present vork does not provide any information concerning

them. It is well to point out though u that, historically, these

transitions T{ere used in calibrating the spectrometer but that there

is ind.ependent evid.enee to support the calibratíons" In particular'
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FIG. 8-1

schene og 20531.
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the values of the K-conversion coefficients for the BO3, f[f9, and.

r87B lcev transitÍons of 2063i and the 1836 içeV transition of 88Y, ob-

tained. using the spectrometer, are in good agreement with the values

reported by previous workers. (See Chapters 6 & T).

The conversion coefficients and internal pair forrnation

coefficients were obtained. by fírst measuring the relative y-ray in-

tensitíes of the various transitions and. then the relative electront

or pair, strengths. The eoefficients were then calcul-ated. from this

data assuming that oK=1.05 x l-O-2 for the 703 keV transition.

GAM/ÍA AND ELECTRON WORK

Ga¡ma ray síngles spectra were acquired. using the Ortec

35cn3 co-axial Ge(Li) d.etector referred. to in Chapter 6. A typieal

y-spectn:m Ís shor,m in Fig. B-2. Besides being used to determine the

relatíve y-ray intensities the singles r,¡ork was used. to detemine the

energies of the stronger transitions. The enerry deternination r¡as

carried out in the same manner as for 20631, (See Chapter 6), using a

mixed 20531 plus standard sources spectrum. The results of this energy

calibration are sunmarized Ín Table 8-1. The values obtained are com-

(co) /na\
pared. to those of Vegors et al \5u/, Schmorak et al "'', and. Kosanke

/rr \
et aI \J¿''. There is excellent agreement between the results of Kosanke

et al and those of the present work for all energies but above about

1600 kev there are small but significant dÍscrepancies between the pre-

sent values a¡rd those of Vegors et a1 and Schmorak et aI.
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FTG" B-2

Tþica1 2osgi y-spectrum.



COUAüTS PER CHÅruruEL
ARBITRARY SCALE FACTOR

26r.263
?82,2e4
3ro:^494Ær;/ 512

=t?g

to64
r190

t352

t6t5,l619

1764
1776
r863
t903
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TABI,E B-1

Sr¡rmarv of the transítion enerqies of the
strongrline in 2osg1.



TABLE 8-1

This Wonk

TRANSITION ENERGY.

vegor.s "t "t(30) schmorak "t .t(29) . . (31)
KOSANKE ET AJ.

260. 9t. 5

549. 9t. 3

R?O O+ Q

703. 5t. 3

987. 6t " 3

1043. 51. 3

1189. 81. 3

161-4. 0i.4

1764.2t "4

l-775. 81" 4

l-861. 8r . 4

1903.41.4

t^ô q

262 "9
Ãqrl l

580. 0

703.4

987. I

1043.7

l_l_90 " 0

l_61_5 " 4

1766. l-

1777 .7

laA? O

1905.9

260. 51. l_3

550. 0r. 28

580.0r.29

703. 31.35

987 . 8r. 5

l-043.7t. 5

l_l-90 " 3r. 6

1614. 6r. B

t_766.41. 9

1777.4!.9

l-863. 3r. 9

1906.. Stl_. 0

260. 6

262"9
549.8

579" I

703. 4

987.9

1043.7

1190.0

l-61_4. 5

1764. s

r776.O

l_861_. I

l_903. 6
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TABLE B-2

Sunnary of tfre relative y-ray intensities ob-
taixed-in the present study o¡ 20s31"



TABLE 8-2

Tnansition Enengy

282.3
284.2

310. 4
3r_3. I

349. 6

493. 7

498.6

5t_1.4

549. I

570. I
574. 0

576.4
q?q R

ozo" I

703

745

7Ãq

76r

911

988

1014

1044

1190

L352

1764

Relative y-llay IntensitY
Pnesent Wonk Kosanke "t rt(3f)

7 .67

.53

'lQ

r"23

.64

4.6

8. 95

16.1

17 "6

r. 67

100

4.5

4.9

49. 3

3.l_

23. I

7.Is

3" 55

100

I"7

Qtr

.17

r_. 6

L.2

.o¿

e'l

ö.Y

r-3. l_

2.0
a^

16. B

t.B

100

i-" I

3.8

2"3

5.4

55. 3

Jã¿

25, I

8.].

3" 25

124

cont "
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TABLE 8-2

Transition Enengy Pnesent l.Ionk Kosanke et aÌ(31)

r776

1863

l_9 03

12.I

l_8.4

l-4.2

23.6

9.4
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In Table 8-2 we have compared the relative y-ray intensi-

ties of those transitions for r,¡hich we have obtained. conversion co-

efficients to the results of Kosanke et al (31). A great nany add,i-

tional y peaks were observed. in the spectra but the emphasis of the

present stu-dy was on the electron and pair spectra and hence we have

not included these in the present report" As can be seen from Table

8-2 there is general agreement between the present resul-ts and those

of Kosanke et al. For the higher energies, however, the relative

y-ray intensities obtaineti by Kosanke et aI tend. to be about 2O/o

higher than those of the present work.

It should. be noted that the 2058í had., as a conta¡dnant,

3Oy 2079i which contributes y-peaks at 570, 106\ and 1TTO keV. To

obtain the relative y-intensity of the 5TOkeV 20531 transition the

contribution from 2079i must be subtracted. This rras done by predíet-

ing the number of 207gi 57O keV yrs from the observed m:mber of 106l+

2a7l¡i yrs, using the relative y-ray intensities of Lederer u, 
"a(3e).

Here we have assumed. that the 1061+ keV peak was entirely attributable

tro 2073i. The measured intensity of the lJ]O 2079i y-ray relative

to the tO6l+ neV transition supports this assumption. At the time the

y-specrra were acquired. it turned. out that approximately 33/' of the

570 keV y-ray peak was contributed by 207Pli.

The conversion spectrun of 205gi Ís very complicated since

for every y-transition l¡e observe the K, L and M conversion lines.

However, r{e vere successful in extracting the rel-ative electron inten-

sities of a number of conversíon peaks" Two electron sources'were used.
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a,nd for each source independent runs \,rere made on each sid.e of the

spectrometer. A ty¡rical el_ectron spectrum is shor¿n in Fig. 8-3.

A number of the conversion peaks are multiplets and. it was necessary

to d.o some simFle peak fitting to extract the contributions from the

d.ifferent transiti-ons. The procedure fol-l-oved. was the same as that

described in chapter 6. The peak shapes ad.opted for the fitting

curves were those of the 6t5 i<ev pe*, (Tos-r eonversion line), and

the l-l-02 keV peak, (tfie ffgO-K conversion line).

The resul-ts of the electron l¡ork are sunmarized. in Tables

8-3 an¿ B-4. rn Table B-3 we ¡.vs senrìared. the rel-ative electron

intensities to the val-ues obtained by schnorak et ar Q9) ana ly

stockend.al and. Hultberg (rø¡. This conparison is interesting be-

cau.se Led.erer et al (5) ,r"a the relatÍve intensities of the zBz-K

plus 28h-K, 550-K" 703-K, 911-K,1Ol+l+-K, 1190-K anð. IT66-K conversion

lines' as measured by Sehmorak et al, as effi.ciency calibration stan-

dard.s. For the n,aJoríty of the transítions there is reasonable agree-

ment between the val-ues obtained. in the present rsork and. those of

schmorak et al but for the 282-K plus 281+-K, and t]ne rT65-K peaks

there is a serious díscrepancy between the tl¡o values. In both these

cases the present values are closer to those of stockendal. rt is

doubtfu-l-, then, if these tr.¡o electron peaks ca¡r be used as efficiency

calibration stand.ards .

In Table B-l+ we have calcul-ated. the conversíon coefficients

for the various transitíons, based. on the rel-ative y-ray and. electron

intensities, assuming that o,..= 1. 05 x IO-2 for the 703 keV transition.
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FrB. B-3

qpical 20s31 electron spectrurn.



COUNTS PER CHA¡üNEL
ARBITRARY SCALE FACTOR

c)
-Þ
z.zmorN)s2c
u,
m
7

26t K,263K
?82K,284K
3to K

3lo L,M
349 L,M

K
K

627 K,

703 K

7O3 L,M

gilK

988 K

to44 K
106r$ K

il90 K

ilgo L,M

r352 K

lotr$K

t764 K
t776 K

1903 K

l864 L,M



Sunnary of the
obtained in tlre
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TABIE B-3

relative electron intensities
present study s¡ 2osg1.



TABLE 8_3

Rei-ative Electron Intensitv

Present Work Schmorak etConvension Line

282-K+284-K

310-K+3i_3-K
3l-0-L+313-L
3l_0-L+Mf 313-L+M

349. 5-K
3+9-L
349-L+M

494-K

498-K

512-K

550-K

570-K

580-K

627-K

703-K
703-L
703-L+M

745-K

759-K+76I-K

911-K

988-K

101_4-K

l_044-K

r_t-90-K
1l-90-L
l-l-90-L+M

1352-K
1352-t

. (2e)
AT Stockendal- and

(16 )rlul-tDerg

290r40

O e+e

6.711
9.8r2

43 15
6. 6r. 5

8.2!I

9. 7!1

4.7! "4

19. 0r2

7. 9!l_

90110

24. 3t3

8.41.9

100
22.7tI.5
JU " ÐIZ

L.5!"2

Q 1+ q

24.7!2.5

5.lt.6

34.114

6.4!. 6

L. 471 . 15
2"0!.2

. 90!. 09

.16r. 03

240

3028

200

22

6"3

74

24

o" /

100

9.8

27 .5

4.9

32 "5

7.6

l_ t_

6.3

B9

24

100

8.4

27

28

1.1

conr t.
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TABLE 8-3

Relative Electnon Intensity
Conversion Line Pnesent l^iork Schmonak .t u1(29) stockendal and

(16 )flul-rDeng

i_499-K+l_503-K

1552-K

1764-K

L776-K

1863-L
1863-L+M
t903-K

.29 !.07

27 !3

2.9 t.3

1q+ n?

.201.03

43. 6

5.2

.60

.34

4.0

.40
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TABI,E B-4

Surnrarlz of tlre c-onr¡ersd¡on coefficients ob¡*
.ta-ined-in tlre present study o¡ 20531.



Conversion Line

282 " 3-K
284.2-K

310-K
313-K

31o-t+M
313-L+M

350-K

350-L

350-M

494-K

498-K

s12-K

550-K

570-K

580-K

627-K

703-K
703-t
703-M

Relative y-ray
Intensity

\ z.sz

"34
"17

"34
"L7

l" 9]

1.91

I Ar

L"23

"64

+.55

8.95

16. I

l_7.6

1.67

100
100

100

TABLE 8-4

Relative Electron
Igtensity

) eeot+o

] 9.313

] e. Br2

43r5

o. ot. 5

Z.lt rb

9.711,0

4"7r.5

19. 0r2 " 0

7 "9!2"O

90tI0

24. 3r3 . 0

8.4t " 9

l_00
22.7lI.5
7" 8!1

Expenimental Theoretical

]+"ot.5x1o-f i;îitflrt

Conver:sion Coefficient

]r. gr" 5x1o-1

]2. ot. +xro-I

2. 4t " 3xt0-f

3. 6t. 5x10-2

1.2t.3xlo-2

8.311. oxlo-2

7.7lI.0x10-2

4. 4t. +xlo-2

g.2!2.0xt0-3

5. 9t. 6xI0-2

1.5r.2xt0-2

5. 3!. 6xI0-2

-9*1.05x10 -_.
2.4!.2x10 "
8.2!I.0x10 -4

) z.z*to-l

Ì z.zxto-r

2.4xI0-1

-)4.0x10 -

1.0x10-2

9. 5x10-2

9.3x10-2
-t8. 7x10_f

2"0x10 -

6. Sxto-3

6.5x10-2

-t1.5x10 -

-/5" 0x10 -
Â ¡l¡

1.05x10^-
2.4x10-r
6.0x10-3

Suggested
Multipolarity

M1

M1

E3
M1

E3
M1

MI

Ml,

M1

M1

MI

MIoo 
E2

E1

MI

E2

M1

E2

annlf



Conversion Line

745-K

759-K
761-K

911-K

988-K

1014-K

1044-K

i_l90-K
1190-L
1190-M

1352-K
1352-L

1499-K
1s03-K

1552-K

l_764-K

]-.776-K

Relative y-nay
Intensity

l_.8

4.5
1.5

, 4"9

49"3

3.1

23"8

7"15
7.15
7. 15

3" 55
3"55

.94
"66

3"2

100

t2.r

Relative Electron
Intensity

I. 5!. 2

] s.rt.o

8"It.8

24.7!.2

5.1r"5

3"41.3

6"4r,6
1.5r" 2

" 301. 06

. 9r.1

.16t. 03

] "3t"1

Experimental Theoretical

8.8t 2 "x10-3

) a"g*to-3

1.7r.2xLO'2

5.31.6x10-3

1. 7t " 3x10-2

t.5t.2xlo-2

9.41. Sxlo-l
2.2!"3x10-l
4.4t.9x1-0-+

2.7t,3x10-3,,
4. ?tl. 0x10--

Ì 2.ot.6x1o-3

2.2!.3x10-3

2. 8t 
" 
3xto-3

2. 5t. 3x1o-3

Convensíon Coefficient

9. 3xI0-3

8.8x1-0-3

1. 95x10-2

5 " 5x1o-3

l.5x1o-2

1.4x10-2

e.7xro-l
1.8xlo-f
3. 3x10-*

3 " 1x10-l
5. 4xI0-*

2. 5x1o-3

2. 3x10-3

3. sxto-l
t " 7x10-ó

3" 5x10 I
1. 7x10-o

Suggested
Mul-tipolanity

E2

.651" I

27!3

2"91.3

E2
E2

M1

E2

M1

M1

MI

E2

E2
E2

E2

Ml-oo 
E2

Ml-oo 
E2

.."".con!t



Convension Line

l_86 q-L
1863-L+M

1903-K

Relative y:ray
Intensitl¡

* Assumed in calibnating the spectrometen.

l-8.4
l_8"4

7"3

Relative Electron
Intensity

. l_st. 03

.20!.02

. 50r. 05

Experimental Theoretical-

I . 611" 6x10,, -
L"2!" 2x10--

l¡¡?.
-+Õ6. 7x10

Conversion Coefficient

-¿r1"05x10._(¡
1 " 2x10

_¿t
7.2xL0

Suggested
Multipolarity

E1

EI
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We have al-so included in Table B-l+ tfre tbeoretÍcal conversion coeffi-
( zc\cients '--', vhich líe closest to the ex¡rerinental values and the

suggested nultipolarity of the transitions,

The analysis of the clata in nany cases is not straight for-

ward. and. it Ís necessarlr to consÍder these cases in some cietail. Let

us begín by considering the 570 and. 580 keV transitions, fhe energÍ.es

of the K-conversion electrons from these trar¡sitions are l+82 and h9e teV

respectively" In thís energ:y region there are sevelal conversion lines

besides the 5?0 a¡¡d 580 K-l-ines. There are (f) lines at l+TB an¿ l+83

keV attributable to the L-conversÍon electrons of the l+9)+ an¿ h99 teV

transitj.ons, (Z) fÍnes at l+90 an¿ l+95 keV attributable to the M-con-

version electrons of the l+9\ an¿ hg9 teV tra¡rsitions and (3) a line

at l+96 keV attríbutable to the L-conversion electrons of the 512 keV

transition. An ad.ded. difficulty is the presence o3 20791 as a conta'ni-

nant whieh has a eonversion Line at k8e keV corresponding to the K-el-ec-

trons of the 570 keV 207p6 transition. By peak shape analysis r.,e were

able to obtain the nr¡mber of counts in two peaks centered at l+BZ }ceV

and \92 keV respeetively. Let us consider the l+82 keV peak first. We

have assumed. that this peak consÍsts of the K-conversion electrons from

the 5?0 keV transÍtÍons o¡ 20531 ¿¡t¿ 20731 ancl the L-eonversion electrons

from the h9l+ and h99 tcev.transÍtions of 2053i" Since 2078j- was used in

calibrating the spectrometer the rel-ative counting rates of the 570-t<

and the 1064-K conversion peaks o3 2073i are known and from the observed

number or 106l+-r electrons we ealculatect the nrnber og 207F¡i 5TO-K elee-

trons. Here lre assumed. that there is no tO6l+ teV transition 1t 2053i.
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It vas found that approximately 6O/, of the l+82 keV electron peak vas

attributable to 207gi" It r¿as also possible to estimate the contribu-

tions to the l+Be teV peak from tne \9h-i, a¡¿ \99-f, eonversion lines'

The K-conversion coefficients for these transÍtions inply that they are

both Ml. (See Table B-l¡). Using the theoretical K/L ragíos for Ml

transitions and the observed. number of K-conversion electrons we calcu-

Iated. the number of L-conversíon el-ectrons and found that, having a1-

ready subtracted. the contribution from 2473i, the l+Be iteV peak contain-

ed a total contribution of approxínately 2% from the \9\ and h99-L con-

version electrons. By subtracting out these contributions r¿e vere

finally able to obtain the number of 20531 !fO-K electrons in the l+82

keV peak, 4f,1d., fron this value, the relative l(-electron intensity and'

the K-conversion coefficient shor'¡n in tables 8-S an¿ B-l+'

Next let us consider the \92 ¡'eV electron peak, which I{e assume

consists of the 580-K conversion line, the 512'L conversion line and the

h9l+ and \gg-lut conversion lines. The number of l+gh-U an¿ l+99-l¿ conversion

electrons in this peak vas estimated from the theoretÍca]- K/M ratios for

these transitions assr:ming they are both M1, and vere found to account

for approximately 2% of the total number of cou¡ts in the peak. An es-

tímate of the contribution from the 512-L electrons was also obtained'

fn d.iscussing this value it is necessary to consider the 512 keV transi-

tion in some detail since the nultipolarity of thÍs transition is in

doubt. lJe have obtained' cro = l+'l+ x 1ot2 for the 512 kev transition'

(See Table 8-l+). This value lies betr¡een the conversion coefficients
n -2.for an E2, (of 2.0 x lO--), an¿ an Ml, (dK = B"? x 10--), transition.
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Thus the transition may be 82, MI or an admixture of E2 and. Ml. fn

this respect it is worth notÍng that the rel-ative y-Tay intensity ob-
/ ar \

tained by Kosanke et al- \Jt/ d.iffers appreciably from the value ob-

tained. in the present r.rork and leads to a conversion coefficient of
/ t. -^-2ar = 6.4 x 10 -. (See Tabl-e B-2.) This latter value l-eads to a 82, M1

ti*ine of 66/"M1 plus S\/, nZr¿hile our value of l+.)+ x tO-2, suggests

a nixing ot 6T/' E2 plus 3S% lttl-. Beeause of the uncertai.nty in the

nature of the 512 keV transition ve have caLculated tr,¡o estimates of

the 512-L contribution to tlne \92 keVpeako assurning firstly that the

transision is "pure" E2 for which K/L = 3.2/I and. then that it is "puret'

Ml for l¡hich K/f, = 6"0/t" We have then used the average of these tr^ro

estimates. In this manner we have estimated that the 5l.2-L conversion

line accounts for about IW' ot the 492 keV peak.

So far in our d.iscussion of the 570 and ,80 kev transitions

ve have ignored the 571+ and 576 keV transitions observed. by Kosanke

et al (see Table B-2)" The d.ata has been analysed so that the contri-

butions from these transitions have been includ-ed. in the contributions

fron the 570 and 580 keV transitÍons. Although the exact division of

the eontributions of the 571+ and 576 kev transitions between the 570 and.

580 peaks, (y-peaks and el-ectron lines ), is not known v¡e know that the

conversÍon coefficients for the 570 a¡rct 5BO i<eV transitions, shown in

Table B-h, represent some kind of "average". Since the 570 and 580 kev

transitions are mueh stronger than the 5Tl+ anð. 576 keV transitionso (see

Table 8-2), these t'&veragett coeffÍcients will be d.oninated by them so

that the suggesteti nultipolarities shown in Tabl-e B-h are valid..
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Several other conversion electron lines vere coïrected for

contributions from other transitions. The K-conversion peak of the

6ZT XeV transitions was corrected. for contributions from the 550-L

conversion electrons. This contrÍbution was estimated. from the obser-

ved 550-K electron strength assuming that the 550 keV transition is E1'

for vhich K/t = 6.r/t" In this case the correction was 'A\/' of t]ne

peak intensity. Similarily the 703-K 1Íne vas corrected for contribu-

tions from the 627-f' an¿ 6e7-irl conversÍon electrons, assuming K/L+M =

5/I" (M1) ana the 988-K line r.¡as corrected for contributions fro¡r 911-L

and. 911-M conversion electrons assr¡ning K/L+l,t =5/I, (Uf )" These correc-

tions aecounted for 2% and, 6% of the respective peak intensitÍes.

It ís vel1 to point out that the presence of 2073i as a con-

teninant conplicated., somewhat, the analysis of the IT6\-K an¿ 1776-K

conversion lines sinee the U]O-K line 61' 20731 lies between these two

peaks. Howevere we l¡ere able, by peak shape analysisn to extract the

contributi.ons of these three peaks. Since 207F¡i was used as a ealibra-

tion source the counting rate of the t77O-K line relative to the 1061+-K

line was known. By conparing the number of 1770-K cor¡nts obtained in

the peak shape analysis with the number predicted from the observed num-

ber of 1064-K counts Ì{'e were able to cheek the validity of the analysis"

In all cases the two values agreed to within !LOf'.

The conversÍon coefficients obtained. in the present study suggest

a multipole assignment for the varíous transitíons. It is interesting

to compare these assigrunents l,¡ith those of other workers a¡¡d this cottrpar-

ison will be mad.e following the discussion of the internal pair forrnation

study.
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T}IIIMNA], PAIR FORMATION

Several pair sum spectra arere aequired. A ty¡lica-L sum

spectrum is shovn in Fig" 8-l+ vhere the paÍr sr:m peaks correspond-

ing to the 1903, 1863, 1?76 plus 1J6l+ (unresolved), and- the 1619

ptus 1615 keV (¿nresolved.) transitions can be seen. Although the

1?61+ a¡rd 1776 sr¡¡r peaks are not resolved. u'e llere able, by peak shape

analysis, to extract the relative contributions from these two trans-

itions. Howeverr'we were unable to separate the 1619 and. 1615 srm

peaks from one another. The pair sum peak resolutÍon obtained- in the

present experJ.ment was -12-13 keV F.I{.H.M. This good resolution was

achieved because the large nr¡mber of conversion electron lines facili-

tated the gain natching of the tr,¡o sides of the speetrometer"

From the pair sum spectra lre were able to obtaÍn the total

internal pair formatíon coefficients for the 1615 plus l-619 , IT65 
"

1776, f863 an¿ l-903 keV transÍtions. The analysis of the d.ata vas sim-

ilar to that for ¿¡" 20631 and. 88Y cases. (see Chapters 6 and 7)

However, it is necessary to consider several points in some detail.

By gating on the 1765 plus ITT6 pafu sum pea^h we obtained the corres-

ponding positron and electron spectra, uneorrected. for efficiency,

l¡hich are shown in Fig. 8-5" (The reader vill irnmediately note the

presence of the 703-K and 703-L*M conversion lines in the electron con-

tinuum. The presence of these l-ines is read.ily elq)lainab1e but for the

moment let us pass over this point and eontinue with a discussion of the

data anafysis. ) Using the shape of the positron continuum we were able

to obtain for the 1T6h plus l-776 paiv sum peak, in the manner describecl

in Chapter 6u an effective pair detection effíciency, €n= tË x 1o-2'



r8l_,

FIG" B-4

Tlpical 20s31 pair sr.rn s¡:ectrr.m.



COUNTS PER CHANNEL
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FTG" 8-5

The electron and positron contlnua obtaj¡led
þz gating on ttre 1764 plus 1776 pir sim ¡:eak.



COUNTS (ARBITRARY UNITS)
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This effectÍve efficiency includ.es the effects of the variation of

pair d.etection efficiency with positron energ:y. Because of the re-

duced. intensity of the other pair sun peaks ve d.id. not |tgate" on

them to obtaÍn the corresponding positron continua. Thus r,¡e coufd.

not dete:rnine, d.ÍrectIy, the effective pair d.etection efficiencies

for these peaks. However, I{e were able to estimate the effective

efficiencies. For electron (positron) energies -"30 t.V the mea-

sured. full energy peak detection efficiencies of both sid.es of the

spectrometer are eonstant. (see Fig. l+-g). Thus the pair detection

efficiency, for Ey 51550 keV, does not vary with the energ'y of the

-)positron, and is given by€n = 3.11- x 10 -. To estimate the effec-

tive pair detection efficiencies for the 1615 ptus 1619, tB63 ana

1903 pair sum peahs r¿e have assr:med. that €r, varies linearly with Er,

for E, a I55O keV, and r¡e have used the effective efficiency for the

1765 plus 17?6 sr.rn pealt to define the slope. The estimates obtained

3.11 - ^-2 ?- 1 1 -2 i.11 - --2were ffi x 10--, fö? x 10 - tttd Íñã x 10 - respectivelv for E, =

]-.6:r" 1863 and 1903 kev.

From the positron and electron eontinua obtained by gating

on the 1765 plus 1?76 sum peak we were able to determine that this

sr:m peak contained no contributions from pair events for w'hich

T t 5 50 keV. SÍnce the relative nr:mber of pair events for which T*

É 50 keV is negligible only the high-enerry cut-off in the positron

continuum ís important. For the f?61+ teV transition the effect of

this cut-off was sstimated by extrapolating the experimental positron

eontinuum to the end point energy' 7l+3 revo from the cut-off enerrye

693 veV " In this way it was estj.matecl that the 176)+ pair sr:m peak
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contained no contnibutions from t3% of the pain events and the l-764

data was corrected courespondingly.

For the 1764 keVtr"ansition the positron enengy negion from

which the sum peak contains no contributions nepresents 6.79o of the

total ttopenrr enengy negion. Because of the Coulomb nepulsion of the

posítrons L39o of the total number of pain events occulô in this region.

Thus the effective size of the rrclosedtt energy region is doubl-ed. To

estimate the connection which must be applied to the 1615 plus l-61-9 '
l-863 and J-903 pain sum peaks, occassioned by the high enengy cut-off

in the positnon spectrum, we have calculated the pencentage size of

the cl-osed energy r"egion, assuming the cut-off occulrs 50 keV from the

end point energyo and have then doubled the nesuft" Thus fon the l-863

keV tnansítion the trclosed" negion is 5.9% of the total- availal-be energy

negion which l-eads us to estimate that the 1863 sum peak contains no con-

tr"ibutions fnom I29o of the total- numben of pain events. The datum was

connected accondingly. Fon the 1615 plus l-61-9 and 1903 keV tr:ansitions

the con::esponding conrections wene estimated to be .169o and 11% ::espec-

tively.

As was mentioned pneviously the presence of the convension fines

of the 703 keV tnansition in the electnon continuum, obtained by gating

on the J-765 plus 1776 paín sum peak, is neadily explained. The appean-

ance of these l-ines nesults fnom a genuine coincidence, One mode by which

2053i decays, arbeit a weak one, is the emission of a ß+ panticre (31),

populating the 703 keV leveL o¡ 205p5. If this Ieve.l- then de-excites

by the ejection of a convension electron the electnon will be in trtruett

coincídence with the positron. Since the positnons fnom the ß+ decay

form a continuum, Tra* - 980 keV, the summed output of the sPectnometen
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viJ-l also be a continuum for events of this type. The pair sum

peaks 1ie on top of this continuum. To obtain the total- nr¡tber

of counts in the fu1l energy pair sum peak a straight '!ine back-

ground subtraction was made. Therefore events of this t¡pe are

subtracted out and d.o not lead. to an incorrect estimate of the pair

formation coefficient. However, the conversion fi-nes do appear in

the electron spectri:n since the ÁE windol¡ setting of the S.C.A.

used. to gate the electron side of the spectrometer, d-oes not dis-

crininate between background. events and pair events. Since the

conversion electrons have a unique energy, the summed output of

the system, for events of this nature, vi1l lie within the AE win-

dow setting of the single channel analyser, S.C"A., only if the

positron has an energy Eßo = (tr.a.O.-tu-) ! LE/z where ES.C.¿. is

the energ'y level at which the S.C.A. is set and E.- is the energ'y

of the conversion line. Thus one woul-d expect to see a t'mono-ener-

getic" positron peak in the positron continutml and. in fact this peak

can be seen in Fig. 8-¡.

As ¡,¡as stated. at the beginning of this section we were able

to extract the relative intensities of the 176l+ and LTT6 sun peaks

by peak shape fitting. This proeess is illustrated in Fig. 8-6.

The points ¿ì;re the experimental counts per channel, following a

straight line background subtraetion"anil the dashed curve represents

the estinated. contribution fron the 1776 kev transition' This curve

has the sa:ne shape as the f863 sr¡n peak. Up until now we have ignor-

ed the presence of 2078Í as a contaa.inant. This nuclide has a trans-



186.

FTG" 8-6

rlrpical 1764 plus 1776 paix sr-un peak showjng
the separation of the contrfüutj-ons frcnr tl¡e
two transitions.
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ition of 1770 keV r¡hich wilJ- contribute a peak to the pair sun

spectrum which l-ies midway between the 176l+ and. 1776 sum peaks.

As t¿iIl be d.escribed. below t,¡e vJ'ere able to estimate the number of

L77O zo7Bi pair sum counts from the observed. intensity of the 106l+-

K conversion line. ft was found that this transition aceounted for

'1,-2% of the total- number of counts in the 1T6h plus 1T?6 sr:n peak.

Frorn the relative y-ray intensities of the 1761+ anð- IT76 keV transi-

tions we expect the 1761+ pJ-us 17?6 pair sum peak to contain about

a IO% contributíon from the ]-776 keV tra¡rsÍtion. Thus the main con-

tributions to the peak are from the IT65 and,1776 kev transitions

of 2058í and. the contribution from 207Ili is much smaller than either

of these. Ther"efore the erbraction of the IT76 lxeV contribution by

peak shape fitting is valid. Having effected. the separation of the

sum peak into tr,¡o peaks, these individ.ual peaks were then corrected.

for contributions fron the 1?70 keV transition of 207ni ty assr:ming

that the 1??0 eounts were equal-ly d.ivid.ed. between the two peaks.

This eorrectíon vas -I/o for the 1761+ teV transition and. -5-LO/' for

the 1?76 keV transition.

To correct the 2053i d.ata f,or contributions from the 1770

keV transítÍon of 207Pb an independent experiment was perfomeci to

obtain the observed ratío of tne 1JJ0 pair srlm peak intensity to the

1O6l+-K line intensity. 1ço 20731 sources, previously used in cali-

brating the spectrometer, were used to obtain this ratio. A sample

sum spectrr:m is shorm in Fig" 8-7. Fron this ratio the pair fo:ma-

tion coefficient for this transition rÍas extracted assuming the re-
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FTG" B-7

Tlrpical 207ÐL pair sr-rn spectn-rn jn tÏ¡e vde
inity of ttre 1770 pair mn peak"
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rative y-ray Èntensities of Ledenen et al (tt) ,oo 207gi. The

nesults of this wonk ane summarized in lable 8-5 whene we have

companed the measure pain fonmation coefficient to the theoneti-

cal calculations of Lomba::d et ar (10). 
The best agneement bet-

ween theony and expeniment is fon an E2 multipolarity which agnees

with the decay scheme given by Ledenen et al (s2').

The nesults of ¡¡. 20531 pain pnoduction work a:re pnesent-

ed in Tabl-e 8-6. Again we have companed the resu.l-ts to the theoneti-

cal calcufations of Lombar"d et a1 (10). 
Fnom the pain forTnation

coefficient the 1764 and 1776 keV tnansitions ane eithen Ml on El

wheneas the K-convension data suggests an assignment of eÍther Ml-

on 82. Combiníng the two sets of data we conclude that the l-764

and l-776 keV tnansitions ane both MI. The pain data for the 1863

and 1903 keV tnansitions indieate that both these tnansitions ane El-

in agneement wíth the convension data. It is difficul-t to dnaw

any finm conclusions concellning the 1615 and 1619 keV transitions

fnon the combined pain fonmation coefficient. Howeven, if we assume

that the 1615 keV tr:ansition is E2 and the L6l-9 keV tnansition is

El then the effective theonetical- pain coeffÍcient is a-=1.2x10-4.
1T

This value is in neasonable agrleement with the measuned coefficient

and thenefone the pnesent wonk tentatively suggests such a multipole

assignment fon these tnansitions"
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TABLE 8-5

Sumnarlz of the pair formation study of
1770 keV transition s1 207P6"



TABLE 8-5

E = 1770 keV

Quantity Expenimental Value El E2 Ml

aY -11Tt 1. 9t. 6x10

+
e- / e,.- " 09t. 02

_t\

3.3xro-4 t-.65xto-4 2.75x1-o-4

.41 .090 "073
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TABLE 8-6

Strra ntrz of the pair forrnatlon str:dy o¡ 2059i.



TABLE 8-6

T::ansition Quantity Expeniment

_¿r
1. 5t " 4x10

E1

_lJ.
2.3xIO

E2

_¿l
1.0x10

M1

-41. 7 5x10l_615
plus
l_619

l-764
?ï

oK

+

t\

_lr
3. 41 " 6x10

-42. 8+. 3xl-0

.12!"02

3.3x1-0

8. 2x10

.40

_¿r
I " 6x10

-31.9x10 -

.087

-ll2"7OxIO

3.8x10 "

.07 L

-4

-4

I776 o
tl

-K

+

3.4x10

I " 2x10

"41

1. 7x10

l-. 9x10

.092

-tr2. 8x10

_.1
3.7x10 -

. 076

-tr3.0t. 6xl-0

-|¿2"51"3x10

.r2t.02

-4

-3

-4

-4

l_863
'n

oL+M

-44..5t.8x10

-4L.2+.2xIO

-lJ. -lJ,2.1x10 3.4x10

-l+ -l+2.8x10 5. 2xi-0

4. 0x10

1. 2xt0

-4

-4

l-903 o
?Í

dr.
t\

+
e- /e.,

l\

-44.2x10

-¿r7. 3x10

.59

-42.2xIO

a
l-. 6xl-0-"

.14

-44. 3t. 8xl0

-u6. 7x10

.64r"12

3. 6x10

3. 1x10

.12

-4

-3
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TABLE B-7

Swnnrlz of the multipole assigrrrrents suggested
by the present work" Ttre present. assigrurents
are wrpa:red wittr tl.rose of Vegors üî^ et'aI (30)
a, Stockendal et al (16), b, Sctrnorak et aI (29) ,
c, Stocjcendal (33), d, and AhÏ¡palia et al (34),e"



Transition

282 keY

284 keV

3I0 keV

313 keV

349 keV

494 keV

498 keV

5L2 keV

550 keV

570 keV

580 keV

627 keV

703 keV

Multipolarity Suggested
in Pnesent Work

MI

M1

E3

TABLE 8-7

Natune of Tnansition accond-
ing to Kosanke et al (31)

M1

Mt_

M1

7 /2-

9/2-

Mt_

MI or E2

E1

M1

E2

Ml_

E2

+ 5/2

-> 7 /2-

-> 3/2-

+ (5/2

'> (5/2

-> 3/2-

+ g/2

-> 7 /2-

-> 7/2

3/2-

7 /z-

?

5/2-

e/2-
¿

9/2'

7 /2-

Mul-tipolarity Suggested
by Pnevious l{onkens

- 
"3/2- )

- 
"3/2- )

Mr on M2arMrb, Mf"

Ml on M2a, Mlb, Mr"
å

E3-

++9/2' -+ 13/2'

7 /2- -> g/2-

7/2- -> 5/Z-

Ml on E2a, Ml-c

Ml on E2a

MI on E2a,

EI on E2a,

Ml on M2a,

EI on E2a,

E2a, E2c

:lrE2', E2- ,

tal¡r s rrì 9
¿'lr , l'¡¿

h
Et_

l-
Ml", Ml"

'la

E'2"

E2+leoMIe

conrt



Tnansition

745 keV

759 keV

761 keV

911 keV

988 keV

1014 keV

1044 keV

l-t90 keV

l-352 keV

1499 keV

1502 keV

1552 keV

1615 keV

1619 keV

1764 keV

1776 keV

1863 keV

Multipolanity Suggested
in Pnesent Work

E2

E2

E2

M1

E2

M1

M1

Nature
ing to

of Tnansition accond-
Kosanke et al (31)

s/2-

s/2

7 /2-

s/2-

ß/2

7 /z-

(5/2

7 /z-

s/2-

7 /2-

g/2+

7 /2-

gl2+

7 /2-

(5/ 2

g/ 2+

M1

E2

DZ

Ll2

5/2-

7 /2-

E2

+ 5/2

"3/2-) 
-> 5/2

- t^-+ 5f¿

,3/2') -+ 3/2

-+ 3/2-

-> 5/2-

-+ 3/2
+-> r3/2',

-> 5/2-

* 9/2

-> 5/2-

E2

E2

E1

M1

M1

E1

Multipolanity Suggested
by Pnevious Workens

E2a" Ezb, E2c, MIe

E2a, E2b

Mla

A
Ml--

E2'

h
M1", Ml-"

M4, M3 on E2c

"3/2
u 7/2

)-> s/2

E2 or Mla

Mla

Ml- or. M2a

Mrb, Er-c

t'rê orb!!tL¿,

ho
, Mf- " E2-

Elc

con I t.



Transition

1903 keV

Multipolar"ity Suggested
in Present Work

E1

Nature
ing to

of Transition accond-
Kosanke et al- (31)

Mult ipolanity Suggested
bv Previous Wonkens

hFrluItr_L , -trI



193.

SIJMMARY

fn Table 8-7 we have shown the multípolanities of the

various tnansitions which al?e suggested by the pnesent work. Also

shown are the spins and panities of the levels involved acconding

to the decay scheme of Kosanke et aI (3I) 
and the nultipolarities

suggested by pnevious wonkens. Thene is genenal agneement between

the decay scheme and the present wonk and this agneement is veny

gnatífying"
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CHAPTER 9

DISCUSSION OF THE SPECTROMETER

rBegÍn at the beginningrt the King said gravely, rand go on

tiJ-l you come to the end: then stopr rr

. Lewís Can::oll

As a spectnoscopic tool the trochoidal ß-ray spectnomete::

can and has been used to measune íntennal pair forrnation coeffi-

cients and intennal conversion coefficients" In these two aneas

how does the penformance of the present spectrometen compa:ne with

that of othen spectrometers? Let us considen finst pain spectno-

metens. In the tnochoidal g-nay spectrometer mono-ene:rgetic pair-

lines are obtained by adding the outputs of the two sides of the

speetnometen. Such line spectra have been obsenved by pnevious vÍon-

. (36)Kers , ror ooth intennally and exter:nally convented Y-rayss us-

ing magnetic speetrometers. ïn particulan Alburger 
(36) 

has used

an intermediate image focusing ß-ray sPectrometen to obsenve inte::-

na1ly convented pains. The sounce is located on the magnetic axis

of the spectnometen and the anrival of a positnon-efectnon pain is

neconded by means of a ttstatistical- sepanationrr technique. Hene,

the small- cincular detecting ar:ea into which the panticles are focus-

ed is split into two halves using two semi-cinculan detectons and

a paín event is defined by the ttsi¡nultaneousrf detection of panticles

in both detectons. Since fon a given nagnetic field setting the spec-

tnometer tnansmits panticles of a fixed energy the spectnometen nes-

ponds only to pain events fon which the positnon and electnon have
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the same energy T = Þ"(Ey-2mo1z). At a maximum tnansmíssion setting
/ ^^ \ -4

Alburgen 
(3bJ obtained a paílr detection efficiency -10 counts per

pair corr:esponding to a pai:: line width -2.5% in momentum. By com-

panison the pain detection efficiency of the pnesent instnument is

-Lo-2 at a nesolution of L2-L4 keV F.!Í.H"M" The reso.lution of the

twoinstnumentsisnoughlytheSamegforE",-]-To0keV,butthedetec-

tion efficiency of the tnochoidal ß-nay spectrometer is two ondens of

magnitude langen. The smal-f pair detection efficiency obtained by

Albunger: is t5rpical of magnetic pain spectl?ometers. As pneviously

stated magnetic spectnometers, by their very nature, tl'ansmit electnons

(posítrons) of fixed energy and such instruments when used as pain

spectnometers.nospond to only a small percentage of the pair events

which occur. The trochoidal ß-ray spectnometen' on the othen hand,

nesponds to rtalltr pair events negandfess of how the avail-abl-e energy

is shared between the positron and electnon'

It shoul-d be pointed out that the present instnument has not

been caLibrated, for use as a pair spectnometer, for Er>3MeV. Above 3

MeV the pain detectj,on efficiency is expected to fal1 off with increasing

enelrgy because of the neduction ín detection efficiency of both sides

of the spectrometer víith incneasing energy. The efficiency of the

magnetic pain spectnometers on the other hand do not change with energy'

Inpnincipleitshouldbepossibletousetheinstrumentas

a pain spectrometeru vrith high detection effíciency for t., "" high as

5 MeV. si(Li) detectons with depletion depths of Snun. and good nesolu-
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tion (58keV F.ft"H"M. ) ane commencially availabl-e. Five mm. of Si

is sufficient to stop electr-ons with energies -3MeV. Because of

the cur"ved paths which the panticfes folfow in the trochoidal- ß-llay

spectnometen the effective thÍckness of any detector is incneased so

that the fuII enengy peak detection efficiency of a 5mm. Si(ti) detec-

ton is expected to falt of nathen slowly with enengy, fon energies gneat-

en than 3 MeV. Hence the detection of high enengy pain events (Er-SMeV),

fon which the positron or efectnon neceives most of the available energy,

is not l-ímited bv the detectons.

The cniticaL diffÍculty to be overcome is the decnease with

enengy of the numben of panticles stnÍking the detecto::s. One can

think of a numben of ways of ovencoming this problem. Perhaps the

most stnaight fonwand technique would be to use largen anea detectors.

Based on the calculations of Chapten 3 the number of electnons stnikíng

the detector" area is lineanly nelated to this area. Detecto::s with ac-

tive aneas of 500mm2 and depletion depths of Snnn. can be obtained comm-

encially and such a detecton woufd incnease the detection efficiency by

about a facton of 2 fon eLectnons with enengies above 1 MeV" (See fig.

3-10 ) .

A second way of incneasing the detection efficiency of the

spectnometen woul-d be to inc::ease the stnength of the magnetic fieldo

without changing the actual- field shape. In this way the nadial and

ventÍcal distnibutions of the panticles would be neduced" Alternately,

by shaping the pole tips it rníght be possible to intnoduce rrfocussing".

Fon example, if the gap space between the pole tips decreased with

angulan distance fnom the source, (See Fig. 9-1), the panticles might

be bnought to some sont of bnoad focus at the detecton locations r:e-
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FIG" 9-I

Proposed field shaping to introduce a "focus"
at, the detector location"
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sulting in an increased detection efficiency'

whether on not such an improvement is possible in pnactise

is¡ a rsatten of conjecture. One majon difficulty which would have

to be overcome is the experimental- fact that as the magnetic field

stnength is incneased the efectnon line shape degenenates' This de-

genenation is bel-ieved caused by enengy loss in the detecton dead

layer. The detectors now being used have a washable entny window'

If the vacuum system could be impnoved sufficiently to :reduce the

pnoblem of vapouns condensíng on the face of the detectons it wou]-d

be possible to use detectons with a much thinnen dead layen' An im-

portant point to take into account is that fon high enengy tnansi-

tions both the positnon and electron tend to be ene:rgetic" The pnob-

lem of eneTgy .Ioss in the detector dead layer then becomes less pno-

nounced and this irnproves the situation somewhat" It is felt thene-

fone that thene is a good possibility of extending the openating

range of the sPectrometer.

Nor+ let us turn oun attention to the measurement of internal

convension coefficients. In this anea the present insttrument is com-

peting with high tnansmission magnetic spectrometens and with the

[conventionafrr use of solíd state detectors. In Table 9-1 the pen-

fonmance of the pnesent sPectrometen is companed to that of a high
f 

^4 
\

tnansmission spectnometen built by Freedman et "1 
to". This instru-

ment ís nepresentatÍve of the best of the cu¡nent hígh tnansmíssion

spectrometers. The nesolution of Freednanrs spectrometel: depends on

the source size and tnansnission and we have included vanious values

of these panametens. usually the nesofution of a magnetic spectro-
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TABLE A-¿

Ccnrparison of tlte present E)ectrcnêter with
a high transnission rnagrretic spectrcrneter
ænstructed þ free&nan et al (37) 

"



Electron Energy

Fe::fonnance of Pnesent Instnument
Sounce diameten -2rm"

100 keV

300 keV

500 keV

750 keV

1000 keV

l-400 keV

l-800 keV

Efficiency

239o

239o

23%

L7 .Seo

1r-. s%

7 "2%

3 "59o

Resolution

5 keV

5 keV

5 keV

5 keV

5 keV

-5.5 keV

-6-7 keV

Sou::ce Diameten = l,/Brt

Penformance of Toroidal Magnetic Spectnometer'

Transmission Reso.l-ution

L99o

169o

199o

L69o

Le%
169o

Le%
16%

I99o
169o

re%
169o

I99o

169o

. 12 keV

.06 keV
1.6 keV
.7 keV

3.4 keV
1.5 keV
5.6 keV
2.5 keV
7.7 keV
3.4 keV

11.8 keV
5.2 keV

l-5"4 keV
6.8 keV

( ;99o mtm. )
( .4eo mtm. )

Tnansmission

Source Diameter = lmm.

13%

t3%

739o

I39o

I39o

L3%

I39o

Resolution

.03 keV

.30 kev

" 75 keV

1.3 keV

I"7 keV

2.6 keV

3"4 keV
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meter is expnessed as a percentage of the panticl-ers momentum but

fon purposes of companison we have expnessed the nesolution hene in

ter:ms of enengy. The nesofution of the pnesent instnument depends on

the detectors used and in Tabl-e 9-1 we have used the values obtained

with the detectons which ane now being used, when they were new.

Si(Li) detectons with neso.Iutions -3-4 keV in the energy range 100 -

1000 keV are commencially avaifable and thenefone it should be poss-

ible to obtain such nesotution without any loss in ful.l- energy peak

detection efficiencv.

At finst glance the penformance of Freedmants spectnometen

woul-d appean to be supenion to that of the pnesent instrument. How-

ever, the nel-ative menits of the two instnuments depends on the part-

icular application. The tr:ansmission of Fneedmants spectnometer and

the ful-l- eneragy peak detection efficiency of the trochoÍdal ß-nay

spectrometen pnovide a nough comparison between the two instnuments

but one must also considen the time nequined to accumulate a given

spectrum. Using the Fneedmanfs spect::ometen data is acquined point by

point wheneas the pnesent instr.ument permits simul-taneous bnoad enengy

range co.llection of data. In expenimentaf situations fon which the

convension spectna contain a lange numben of lines the effective effi-

ciency of the trochoidal B-nay speetnometen is then many times highen

than that of the othen spectnometer.

Companed to conventional use of solid state detectons thene

is, in many situations, no advantage in using the pnesent spectnometen.

The detection efficieney, (for conventional use of Si(ti) detectons),
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depends on geometrical parameters such as detector size and sour:ce

location and the efficierncy can be comparable to that of the tro-

choidal spectrometer. Fu:rthermone, the J-ine shape obtained tends

to be betten in such cases because the efect::ons enter the detecton

ttnorrnaflyrr and the detector dead layer is not as important" However'

in sever:al applications the filtering aspect of the trochoidal- ß-nay

spectrometer is an impontant consider:ation. Fon example, if one is

tnying to observe a weak convensíon line in the Pnesence of a high

posÍtron backgnound, fnom g+ d.ecay, the pnesent instnument is cleanly

veny useful since the electron side of the spectrometen nesponds only

to e.l-ectrons and the positnon background is elimínated. A second anea

in which the use of the present instnument is advantageous is the

study of conversion spect::a of high A nucfides fed by a-decay. The

spectrometen does not transmit heavy particles and the detecton is

thenefone ttshieldedrr fnom the a-panticles" The efectnon spectnum is

then free of intenfening o-fines. Funthen, the pnoblem of r"adiation

damage to the detectons, by the afs, is cincumvented. W. f"on (38)

has employed the spectrometer in just such a situation' to study the

conversion spectrum og 227¡. following the a-decay of 231p¿'

A similan application fo:: which the spectrometer is poten-

tially useful is the on-Iine study of the convension spectra of short-

lived nuclides pnoduced by an accelenaton beamo such as that of the

Univensity of Manitobars cyclotron. The detecton is then shielded

fnom the beam. t{hat sont of counting nates night be expected in such

an application? Fon the sake of discussion fet us assume that we have
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a l-UA proton beam, (f013/f.6 pnotons pen second), incident on a

tanget of thickness I00 l5/cm2., If o is the total ::eaction cross-

section v¡hich populates the fevel- of Íntenest then the numben of

neaction events pen unit time is given by

ger

But

.loi3 100xt_0-6N = iä x o x " " î whene n is the numben of tan-

atoms pen unít volume and P is the density of the ta:rget matenial.

target.

Px6x1o2 3

tt = '^îY; whene A is the gnam-moleculan weight of the

Thus the number of neaction events per unit tirne is given by

l\T- l_0I 3x6x102 3*16-4*o
t. 6x.A

If we take o=l-O0nb and A=50 as typieal

Then the numbel of internal pai::s that

siven bv N = 106x4 x€ wher:e a is the'n 1l 1t

o is the pain detection efficiency.
1f-

sort of numbens then N-106/sec.

we'obsenve per unit time is

pain fonmation coefficient and

Taking as typical numbens clrr-10-4

On the other hand if hle areand Ç-ro-2 we obtain Nn-I per" second.

intenested in the obsenved number of convension el-ectnons then Nu- =

106x4"-x€"-. Again taking as typicaf numbens a"--10-3 and€"--rO-i

we obtain N.--100/second" Thus the counting nates one might expect

are neasonable.

Although the detectors ane shielded fnom the accelerator: beam

thene may stílI be senious backgnound pnoblems rin such an application '
caused by knock-out electnons and/on neutnons. The neutnon backgnound

can be particulanly tnoublesome because of the possible nadiation da-

mage to the detectons which might seniously linit their lÍfe-time.
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In conclusion then the tnochoídal 8-::ay spect::ometer'

is a useful spectnoscopic tool in the study of intennal- convension

and intennal pain fonmation.
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