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Abstract

gam,'na ray specfrometers, Chenlca1 separatlon of the

contamlnatlng d.aughter product ulas effected through

anlon exchangeo Forty-two ganma rays were ldentlfled

ln the slngles snectrun of ï¡h1ch flve are reported

here for the flrst tlmes LI5.5, t40"6s L5)"5u L94"7,

and 222"5 keV" A new level ls proposed at 303.8 keV.

Gamma-gamrna colncidence measurements were used to study

the level dlagram of the exclted states of Pa-233.

The slngÌe parttcle half-llfe of the 86"5L keV 1evel

was calculated and conpared to the experlmental value.

lhe intenslty raülo of two 'rK-forbldden'r transltlons

was calculated and co¡npared to the experlmenÈal value.
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C}IÀPTER T

Equioment and ir{ethods

1" Ge(Li) Gamma Ray Detector:
.nlra narrn¿ni1¡¡, lithium-drifted, Ce(Li), gamma rays¡¡l u! 4! uçu f, uç

d.eLector is the currently accepted rnethod. of obta j ning

the energies and intensities of ganma rays (see table 1

for the detectors used in this study" ) Surpassing the

now obsolete sodium iodide o thallium-d.oped ¡TaI (TI)

detectoru Ge(Lii detec'corso h.;-ivinq very mucir superíor

resolutiono are ak¡l-e to resolve tv¡o gaflrna rays very

close in energry into separate components.l A gamma ray

impinging on a germanium crystal detector deposiLs íts
energy in the crystal in the form of excitation and

ionization events at a rate of approximately 2 "BS er/
4per erectron-hole pair"" These pairs are then collected.

aL the anode and cathode under the influence of a d-c

l:ias across the crysta'l , The signat is then sent,

through a charge sensitive preamplifier giving a fast
rising voltage purse, The pulse height is proportional
to the number of charges collected and hence the energy
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of the gamrna ray"

The excitation and ionizaÈion mechani-sms in ihe

crystal involve various v¡ell-knoivn processes viz " 1 )

the production of electron-positron pairs which occurs

at high energies r"¡ith a threshold of 1,022 t4eV 2)

compton scatteringr in the intermediate energry range 3)

photo-electric absorptÍono which pred.onr-lnates below 1 50
I

keV"- The detector operates as a diode with the

germanium cryst.al l-Í-ght,ly d.oped rvith gallium to p::oduce

a p-t1pe region" Lithium is deposited on one face very

heavily giving a strong n-type region" Due to

impurities in the germanium the conCuction of the

crystal ís too great to permiè the applicafion of a d*c

bias across the crystai3 The .!-íthir-un is drifted into
the crystal from the face" Lcdgång beti,¡een a'corns ín
the cryst.alline structureu the lithium reduces the

conductivity making the reg-'ton "intrinsic" " The

intrinsic region is separaLe from the p and n-type

regions u formíng a p-i-n juirction d.iode" At room

temperature the lithium atoms have a hígh mobilitlr in
the germaniurn crystalline structure. To keep the

lithium atoms in the cryst.al u it is maintained. at
Aliquid nitrogen temperature (77oK) "- For this reason

the crystat is mounted on a cotd finger immersed in
liquid nitrogen and maintaine<l continuously at lor,¡



tenperature. To

first stage of

also mountecl on

liquicl niLrogen

2 " Si-ngles lleas_urer¡ents

To record the gamma ray spectrum of a radioactive

source, a Ge(Li) detecÈor is used. for what. is called "a

singles measurement!' (see figure 1 " ) To accomplish this

a high voltage d-c bias (Ii, v") j-s established. across

'the detector crystal (DBT" ) The charge is collected

when a giamnr.a ray enters the crystal and is amplified by

the charge-sensitive preamplifier (P.4.) The pulser

(PUL" ) is a device v¡hich simula|es the detector output"

The pulser ou.tput is f ed j-nto the prearnolí f ier

primarily for the purpose of testing the operation of

the system" The output of the preamplifier is fed into

the main amplifier for further ampliiication and. pulse

shaping" Àt all points throughouL this circuit the

pulse height is proportional to the incident gamma ray

energy" Àfter leaving the main amplifier Èhe pulses

are analyzed. according to their heights and' this

information is sLored in a conputer-type memoryn the

fr.rnction of the multi-channel analyzer (l{CA' ) The

analysis is performed by a part of the multi-channel

reduce the noise of

the charge-sensitive

the cold finger anC.

temperature.

the systern the

preamplifier is

maintained. at
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analyzer called the analogue to digital converter

(ADC) . trtrhen a pulse of a particular height enters the

analogue to digital corrverter, one count is added to a

memory channelo say }tr" If the pulse would. have had a

slightly larger (or smaller) height,, a count v¡ould have

been registered in memory channel (N+1 ) or (N-1 ) " This

mod.e of operation is referred to as "pulse height

analysis"o' The mult,i-channel analyzer in use ín this

laboratory is a Nuclear Data }teidel ¡TÐ-2200 î l'Iuclear

Data, Inc" ¡ Palatine, Tllinois" This analyzer, used

rvith three analogue to digital converters, has a total

mernorA¡ of 4096 channels rvith the possíbility of storing

up to one million counts in each channel.. " The memory

may be used ð-s one 1i096 channel r-rnj-t oi: tr¿o 2048

channel uni'bs or three 10211 channel units - The

analyzer also is responsible for controlling the

various output, and display devices

The resultant tçvo-dimensional array, channel

number versus counts per channel, ís referred to as a

spect:rrm. To first approximation the channel numbers

are taken to be linearily related to the energy, viz.:

E=FX*B
r.¡here E ís the energ'yo X is the channel number and F

and. B are constants usually calIed the conversion gain

and. the digit.al zero shift, respectivety. For a more



accurate determination of energies, the v¡elI-knovm

mixed sou.rce technique i s used to determine the

non-linearity of the system" The source und.er

ínvestigation is placed in front of the detector along

with several standard. calibrat,ion sources of known

energies (see table 2\ " A spectrum i s then accr¡:rulated

and analyzed " Il^ro kncv¡n energy calibration photo peaks

are chosen and F and B are calculated from these" Ä11

the other lcnorvn calibration photo peal<s positíons are

combined r.¡ith the values of F and B to girre a set of

calculated. energies EcE_l " The difference betv¡een the

calcuLated energy and the known energiy is the energy

deviation from linearity" The energy deviaÈion is
ploLt,ed agai ns-t channel number yielding ¿r.

"non-linearitv curveo " Takíng Lhe posítions of the

photo peaks of unkno'¡n energy and cor.rlcining wíth F, B

and the energy deviation, an accurate determination of

the energies of photo peaks may be obtained"

The intensity of a gamma ray is found by obtaining

the area r:nder the photo peak and subtracting the

cont.ribution due to background radiation" Of course,

the ce (Li) detectors are not 100f" efficient in
detecting garnma rays " Assum.ing the direction of
emission of gamma rays is isot,ropic u the first loss in
efficiency is that, not al-l the gamma rays are emitted.
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Calibrat.ion Stanclards

Source Enerqy (ker¡) Intensity Tvz

Än-2 41

Ba-'!33

Co-57

Cs-1 37

.t:u.* t 5 5

Mn-54

Ta-1 82

26 "345

59 " 537

B0"ggB

276 "397

30 2. 851

356 "0û5

383 " 851

122 "061

136"473

661 -6U

,l C 1C¿G
aJøAJJ

834" B1

67 "750

100"107

1s2"430

179"390

222 "10 4

229 "31 6

264 "070

0"001

0 "001

*0"t,08

t 0.012

* 0.015

r 0"017

r 0"020

È 0.010

* 0,015

0,08

*0"ûû2

0.04

* 0"001

r 0"002

r 0"003

ù 0.004

r 0"004

È 0"005

å 0"005

*

T

+

+

7.0 * 0"6

(1oo)

52"6 * 1.0

11"rr t 0"3

30.2 t û"6

(I0rl )

14"4 r û"3
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13"4 r 1"7

(1 0o )

| 

( 1 oo )

lzos 
* 1o

liloo)

lun*3
lru 

t 2

lur*z
lru 

* 3

12333

433 y,

7"2 v.

270 d

?n qt

"i "8'ï y"

313 d,

115 d"



in the direction of the det,ector. ÍLte solid angle

subtencled by the detector, taking the source as a point

at the center of a sphere, is the first factor in

determining the efficiency, The number of ganma rays

actually detected in the photo peak divided by the

number of gamma rays emitted in all directions in space

is calted the "absolute efficiency" of the detector.

The absolute efficiency is obviously dependent on the

distance between the source and the d.etector, but it' is

also a function of the energy. To see this, consider a

source at a fixed distance from the detector emitt'ing

garTrrÌa rays of both high and low energies" For galnrna

rays ernítted off the axis determined by the cenLers of

the source and the detector the probability is greater

for gamma rays of lower energy to deposi-t all their

energy in the crystal. Because of the increase in

phoúo electron and Gompton cross sections with

decreasing energy the probability of energy escaping

from the edge is lower for lower energy garuna rays.

Effectively, for the lovrer energy galûna rays the cross

section for absorption in the crystal is increased"

However, the iower the energy, the more likeIy is the

absorption of gamma rayé in the front of the cryst,al in

a dead region that has a high concentration of lithium"

Likewiseo the efficiency falls off at, high energies as

6



the mean free path of the gaftrma rays increases with
energy and the p::obability of absorption decreases.

To compensate for the energy dependence of the
absolute efficiency it is necessary to calibrate each
detectort the process is called. ,,ef f iciency
calibration- " AgaÍn standard sources are used whose
energies and intensites are rne1l-knomlo To do an
efficency calibration on an absorute scale for a given
source - to - detector distance it is also necessary to
know the exact source strength at the time carit¡ration
ís performed. Knovring the source strength a.nd the
intensities of the standard ganìma rays gives the total
number of gamrna ravs enitte<1. The number of counts
under the phot-'o peaks gíves the number of garnma rays
detected, the guotient then i.s the efficiency which can
be plotted against tlre energy of the gamma rays.

3. The Gamma-Ganrna Co_incidence lfeasurem.ents

Gamma-gamma coincid.ence is a method for
investigatingr systematics in the energy level diagram
of a ,rrr.1..r=.3 Ivith this nrethod it is possible to
observe cascades of gar'ìrna rays as they fall through the
various excited states to the' ground state, rt is
assumed that the lifetime of any particular excited
state is very short, generally of the order of



picoseconds, The time difference that the gialnma-gamm'a

coincidence circuit can resolve viill l:e discussed

later
The simplest type of garma-gai¡ma coincidence

circuit is one placing only an energy requirenent on a

regular síngles measurement: see figure 2a" Gamma rays

enter detect,or #1 and the signal is amplified, then fed'

into a single channel analyzer (scA) " The out'put of

the single channel ¿¡¡¿lyzer is logic pulses; if the

volt.age of a pulse falls beLv¡een \Z and v + av one logic

pulse is generatedn ii a pulse does not fall in this

range no pulse is gienerated. The value À\r is called'

Lhe window v¡-idtho r/ is Lhe -'l-ower discrimation level arrd'

r/ + åV is the upper discrimation level.

The logic pulse fro¡r the s;ingle cirannel a-naJ-yzer

triggers coincidence circuits in the linear gate (LG) 
"

The gate is then opened and the amplified results of

the scanning cletector +2 are recorded in the

mutti-channel analyzer" The major fault in t'his system

is that r¿haLever is seen vrith cletector +2 v,'hen a garuna

ray of the proper energy enters detector i* 1 is record.ed

by the multi-channel analyzer" There is no time

requirement on the spectrum of gamlûa rays recorded"

To put a time requirement into the systern a

Ieading ed.ge tinring circuit is constructed: see figure
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27), The fast amplifiers (Fu\) are present to increase
the preamplifier output to a rarge enough am.plitude to
fire the tine pick-of f units (TpO. ) ijhen the time
pick-off unit detects a sharp increase in voltage, tlre
leading edge of a pulsen a logic purse is generated. and

hence the name "read.ing edge timing"" The outputs of
the t,ime pick-off units are fed .into a time to anaroque

converter (TAC). The output of the tine to analogue

converter is a pulse lvhose height is proport,ional to
'the time dif ference of rogic purses enterinq ,che

" start" and then the o,stop" inputs " The time to
analogue converter output is recorded on the
multi-channel analyzer lvith an energy gate set, by the
single channel analyzer" The particuJ-ar source used in
setting up this circuit *as sel.eniu.m*75 v¡hose deca.y.

Ã
scher¡e is shovm in figure 3.- set.ting the singre
channer analyzer gate on the 135.99 kev rine and using
the Ortec Ge (Li ) X-ray d.etector {l 1 as the gating
detector and the Ortec 35cc Ge(Lí) detector as the
scanning detector, a time spectrum was acquired as

shor^¡n in figure 4, The full rvidth at half maximum. of
this time peak is the resolving time of the systerLr,

The delay amprifier is used to set the tirne scale.
ïntroducing a knorvn delay of severar microseconcrs into
the "stop" channel, each time to analogue converter
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output pulse is heightened by a constant quantity'

ThÍs moves the time peak into the higher channel range

ofthespectrum.Locatingicentroidsoftheoriginal

anddelayedpeaksrthenuml:erofchannelsbeLween

dividedbythedelaytimegivesthescale.The

resolving time was measured to be 56 nanoseconds'

Containedinthetimetoanalogueconverterisa

singlechannelanalyzer"Settingthewindorvofthis
single channel analyzer on the time peak' a logic pulse

is generated if the time pulse is of a proper height'

Figure 5 shows how using this mode of operation for the

time to analogue converter as "fast" coincidence and

using a single channel analyzer as "slow" COinCidence

thetot'alcoincidencesystemwithtimeandenergry

requirements is constructed. The names "fast" and
- from

,tSIo\^',, comeoth" relative time duration of the logic

pulsesfromthetimetoanalogueconverterandthe

single channel analyzer. The system was tested using

again selenium-75 and also barium-1 33 whose decay

5
scheme is shown in f igure 6 o- For selenium-75 Èhe

single channel analyzer rvas set to gate on 'bhe 135.99

kev line. Figure 7a shorvs the singles spectrun and

figure 7b shows the coincidence spectrum" clearly

three lines are in coincidence with the 135"99 keV

line: 66.05 keV; 1 98.6 keV i 264,6 keV. Referring to

10



Figure 5

Coineidenee Systen
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Figure 6

Ba-133 Ðeeay
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Figure 7a

Se*75 Singles

Figure 7b

Se^? 5 Coi:reidenee
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the decay scheme these three lines and only these are

in cascade wit.h the 135"99 keV garf.,ma ray" Notice also

the structure just, to the left and right of the 135'99

kev line in the coincidence spectrum. These are

oompton edges at approximatety 130 kev and 140 kev.

Tlrey arise from the 264.6 keV and the 279 " 6 keV gamma

rays. when sett,ing the single channel analyzer gate at

135"99 keV not only will the 135.99 keV gamma rays open

the gate but the background under the peak will open

it, too, Imagine a ganma ray entering the scanning

detector and c'or,rpton scattering off an electrono The

ner^I energy of the gamma ray re-emitted is the

difference of the original energy and the amount of

energy deposited in the detector, and is given by:

/
ló

E;

l-#(t- cost)

where me is the mass of the electron, Ei is the

original energy of the gamna ray and t is the angle

between the original and new trajectories of the galnma

rays " ff 0 is near 1 B0o we have back scattering and

the chances are very good the back scattered ganrna ray

will leave the detector without interacting again. But

the trajectory will take it noh, into the gating

detector rvhere it, will be registered in coincidence

11



with the energy loss in the scanning detector. If the

energy of the scattered ganma ray falls within the

boundaries of the gate, the Çompton edge will be

counted as being in coincíderlceo AIso the opposite

situation may occur rvith the initial gaÍìma ray first

entering the gatíng detector and then back scattering

into the scanning detector. If the energy loss i¡r the

gat.ing <Jetector, the difference of the initial gamma

ray energry and the energy of the back scattered garr0a

ray r falls wíthin the bound'aries of the gate, the

backscattered ganTna ray rviI1 be registered in

coincidenceo

For barium-1 33 the síngle channel analyzer was set

to gate on the 81.04 keV line. Because of the

proximity of the 79.67 keV line' gamma rays in cascade

with this line will also show up in the coincidence

spectrum. Figure Ba shows the singles spectrum for

barium-1 33 and figure 8b shows the coincidence

spectrum. Iïere rve see seven lines in coincidences

53.16 lieV; '1g.67 keV; 81 .04 keV; 223.1 kev; 276 ' 38 keV;

302"71 keV; 356.04 keV. Again referríng to the decay

scheme rrre see that each of the seven is in cascade rvith

either the 81.04 keV or the 79.67 keV ganrna rays"

The theoretical true to random ratio is given by
6

the expressíon: T

R 2q
12

dN
dt



Figure Ba

ga*133 Singles

Figure Bb

Ba-l-33 Coineidence



a) T Þ z z rr
t

1- z c @ m

.: :' 
-^

 ^
-

r_
¡í

lY
.b

l^
.^

.
.._

._
-_

__
-_

-:
>

.ö
t.u

.t
I :i ì I I t I

tj i ... {

C
O

U
I]T

S
 P

E
R

 C
H

A
N

N
E

1L I l -L "l I J O

@ o O
J 2 a rf
l z c) m

I

..:
!:.

'-'
z2

3.
to

.i: '( tl 'i 't .i_
__

.

..'
'l-

:-
'-*

 
27

6.
38

t

7^
D

 
'1

 |

t

.i"
" 

? 
I

t)
-S

¡.
lo

 
S

l
i..

(7
 9

.6
7 

u)
,-

-' 
--

'--
F

;t'
¡q

z
lc

> i-- J,, 
ut

I I I i ,t l I I.t l-*
ì6

o.
5o

.! ):
.-

'2
23

.1
O

.i
..1 r ii

.2
7^

 
7R

.:. :} :.

.1
. 

'- 
JV

l

.)
'i'

.l i; lj ,: --
_-

.1
-' 

'-=
-'3

83
.8

3
.:r

'-'

.. 
!..

.'i
.

.,,
, 
. 

t'.
--

'_
- 

43
7.

08
(s

um
 p

eq
k)



''þr\¡/here {- y Ls the time resolution of the system -"4 dll
dt,

is the source strength" This assumes that there is no

background under the line being gated on and that the

single channel analyzer has been set perfectly. Ír,rith a

Source strength between five ancl ten microcuries ancl a

time resolution of approximately 50 to 60 nanoseconds

the true to random ratio v¡ill be betrveen 40 and 20-

The selenium-?5 spectra were analyzed to find the

experiment,at Èrue to random ratío" using ttre 135"99 keV

and the 264 "6 keV lines the true to random ratio l{as

found to be 27 "

4" Data AnaIYsj.F.

onceaspect'runhasbeenaco'uiredwiththe

multi*channel analyzeru tlre ¿1a-La is in äragine'cic cor-e

storage. There are several output devices that can be

attached t,o the multi-channel ana-lyzer to retrieve the

data. An IBtl typer,vriter can be used. to print channel

by channel the contents of the memory. A plotter niay

also .be used to produce a graph of the spectrum" The

primary dat,a acquistion unitu howeveru is a paper tape

punch. After punching, the paper tape is then read

into an IBiq- 1620 cornputer which will punch computer

cards containing the data" The cards may then be reacl

ínto the IBtl-360 computer and the data stored' on

13



direct-access devices" The IBI'1-36 0 con'puter is
incapable of irandling paper tape directly.

tr'iit.h the data stored in the T814-360 system

analysis may l¡e rrerformed by various computer programs

developed in t.his laboratorv and run from a terminal in
the laboratory" These prog'rains are ín a library called
Cutipie" PLotting¡ list'ing, peak fitting and data

smoothinq are some of Èhe functions that can be

performed." The peak fittínq program, CutieJ is the

heart of the prog'ram library" Ana1ys:'_s v¡ith thj-s

program gives the position, ãrea, Fl^iHM and associated

errors of photo peaks in gamna ray spectra* cutie i,¡ill
autornati cally search a specirum and rocate the

approximate peak positions. .A least squares fit is
¡'rade to each peaì.,' ancl L,]rere are trvo chcices forLjre
shape of the pealcs" The first and sinplesL is a true
gaussian v¡hich is placed. on a straight line backgrouncì,

but the best peak shape is a giaussian on the high

energy síd.e r,.¡ith a decaying exponential on the low

energy side" The background used ¡vith this shape is a

polynomial of second order" The only input that is
requirecl to start aut.omatic analysis is the region to
be analyzecl. and the approximate FTr7TII{ in this region"
l'lanuar operation is also possible by giving the program

the approxin.iate peak positj-ons" up 'to six peaks may be

14



fitted in any one region and this makes the program

ídeal for simple X-raY groups"

coinciclence spectra tend to shotv a great deal of

scatLer channel by channel at the higher energy ends"

Convolution of each point using least squares metirod'

smooths the data into a more nearly continuous curve'

The position and area of photo peal'.s rernain unchanged'

after application of this program (see AppenCix" )

5" Source Preparatíon

Neptunium-237 is an alpha particle enritter lvith. a
t.A

half-liie of 2"14 x 10o y"- The source v/as purchased

f rom Àmersharn,/Searle Corporation, The Radi'oche¡nical

Centre, .Amershamo Bucl:inghamshiren Bngland"

Appro;<imatei-y 100 milligrääts \'¡+irË: o]:tained j-n 2 nl of

nitric acid " The daugirter procluct in the decay of

I'Ip-237 is protactinium-233, a beta emitter '.vith a

half-life of 27 .1"9 This presents a disturbing probìlell

immediately" In al-} gamma spectra of lïp-237 the giamma

spectrr:rn of Pa-233 itill be present as a contaminant"

Cne miltigram of ]fp-237 will have a strength of 0"71

microcuries" rf this quantíty -i5 ori-ginarl1r free fror:t

alt Pa-2330 in one vreek the strength of the Pa-233 will

be 0.11 microcurieso in two weeks 0"21 microcuries and

in a m-onth 0"35 'rnicrocuries" Fortunately the daughier



ç!o
of Pa-233, uraniurn-233, is long lived, 1"62 x '10-y" 

o

and hence will. not contaminate the spectra"

To remove the cisturbing influence of Pa-233 as

much as possible, chemical separation through anion

exchange was e ffected. For singles measurements

an ion exchange column was used as described

belov¡. For the coíncidence measurements an initial

separatÍon was perforrned and tÏren the protactinium was

allorved to grov/ freely into the Sourceo A micro column

vras fil]ed rvith the ion exchange resin Bio-Rad AG 1x8"

The neptunium is in a *6 valence state and is retaíned
HCl

in the column at a molarity of 3Y Passing through t'tre

column at this molarity is protactinium and anericium

in valencr¡ states of +5 and *3, respectively. the

neptunium can then be released by changing the molarity

of the wash to o.'l . This manner of purification was

repeated once a nonth to pro<1uce a series of Sources

pure enough to be useful. The sources still contained.

pa-233 in amounts that increased lvith tí¡ne, but a

previous investigation in this laboratory of the

spect,rum of Pa-233 gave the energíes and intensities of

the ganma rays. with this knowledge icentilication of

the effects of the contaminant became simplified and

routine,

Sources were prepared

16
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microscope slides " A nine-sixteenths inch d.iarae-Ler

hole is near one end of each slide" A square of mylar

150 nillionths of an inch thick \¡/as glued over tlre

hole n A drop of the recently pu::ified neptuni_um

solution rvas placecl on the my1ar" This operation \,/as

performecl in a glove box to prevent conLamination from

this long lived neptuniun isotope " The clrop is
evaporated to dryness anc another drop is clepos-ited,

then criecl and so on r:ntir a source of sufficient
strength v¡as obtained" Another layer of mylar r+as then

placed over the source t,hereby minimizíng the
possibility of contamination of the laboratory"

Ifhile the slide sources $rere sufficient to d.o

coincidence experinents, something l¡etter was neecLed.

for the singres measurementso A ruci-te celi was

constructed to hold the resin and the sour:ce" The cell
was then ínserted into the continuous purification
system depicted in figure g, I,,Iorking as above rvi-th the
same resin and using 3N HCI as the wash the
concentration of protactinium was maintained. at a level
lower by a factor of trvo or three over that obt,ainabre

with slide sources. Holever, the resi-n acted as a

reclucíng agent for the neptunium, slowly changing the
neptunium valence state and causing the source to be

rvashed out of the ce1l. An alternate proced.ure,

17



Figu.re 9

Continuous Purification System
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!l
proposed by Brol,¡neo'l+as to use the sane resin but a

d.ifferent valence state of neptuniurn, the +4 state, anC

a dif ferent ivasiring solution, 101{ Hcl + 0 " 3}i FIF" To

oxidize the resin before use, it \vas treated v¡ith cris

mixture of hot acid, The hydrofluoric acic ,,vas used in

the wash because the solubitity' of protactini-urn is verl¡

high in HF solutions" This proceilure rvorked extremely

we11, reducing the protactinium concenLration

approximately fifteen tines clvêr the previous u"sed

continuous purification procedure" Ilowever ¡ Èhe

hycLrofluoric acid had a tendency to attack the cell and'

the tubing, limiting 'che arnount of time the nevl

continuous purification system could be used"

It ivas found- ttrat tl'ie giaiïma. ::a.\¡ spectra te-iren l'-n

the presence of the resi.n stitl contained consì derable

cont.ributions from the gamma rays of protactinium" The

reason for this rvas that the Pa was impacting in the

resin crystals" I,Ûren a five Mev alpha particle depart's

from a neptunium nucleus the resultant protactinj-urr

nucleus receives a recoil energy of approximatellz 100

kev" If the recoil of the protactinium is directed

into the resin crystal, the protactíniurn rvill be lodged

in the crystal and the vlashing solut.ion will be unable

to remove the contaminant. The best results were

obtained by rvashing the neptunium for a long period ancl

18



then releasj-ng the t'Ip from the column" The gamma ray

spectrurn is then recorded for a short period a-nä then

tLre neptunium is repurifiecl on the column and the

process is repeated'' I'f ith this rnethod' the
-f&

concentration of protactinium r'vas reCuced to 5 x 10

parts relat'ive to the neptrrniurn" This concentrat'ion

gave a speeifíc activity of 0'06% protactinium relative

to nePtunium"

19



CIÌAPTER TT

Rnergies and Intensities

1" Selective Absorption Ac,ross lhe K Eoge of a-Y?te,ri*l
consider recording a g'amma ray spectrum consisting

of trvo photo peaks of different enerqies" Say ,chis

spectrum is recorded. r,viiih a stronq source placed near

the det.ector, Tv,¡o peaks çzj_ll appear corresponding to
the tr¡¡o ganm-a r:ays " Also a third peak v¡ill- appear rnuch

less intense and slightly widerr the sum. peak" The

energy of tl:is nel,l peak is the su¡:,i cf the ene::gies of
the tr.¡o garùrÌ',a rays. Tivo garuìla rays entering the

detecLor v¡ithin the resorving tir-re of the cetector and

its preanplifier r.,'i11 look rike one gamr¡,a ray to the
detector" The sum peak is then due to the small time
interval for r,vhich the detector v¡ilr fair to resolve
tr.¡o signals and rviII treat t.he composite signal as

singre" The increase in rvidth arises frorn the sliqht
difference in time of entry of the two gan'ma rays" rn
general, this situation is not desired; there are

enough peaks in a spectrum lvithout generat.ing even

20



more. A simple solution is to recluce the counting rate

(time consuming but ef fective") A betL'er \^/ay "vhich

cloes not work rvell rnuch above 100 keV but is very

effective at low energies is to use a filter* Gamn'a

rays passing th-rough matter are absorbed but the

absorption is a function of the energy' For each
l2

elernent the energies of the ts''" and' L absorption edges

are Labr:]ated" A possíbte problem in this ruork is the

strength of t'he L X-rays of heavy eTements ' 
rvith

energies ranging frorn abouL 11 to 20 keV- These X-rays

areplentifulandtheysunv¡iththerr'.se]'vesandr^iít}t
gamma raYS of hi'gh int'ensitj'es* To fincl an effective

fj.iterand.getitt|rerigh'ttlricknesSr¡/tU.ldgreatly

simplify spectra taken in th'e l-o\'^r energy regicn" The K

absorption edge of germaniurn ís at 11"104 keVo making

it an ideal rnaterial for such a filter" obtaining an

o}ddetectorcrystalthathadbeendrifted.through,W€

slícedathi-nwafer0.25millimeiersinthicknessor

0.130g/cm?.Placingthefi-lterbetv¡eenthesoureeand

d'etectoreffectivelyeliminatedfromthespectrumtheL

X-rays frorn heavy elements" As an exarnple figure 10a

shovrs the L x-rays and. the 2g "3'7 l<ey gamma ray from the

decay of neptunium-237' and figure 10b shows the effect

v¡hen Lhe germaniurn f ilter is interposed betr^¡een

detector ancl source. The L X-rays are very much

21



Figure 10

Ge filter



Ë:i:\,.å:i j-r*:frt

400

_g

r=
ro
o;
cu

i
il

ll
ti
II
II
li:l
rl
II
iì
ll
litl

¡.'..:.þ:).¡i;;::i,1>;,;t':içr.1r! "-.,-:_.;*i:r..-:"*,-.:r4.r¡r:'¡

(l)

r.-
ro

o;
cu

fi
:l
li
IItl
iltl
ll

I

I,.1
. i :."r.:.rÅ i'.

t¡lil
lillll >"
lll Jt,{I ti! ilfl'.. j ':i'lú

l:¡ii'l;i;.-.-*-¡,;...¡,:.'.;..:.;

300200

:<
o-\(g*
..\ (l)
ll ct d \
il ; J-r
il fi

.:.¡;'j ¡;..:l 1,-,"r:1i.,..,+,/.\..ir+.;

without illTer
\J
ñ
il

II

ll

I
I
i'tr.::,

too

with filter

u
J

il

tl

li

lr

J

¡;'i:''.,'f\*i

.i'j

EFFECT OF THE Ge FILTER

2 000

I ooo

500

500

roo

6rì

ooo

-J
hJ
Z-
Z.

:t
O
1(,
LrJ
o_

U)
F
Z.
l
o
O

to

roo 200 300

CHANNEL NUMBER
400



reduced compared to the 29.37 keV line, but germanium K

x-rays are now present through fluorescence. Ïn

practice, the countìng rate was kept lorv and the fílter

used to mal<e sure that no summing was occurrlngo

To calibrate the enerçry of gamrna rays the rnixed

source technique ís invaluable. In the low energy

regions the K X-rays are very helpful tools. The
,?

energies of I( X-rays are well knor.m'ãn<1 provide us with

numerous useful calibration lines" It was known before

starting thís project that the lowest energy gamma ray

in the decay of neptunium-237 has an energy of about
It

29 "3 ke\,''n Cline'3quot"= 29.37510 "O2O keV, Browne

however has the energy as 29"29t0.10 keV. Calibration

sources were chosen to place lines a few ke\r above and'

below this line. Americium-241 decays with the

emission of a gam¡na ray at 26 "345 keV. For the other

source ces j-um-137 was chosen. The only gaITFna ray

emitted in its decay is one at 662 keV and Ís therefore

barely detected in a X-ray detector but the bariurn I(æ

X-rays are at 31.817 and 32"194 ke\r. The germanium

filter v¡as used. to absorb the L X-rays from the

neptunium decay and also the L X-rays from the

americium decay. The energy value of the neptunium

calibration of 29.37 keV and 46"53 keV gamma

22



gann.a ray v/as tlien found to be 29 "37310 " 005 ]-.e\z

assuming perfect linearitl' between the 32"Z ancl 26.3

kei.¡ lines. (Tiris is verif iecl b1' calculating the energy

of the Ba *^? X-ray and f inili ng 31 . B 1 7 keV; ilre
tabulated value is 31"912 ke\/. ) previous rvork by ilre
present author on non-linearity in this region has

shown that the assigmment of five ev error in the curve

itself ì5 quit.e conservative for the region used (ie.
the intrinsic error in energy frorn ilre rinearity curve

is 0.0t5"0 eVr) hence the final value cf 29"373t0,0j0
keV is given for this ganma ray"

To calibrate the 46"5 kev ganm.a ray of nep-Luniun

the mixed source technique \^zas again used" A neptuniu¡n

source along r"¡i th a europium-'i55 source r^¡ere u-sec1"
ûâ

Europi ..m-i 55 enrir:s a 45.2gg icevn "g-*- ray and

gadolinium x-rays. These lines \{ere usecl Èo calibrate
the neptunium ganìma rayo The germanium firter v¡as irot
used here to present a challenge to our peak fitting
prograrî" A sum peak located at q6"303 kev is expected,.

summing betv¡een the protactium Lr^x-ray (16.g30 kev)P3
and the neptunium gamma ray at 29,373 kev. tr'igure 11

shov¡s how the peak fitting program. handreci. this
situation" The energy of the neptunium gamma ray was

found to be 46"53410.040 kev and the energy of the sum

peak was found to be 46.30310"050 kev" The value of

23



Fígure 11

I+6.53 keV Garnma Ray Calíbration



E
N

E
R

G
Y

 C
A

LI
B

R
A

T
IO

N
O

F
 T

H
E

 4
6.

53
 K

T
V

 L
IN

E

42
.5

 e
V

./c
ho

nn
el

. 
do

lo

- 
f 
if

- 
- 

- 
bo

ck
gr

ou
nd

J U
J z z T () E
, I! o-
 t

3

U
) F z ¡ 0(
)1

4

? oo
)

.o
J

o
E

*r
Ø

v

o+
l

¡<
<

f,
r.

) 
lO

O
 

rl)
'. 

.:
:U

(o
sf

sl
.r

l
tl lv t' .l rt
"

tr
) f t-

d o o) o) ôl lr) I \]/

so
 

70

C
H

A
N

N
E

L
80

N
U

M
B

E
R



46.534 t 0.040 kev can be cornpared to cliners value of

46.5 t 0.5 l"eV and Browners value of 46'46 t 0'10 keV"

Itmustbepointedoutherethatenergy

calii:ratíons are only as accurate as the standards

used" Gamma rays calibrated on bent crystal

spectrometers make excellent calibration sources"

X-rays also malle excellent calibration sources be they

observed after a nuclear decay or excited by

fluorescence, for their energies are very well known"

3. Energies and Intgnsities

The síngIes gamma ray spectrum of the decay of

neptunium-23? displayed a large number of photo peal<s.

A total of 42 gam.ma rays were observed in the neptunium

decay. It also must be remembered that the products of

the decay of Pa-233 were present to some extent in all

spectra, and 11 garûna rays from the decay of Pa-233

hTere observed. Also present in the spectra were x-rays

of protactinium and uranium from the nuclear decays of

Np-237 and Pa-233, respectively, and X-rays of

neptunium produced by fluorescence of the source

material were also observed in Some Sources" AI1 this

amassed. together produced an extremely complicated

spectrum"

Energy calibration of the neptunium gamma rays v/as
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performed using the nixeC source technique. Ä i,Ip-Z37

source rvas placed. in front of a detector along r'¡ith

various calibrat.ion sources ancl a spectrun accumulated"

h non-linearity curve r¡\7âs drar,vn and the rnosL intense

neptunium lines were ca1ì t¡rated (see fiqure 12 for an

example of a non-linearity curve" Shorvn here is an

extreme case rvith a large non-linearity" The use of a

bett,er amplifier gave the sâme shape for the curve but

rvith much less non-linearity" ) This process was

repeated several times ivith different combina'ticns of

calibration sources " The weal<er gaûma rays rlzere then

calibrated using the previously measured st.rong

neptunium ganma ravs as caliÌ¡ration standards "

Figure 13 shor¡zs the g,amna ray spectrurn for

neptunium-237 , ta];en ivith the ge:r::nanium )i*lray cletector
t3

#2 using the germanium filter" Cline reports a g:ainma

ray at 43"510"5 keV" It was found, holvevero that this
.: ^ *^^t- - ^..*-: -- l^^!--^^* t-r^^rb cL þLrlr peak; summing betrveen the L6 X-ray and the

29 "3-l keV gamma ray" An interesting feature in this

region is the gamma ray at 94"6610"05 keV, directly

turderneath the uranium Kg¡, X-ra1z. The presence of this
ganma ray is inferred by lo*prring the intensit,ies of

r5'
the uranium l(¿gaand K*, X-rays " Scofield has calculated

the ratio of the intensities of K,', to R¿-, as a

function of the atomic nun'J:er, Z. Co"lpnt.t analysis of

25



Fig"lre 12

Iiion-l inearity Curr¡e
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Figure Lj

X*ray Ðetector Singles
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the spectra gave Lhe intensities for the four x-rays l-n

the I(6ç group of protactinium and uranium. The K¿ç' t'o K4,

ratio f or the protact inium )i-rays agreed rvith

scofield's pred.iction of 0"622, but the same ratio for

uraniurn produced a number Lar greaLer than ScofieldEs

precliction of 0.625. The only possible Solut.ion for

the disagreement of values v¡as to pl:opose a qaTnma ray

of suificient intensitl¡ directly heneath the uranium *oa

x-ray" The peak fiiting program \'Ias unable to separate

the U t 
^, 

component fron the gamma ray' Hence, the

ga:nma ray must be rlirectly under the X-ray and the

energy of the gamma ray must equal the energy of the

X-ray"

Anothe:: iirteresting reç¡ion is centerec on the

195"10 keV gamna ray. Apparenttv there are four photo

peaks bunched t.ogether in this region" ¡¡¿'lysis shows,

lrn¡vat¡ar - that. the fv¡hm 6f tlie four peaks is
¡¿vrrv w v¡ t

significantly greater than neighboring peal<s ' The

conclusion d.ranvn from this is that there is a fifth

peak located somelvhere in this group. Figure 14 shows

how the peak fitting program handled this situation, A

fifth peak vras locatecl close in energy 'Lo the rnost

intense galnma ray in this group. VIith this fit the

fivhm of the photo peaks became comparable to that of

neighboring photo peaks'



Figure

Cutipie Analysis of

14

L95.10 keV Group
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Figure 1 5 shows the garrna spectrum taken with the

30cc detector; ranging from 25 keV to 320 keV" The

presence of the Pa-233 garfìma ray photo peaks at the

high energry end puts a sma1l background under the

neptunium gamrna ray photo peaks " This bacl<ground mad'e

the energy and intensity calibration slightly more

clif f icult to achieve rvith great precis ion. The

advantage of usíng the 30cc detector is the greater

efficiency at higher energies compared to the X-ray

detector" For example, compare the appearance of the

186.8 keV line in the tr^¡o singles spectra (figure 13

and 15.) Obviously the 30cc detector is better suited

to observe this peak" The main clisadvantage of the

30cc deJ;ector is the resolution obtainable is

consiclerably poorer than ttre X-ray detector resolutíon.

Thís can be seen by comparing the group centered on the

195.10 keV line in the two spectra" The X-ray detector

shows the structure of this group much more clearly

than the 30cc detector.

Table 3 gives the values obtained in this v¡ork for

the energies and intensities of the gamma rays observed

in the decay of neptunium-z37. Several new garìma rays

were discovered in this investigation: those of energy

t15"5, L4Q"6e !53"5, t9l+"7e 222"5 keV and these can aII be

ptacecl in the level diagram. A1I the gamma rays listecl

are acconp¿nled by the values obtalned by others and. all

27



Figure 15

J0ee Deteetor Sineles
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Ganma Ray

Table 3

Energies and Intensitíes



TäbIe 3

Gamma Bay Ðnergles and fntensltles

E (kev)
Y

rra and Brorvne and Cline
laet¿r Asaro
.96e) f

,9,2s(LO) 29 -37s(20)
46 .46 (LO) 2t

57.ls(10) s7.rL2(20)

86.49 (10) 86.486 (10)
88.07(10) )t

94.66 (10) *
LO6.2z(ro) 106. 3oo(2oo)

Present
IJork

29.373(ro)
0u.534(4o)
)/.r)(4/
62.5 (s)
86.s03(20)
BS.04(16)
e4.66 (s)

106.12(s)
l1s. 45 (20)
117. 6 B1 (30)
131.043 (30)
L34.23(4)
,46. 6s (10)
rß.208(25)
lsl.37s (35)
Ls3.52 (20)
L5s.22(4)
162.so (6)
16e. 17 (s)
170.6 3 (B)
L72.55 (20)
L76.O9 (7)
rB0. B0 (B)

186.8(s)

Lsr.4; $)
L93.26 (4)
r94.67 (20)
,r,,690 (20)
196. 84 (6)
,ss. 17 (10)
20L.72(5)
202.6e (25)
209.25(5>
zLz.4L5 (25)
214.09 (s)
222.5L(25)
230.01 (10)
238.04(4)
24B.eo(r0)
257 .20 (20)
262.44(Ls)
27e .4(4)

75 l32.ti
a.95!O.2

6 .25 3. 53!0. 2
n, 0.1

100 100.0
1.1 10.3
5.04!0. 35

0.80 0.3610.07
0 .021f0.0Û6

1.40 1. 47!0. 10

0. 70 0. B3!0. 1-2

0. 60 0, 66!0 . 13
0. 15!0 ' 04

3.61 3.76!0.23
2.00 2.03i0.13

0. 058!0 . 0r3
0. B0 0.7910-06
0.30 0.3310.06
0.60 0.6710.07
0. 150 0. 133i0. 02

0.0375 0.057!0-0r5
0.13 0.139!0.028
o.169 0.18t0-04
0.069

r (l =
ï 86.5

Vara and Brot¡ne and
Gaeta Asaro

(le6e)

r00 111 1 16

o.l7 1.11t0.16
0.46 3.3310.3
1.5

100 100

100)

Cline Present
Work

0.026!0.426
0.031
0.237 0.140!0.024
o.46 0.35!0.035

0. 4110. 12

1.6 L.37!0.77
0. 20 0. 186t0. 027
0.038 0.029t0.011
0. 40 0. 36!0.04

0.039!c.015
0.169 0.15710.016
1.40 1.3510.09
0.35 0.38t0.03

0.01410.0r4
0.081 0.093t0.023
0.550 0.61t0.07
0.038 0. 03910.017
0.05 0.053!0.028
0.063 0.062i0 ' 018

0.0188 0.01410.014

29.6
46.7
57 .L
62.9
86.6

94.s 30. B

L.27!0.16
6.66!0.6
0. 4710.05

yrls . o Lß .2¿ e)
151,31 (7)

toi.ø

L70.3
L72.6
L76.L
L79.9

185.9

-
193.0

J.

143.2s0 (ro)
ls1.410 (10)

*
ttt.z LLl.6;Q) LL\.72O(2o)

13r.11(7) 131.110 (20)

134.O L34.23(7) L34-2Bo(20)

l-.35t0.16
0.71!0.07

o.77 0.56t0.06

3.08 3. 33t0. 32
1.98L0.24

o.77!O.07
0. 38 0. 3110 .03

0 " 60!0 .06
0.077 0.L59!0.a24

o.L75!O.024
0.LglO.A24

0.05610. 112

o.77 0.230t0.032
0. 429!0.05

1.6 7t0. 16

o.77 0.2L4!0 .a24

0.115 0.357!0.037
î' 0.03
^,0.-1310 . 017

0.77 L.26!O -L6

2.r, 'r. 3sr(ì.04

0. 1-1f0.016
0.5 4!0. 05

0.04010.01
0.056!0. 014
0.05610 .0 12

Lss.2;Q) 
"5.25(20)]-:62.38(7) 162.s20(30)

L69 .09 0) 169 . 16 (30)
170.s6(10) 170. 640 (so)

L72 -600 (200)
1-7s.93(10) 176.060 (s0)
t39.65(r0) lso- 7Bo(s0)

184. 400 (1oo)
186. 86 (30)

187. 4 (1)
tr1.34(10) ler.42(30)
tn3.s5 (10) L93.220 (30)

L94.9L(7)
, L96.7 196.81(10)

' 2O2.7 201.68 (8)
"v203

zög.oz(s)
2L2.2 212.28(7)
2L4.s 2L3.92(to)

229.54(:..o) 22e.9 Q)' 237.9 2.37.9L(7) 237.91(20)
248.60(40) 248-B(5)

257 2s7.L4(40) 257.1S(so)
262.48(40) 262-42(so)

28o.4$)
:l+

L94.9 70 (20)
196 . 800 (100)
199.900 (1oo)
20L.67 (20)

,69 . 156 (30)
2L2.33(20)
2r3.960 (40)

0. 15

Vara, J.M. and Gaeta, R. Lg6g' Nucl' Phys' AL30' 58ó'

In addition 62 other Y-rays, unobserved by other l¡orkers' are lisEed'

These five'¡-rays ËogeEher \triËh transitions of energy 43'5 ! 0'5' 70'5 t 0'1'

arÅ 9g.8 I 0.2'axe rnãrked on Èhe spectrum but are noÈ included in the list

li-zá;1,, t-;";"



in Table III are placecl in the level diagram except the

24B"gO l<eV line" The intensities of these gamma rays

were found as described. in chapter 1 by first obtaining

the area under the photo peaks and then compensating

for the detector efficiency (see fiqure 16.) The area

dividecl by the efficiency gave the intensity"

It can be seen the values of energy and lntenslty

correspond closely between the works of Cllneo Brovrne

and. Asaro and the cresent. The values of Vara and Gaeta

are not ln agreement wlth others"
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Fígure L6

X-ray Ðeteetor Effieiency
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CIIÂ.PTER f.TT

Co i.nc j-clence l{easr:remerts

1 " Co.ì-n-eiclence ¡.,leasurements

Ã.fter deternr.ininq the energìs5 and åntens.ítíes of
the gamfîe ravs it is necessary tc¡ eonst::uet a clecay
scherqe. The sr:ectrtr.¡.r of neptrrnirrm_237 shor.rs a J-a_rçi.e
nun*>er of al-pha groìfps o incìicatj-no_ l:hai ser_¡eral le¡ze..r.sj-n p::otactinium-233 ar:e po¡:ulated- äÍ::eetr-v" The levels
a'bor¡e the g¡:ound sta'Le aïe ca_l-l.scl. o,e*c:l-.L.ec1 sta.tes",,
The exciteri states of a nrrcleris are ouantízecr. .n enercry
ancl- ancrlrlar no¡lentr:rn anrr Èhe rr.ecay seherne denicts the
exeited sta.tes" The qamma rays äre ernit.terj lrrhen the
nucler_rs unrJe::cfoes a transition frorn one excited. state
to another or 'Lo the crrouncl state" -As ca.n be seen f::orn
thj-s d-Íseussicrn r^¡hil-e this stucr.v is inr¡es.icratinq the
d-eeay of neptuniitn-237 o actrrally tinder inrrs5gira_tion
ai:e the exc_ited states of protactinir:.rr_ 233,

["rh'i-]-e it is possible to construct a cecay seheme
or level d.iaqram from jrrst the ene¡:cries of the garuna
rã-:/s o a much nore re_l_iable ¡nethr:cl invoh¡es the Llse of

29



coincic]-encemeasul:ements"Incoinciclences'r¡eet::ar'¡e

look for caseades of- cfamm.a raYS i"e" one gamma ray

fee<1-inc¡ in.L.o an excj-tec .s.Late and- another <Lepopulatincf

the same stat'e is a cascade" By settincr t-he sj-ncle

channel anal1'zer to gate on one particul-a:: qanma 3îâ1r ¡'7s

hope to see in the coineidence spectrun all the qaFl]lla

l:a:r/s in eascade l'¡ith the gatinq l-ine" Of courseo siÏìee

r*¿iorstirre rì.ecay j.s a ranrlom process ' coincic-lence

spectra al-so contain ranðorn el'errents; thís Ís the

r¡.eanincf of the true to random ratio" consj'rLer jrrst' t't'ro

ganna ral¡s ín a speetri-rrn¡ orlê in ea'scade v¡ít'h the

qating. line anci one not -in caseacle, Ca.l-l- the ga'TTWa ra'y

in eascade Lhe f irst ancl let i'c have a sinqles

inLensitl' r { " cali tl-'-e one rtÛt {n ca-scac'=Le: the Ë€cÚrrd

and let it. have a sincrl-es intensity I; " Both peaks

v¡il1 appear in the coincicl.ence sÏ:ectrurq, the second'

peaktotallyduetoranclomcoincic]eneesi.¡j-than

intensi-ty I?. The first peal':r t¡¡ith intensity Il, rvil l

Ì¡e a combination. of ranc10¡r and qenuíne coincid'ences'

Tocaleulatethetruetoran<1orn,ratiov,/eassÌlnet'he

rand.om components of both peaks are in ihe sane ratj-o

â5 the sincfl.es inlensities. This is t::rle pr:oviiled

there is nothincl uncler the cratincr photopeak 'uzhj-ch rrrioht'

be in coincidence v¡ith eithe:: gamITr'a j:ay' Sep'-rratj-nq T!

into the randorn con-ponent lln ancr the oennine connonent

30



IlG, the sincrles ratio qirres:

'lR -
ï*
T'Lz

r""

Harz-ing rnar1e this asstirnntion it is no\¡¡ ea-sv Lo cal crr-1-ate

the true to random ::atio:

-r *T
*^L-3 ¡ n

ï,a

Onee the coi nciclence slzsterrl harL been cc¡nst::uctecJ.

ancl tested , a nur¡,ber of coincj-<T-ence slleet::a r.,rere

qathered" Ä-ì-toqether nine ser:a::ate rnea.sltt:er'ì.ents rrr€r.ê

rrar.le, the avei:age d.i.rrat-ion of a run being approxinately

t\,zo.,,¡eel<s" Th.e n-i-n* itrajor <iernnl,a j'-'a\¡s s'Lr,rcIìeri in the

coinciclence meä-srlreneni:s r,rerie 29 "37 î 5T" l-5, 86.5n u

117.68, 143"21, l-51"38? 195"100 2.!2"42 anrl 238"04 keV.

Of the nine qalrlma rays used. for cratj-ncr only three di-cl.

not, har¡e other ner¡trrniun. crarrrna rays in near nroxirr.Í-ty.

ConsequentìalIy, six of the coincicl-ence srrecLra harJ.

nore than one c¡arma. ray fallinq in the gate" l.{ost of

these six r.¡ere strong peaks rvith a nearb¡z weak peak,

The v¡orst case in this sense is the l-95"10 ker/ gamna

rãv- Thro .eincffs channel analvze,.: set to qate on this!qJ o

peak also qated on fou:: other crammA l:ays j.n the

i¡r¡nedia.te neicrhborhood. .Also ooenj-no the aate in a.l 1

-T- 
=

R

31.



coinei<1ence measurenents \.tas the background und.er the

peak" If back seatte::ing frorn a strong garfuna lîay falls

ín the gate, the c.ornpton ed.ge rvill arise in the

coincíd.ence sPeetrum.

The statisties of the coincirlence speetra \^¡ere

poor cornpared. to those of the singl-es spectl:a¡ btrt this

tvas to be expeeted. The probl-en of statistieal scatter

in the coinciclenee speet::a was the inpetus v¡hieh -l-ed to

the eonstruction of the comprrterj.zetl smoothing plîocfram'.

Ì.]íth l-arcte background. scatter r^¡eak lines were

frec{uently obscrrrecl. Hencer a qamna ray that appears

in caseade in the cì.ecay scheme wj-Il not neeessarily

stand revealeC- in the coinciclence speet::un"

2. Coincirlenee SPeetra

Coincic-ence speetra v¡ere acc{uirîed usinq the 35ec

ortec detector ancl the ortee x-ra]t detector *12' For

almost half of the coincidence runs the X-ray detecto::

was used as the qating detector and' the 35ec as the

scanning detector. This arrangement wo::kecl well untíI

the enerqies of the c¡atinc línes beeame too hiqh"

Àl:ove 150 keV ir: htas necessar-Y to use the 35ee deteetor

as the gatino tleteetor anrL the x-ray cletector as the

scanninq detector. The 86.50 keV gate v/as also run

with the 35cc rletector as the qatino detector anc the

32



X-rav cletector \'¡as scannl-ng"

29 " 37 ke\I oate:

The coinci-clence sÐectrÌlm' for the 2'9"37 l"e\I line is

shot,,¡n in figure I7 " |l]h::ee lj.nes a]:e d.ef inite].]z

enhancerlabovethesinglesintensitiesoftherandorn's:

5?"L5 ke\/¡ 143"2L k'ei/ anrl' l-51-"38 ke\Z' A possíb]-e

forr::th line that ís probab'lv enhancerl is the tl-7"6f1 k'e\I

gamJna l:av, i?,efe¡:rj-ng to the rlecay scherne (fíqrr::e 26)

Ì"/eSeethe57.15keVler¡e1j-sfe'4}:lr¡the2'9"37ke\l

<ramma ray" The 151.38 ke\/ qanlra rav coptil'ates the

R6.51. ke\.I lei¡el- '.''¡hich de-e:<cites T:r¡ the 29"37 ke\r clã*rn-¡'a

ra-v" But. to aecon¡ror'late the 143"21- |:-s1/ and' the l-l-7"68

þe\i Çaïüîa l:avs it! r's necessar''Y tr-r in'se::t ¿t cl:ossÕvel1

transitionfronthegÃ".18kerZJ.e.¡eJ'tothe86"5.Lke\/

l-er¡eI" This transition has been oroposed h.l:¡ n' Rl:Õr¡¡ne

and F" .Asa::ol6 previo's3_' th::ouqh a- sj-¡r.iliar line of

reasoning. lthis eoincìcl.ence sr::ectrt-rm 1en<l.s ad'clitional

sunport for the e><j-stenee r:f thj.s transition" Tjre "'{

X-raysshov¡ninthefiorrrearecornposÍ.tesofthe

uranium ancl P::otactinj-unl X-::aYs

57 " 15 l..eV ctate:

Tl'',e coincid'ence speet::urn fclr the

shol'¡'n in ficrrrr:e l8 " The::e are no

57 " 1.5 J<e\¡ l_ine

lines enhanced

!,)

l-n
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Figure L7

29,37 keV Coineidence
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Figure tB

57,t5 keV Coineidenee
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this speetrum althoucfh fron the decay sehene numelîorLs

ç'arnlïìa rays are expected to be in coinci-r,1.ence" So h.e:ce

trrr€ have an exa.mnle of a r,'/êâk qa'ting line ivith t'zeak-

lines expected. in coincidence bLlt 'coo \'¡eak to be seen

actaínst the background" The X-ravs and the 86"50 ke\'z

rfaÏ.nrna ray appear as random components "

g6 
" 50 þs\.2 qate:

The coincid-ence spectrum for the 86"50 ke\-/ l-ine is

shoi.rn Ín fíqure -l-9, -A.lso fal-l-inq in this qate was the

88"04 ke\¡ gamma ray fronr. the decay of l'1p-237 and the

86.59 keV gatnma ray from the fs6¿r7 of Pa-233. The

1S:."gg ke\l aanr:na räy feeds the 86"5J- k-e\/ level and-

hence is exr:ectecl and. seen in coinciclenee. The 1l-7.68

anci. the L43"2J- l{e\.r cfaîrüÌla îa.izs feefl the 94"rjft .l:e\/ ]-ei¡e-l-

and hence are expecte<]" to be in coj-nciclence th::ouqh the

B " l-7 keV transition " The sincf l-es intens j-ty of the

131"04 ker/ li.ne ís qreater than the L3ð,"23 ke\I f-ine"

But the 131 " 
0 4 lceV line d.oes not appeal: in the

coincid.ence speet,rum, so the 134 .23 keV line is ín

coincici.ence v¡ith the B6 " 50 }:ev line " Tt is novl

neeessary to int,rotl.uce anothe:: crossoveiî transition

from the l_03.69 ke\r l-evel to the 94"68 k-eV level" This
¡Â

transition has been proposerl. acrai-n brv Bro'n¡ne'änrl' this

spectrum lends support to the hypothesj-s"
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Ãl-so slight1Y enhanceð is the 94"66 l<e\r _.ì_j_ne"

This enha.nee;".ent is spurions, however. As can he seen

frorn the <1ecay schene the 94"66 ke\/ line is n'ot in

coj-ncidence rvith the 86"50 keV line" î.{hen settinq the

sate on the 86.50 kerT line it is ìlossibl.e that some of

the Iiæ x-::ays lvitl also Õpen tlre crate" The 35ec

detector used for gat.inq has eonsideraÌ:ly Ðoorer

resolution than the X-::ay <{etector" The enhaneep¡.ent of

the g4,66 ke\/ Ij-ne is then explairrecl as follor'¡s'

Tnternal conversion of l( electrons of 'che 143"21 and
i41

the 117"68 ke\Ivtransítions 'vilt crir¡e ::i.se to K X*ra'¿s

in coíneirLence r¡ríth the 94"66 lce\I sarnl;la l:ay. If the K

x-rays v¡ere falling into the r{ete the 6þ5s¡rred'

enhancernenÈ l'-s exPected.

By the same line of reasoníncT inte::nal conversions
lli1

of the l-51.38 ker/vtransition vrill popl1late the 86" 51

ker/ l-evel. If the gate opens from the T( X-rays enitted

after a transition populating the 86"51 keI.¡ ler¡el-¡ the

86,50, 5?"15 an<l- 29"37 ke\/ gamna rays are expecterl- tO

be enhanced. The íntensities crj.r¡en in the coineidenee

table (see l:elor¿) for this gate assum-e the 86"50 ke\l

line appearinq in this spectrum is entirely due to

randoms" But as Seen here this is not conpletely

correctr so the intensity values will he 5r¿sternaLiealllz

too l-or,/. Tire 117"68 and L43"21. keV transítions v¡il-l
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also feed the 86.51 ke\/ leve1 th::ouqh the B"l-7 keV

transítion qir¡inq the satle effeet"

Finally the 86 " 59 keV ganLrna ray of

protactiniu¡r.-233 r¡ilI also fall- in this gate. we then

expect to see and. clo see the 311.R9 ke\7 cram¡1a ::a1' of

Pa.-233 in coincidence, too.

117.68 ke\7 crate:

The coincid.enee spectrrrm fo:: the 117.68 ke\.2 (Talnrfla

ray is shor,rn in fiqure 20. The oornpton erlge for the

311.89 kev ga]nma ray is seen at approxinatel-y 160 kev"

As explaine<l in ehapte:: 1 the compton ec]cfe lqi]l arise

d.ue to the back scatterj-ng. Beeause eornpton events of

the 31L.89 ke\r ganma ray ín the cfatìnc¡ crystal raay faIl

into this gate, all gar¡ma ralzs in easeacle with the

3Lt.B9 keV qamma ray in the level scheme of uranitrm-233

wilt appear in the coineid.ence speetrrrrn. Three gam¡na

rays frorn the decay of protactinium-233 are seen then

in this coinciclence spectrurn: 75.28 , 86.59 and 103 " 87

keV. Referrinq to the coincidence soectrum rve also see

the 94.66 keV çTârma ray clea::Iv in coincidence. The

86.50 ke\/ peak is consirì.erably v¡icer than in the

singJ-es spectrum. This is probably due to the 88.04

kev gamma ray being in coinciclence wíth the L17.68 kev

oarnma rav. The crossover transition between the 94"68

36
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and the 86.51 keV leve1s requi::es that sonìe enhaneern.ent

of the 86.50 keV gamma ral¿ l:e present" This is not

ineonsistence with the tlata as the::e is no entíreIy

random cfamna ray aPPearinq"

143.21 ]<e'J gate:

The co-inci<lenee spectrum for the :.-43.2L ke\I cÍamrìa

ray is shown in figure 2J.. The Gompton e<lrTes of- the

300.10 ke\/ anc'l the 311"89 keV oa¡nma rays are present as

well as the the othe:: protactinirr¡r-233 galnma rays in

casead.e v¡ith them. The onJ-y nep'Lttnium ga¡lma ray that

shorvs a possibl-e enhancenent in this spectr:um is the

88.04 keV gamma ray on the hiqh energlt taíl of the

86.50 keV qanma ray. l^Ihile any traee of the 94"66 ke\Z

gamma ray is obserrreC Ì:y the I( X-rays.

151.38 ke\I qate:

The coincitlence speetru¡r for the 151.38 ke\r gamma

ray is shor.¡r in f iç¡ure 22 " For this measure¡nent and

all the fol-torvíng coÍncidence neasurements the role of

the X-ray tietecto:: and the 35cc detector was reversed"

The 35cc cleteetor r.¡as used as the cratino' detector anrl

the X-r:ay detecto:: tgas the seannino detector. The

gamma rays in coincidence in this spectrun are the

29.37 keVr 57 .I5 keV and the 86.50 ke\/ lines. Also
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Fígure 22

]-St"38 keV Coineidence
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appearinq in coincicence are the 75.28 ke\r ancl the

103.86 ke\¡ lines from Oompton events in the qatinc{

<l,etector of the 3l-1"89 keV garnma ray in Pa-233. The

151"38 ker/ ga¡rma ray feecls the 96"51- kev leve1 qivino

the observeti coincirlenees.

L95.10 þgV ga.te:

The coincídence spectrum for the 1.95.10 ke\/ garnma

ray is shor^¡n ín fioure 23 " There are f j.rle qamma rays

fallínq into this gate, frorn the l-91"45 keV lj.ne to the

196"84 keV line. There is no enhanee:¡.ent of any gamna

rays in this spectrum. The 29.37 and 86.50 ke\/ lines

appear as rand"om eomPonents "

212.42 kev qate:

The coinci<Lence spectrum for the 2]-2 " 42 ke\.¡ garn¡na

ray is shorvn in figure 24. Also fallínq in this oate

is the 2] 4 "Og ke\I oam¡na ray. The only peaks that shor'r

a definite enhancement are the 29.37 ke\I, 57.15 ke\7 anrJ

86.50 keV garqna rays. Tt also appears the 46"53 ke\/

ganma ray may be sliqhtly enhancerJ., hovreve:: this may be

cltre to summin<_, betr+een L p X-rays and the 29"37 ker'/

gamrna ray. The enhancernent of the 29.37 keV, 57.15 ke\/

and 86.50 P.-eV gamma rays may be explainec by the 2L4.09

kev ganma ray rvhich popul-ates the 86.51 keV level' The

3B



Figure 23

L95,L0 keV Coineidenee
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Figure 24

2I2.42 feV Coineíd.enee
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212"42 l<e\/ cfamna ray is a qround stat-e c1eca1, ancl we d.o

not obserr¡e the enhancenent of ihe r¡erv r.¡eak j_53. 52 l.e\¡
oarona ray feecl,inq ihe 2I2.42 ke\/ J-e,r.¡el,

239"04 ke\I ctate:

rhe coincidence spectrum for the 23s.a4 J<e\z cramn.,a

ray is shor,rn in ficrure ZS" Since the 238"t4 lier./ .rêJn*m.a

ray is a transition to the grounrl sta.te, the onJ-y gainma

raras expected in coincidence are those feecinq" the
23 8 

" 
0 Þ,e\.¡ lerzel , ?he 62 " S ke\/ q¿¡¡1¿ ray then is the

'nly expected- cascarle" Tn the sr:eetrurn there does seem.

to be a sriqht enhancement a.b 62.5 i<ev b't it is
unce::tain 

"

These nine coincidence spectr:a represent a c¡ate on
eaeh of the most intense lines of the neptr.rnium-2,37
decay" The resuJ-ts of the coÍncíclence measurements are
sumrrrarizet{ in Table rv, the coineid-enee tal:le 

"
Elorizontally are the varì ous gatj-nq línes ancl
vertically are the lines obserr¡ed Ín cascact.e. llj:e
nurnbers in the taÌ:le are the relati"¡e intensities for
each coincidence speetrum r.¡ith the stroncrest line
normarizecl to 100. From this tabr-e and the ene::qies of
the observed galnxJa rays it is no\,/ possil:le to assemb.Le
a decay scrrene for the excitecr sta.tes of

39



Figune 25

238, Ol+ keV Coine j-denee
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Table 4

Coineidence Results
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pl:oiactinirrn-23 3 "
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CIIAPTTIF. Ï\¡

Rotational Structure ancl the Decalz Schene

,7
The success of the l'lil-sson model-in describinq the

properties of heavlz nuclei has ]reen consiclerable. The

heavier nuclei have a shape deformefl' a\'¡ay fron the

símple spherical ease to an elli-psoidal shape. General

interpretations of the rotations of deforrned nucl-ei

have made necessary modifications to the j-j couplinø

schemes of the shell mod.el, The interpretations of

these interrnediate or rotational coupli-no sche¡nes gives

rise to the ìlilsson rotational bands. The decay scheme

for the decay of neptunium-237 is shor'¡n in f icfure 26 -

On the left síde of the decay scheme are the Nilsson

t:otational band assignnents for the enersy levels from
ll

Brorvnel.l The form of the lüilsson band assignrnents is

[Nn.n] KI?', rvhere l.l is the total num.]rer of nod.es in the

v¡ave ¡rr¡s¿i on r nã is the numher of noclal rrlanes

perpendícu1ar to the syrnmetry axis anrl A, the orl:ita1

angular mornentum eonponent alonç¡ the symmetry al<is, can

take on values ìI-nurl'T-n*-2,,.oø, 0 or l-" I ís the spin

of the level an<1 K is the projection of I alonq the

symnetry axis of the nucleus and ,1r is the parity.

The energy levels within one rotational band are

41



Figure 26
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given by the fot*rrl"rl8

EI=Eo* a[r tr+]-) - r (n- r)]

vrhere Eo is the energy of the lor¿est member of the

rotational band" Thís equation holcls if the other

mocles of motion (i"e" vibrational) are negliqible" Tn

the case v¡here the couplino of the vibrational and

rotational motions is i¡rnortant an aclditional- term is
lq

needed:

nl= Er + n[rtï+r) +G$or2 Ftlto"'(r."¿)]

Special consideration for the rotational- bands with K -
l/2 ís requirecl beeause of the decouplincl of anoular

momenta betv,zeen bands (Coriolis decouplinc-r" ) For K =
20l/2 t

Lrsinq these equations on the four rotational bancls

in the d-ecay scheme, it vras attenpted to prerlict the

energies of nerv excited states. At th.is t.ine the level

shovm at 303"8 lleV hacl not been observerl." Calculatinc{

the expected enercr)t of the fifth member of the rnixed.
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rotational ]:ancl I/2 T+ (4 0 0) + I/2 r+ (6 6 0) usino

the last equation, it rvas foun<1 that the 9/2 * mernber

of this ban<1 shoul-tL har/e an energy of 300 " 9 ke\/. The

differenee betrveen calcuLated anrl e><perímental energiies

is less than 13 anc1. can ]re considered. to l:e in gooc

aqreenent. other possible er¡idence for this level
"lcomes from Baranov et. a1.-' They oþse::ved an alpha

partiele qroup v¡ith an energy of 4"572 l{er/ in the <i.ecay

of neptunium-237, this would correspond to a feed to a

level of 305 keV.

Fiqure 27 shot^¡s the enerlTy of ÌIilsson sinqle

particle orbitals as a funetion of the deformation.

The particular diaqram shor'¡n here is for odd p::oton

ler¡e1s in nuclei with atonie ntrmher qreater than BZi

thís is the case fo:: the Pa-233 nrreleus r¡¡ith 9l-

protons" The amount of deforrqation in the Pa-233

nucl-eus is crrstoma::i1y ta}<en to be € - 0.22:2 This ís

shor,rn by a d.ashe<1 vel:tical line in the fiqure" Tt can

be seen that the locations of the lotvest members of

rotational þands in the fiqu::e cloes not corresponf to

the locations j-n the decay sehern'e. This; is a

consequence of configuration mixíng. Thr: Iast proton

in pa-233 is in the thg. she1l ler¡e]- alonct wíth eiqht

othe:: protons" The llilsson wave functlons are slngle

partlcle i\rave furictlons for cartlc.les outslde the Coxêo
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Figure ?7

Nilsson Diagram
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This, however, is not the case for Pa-233t

where many dj.fferent mixttrres of eonfiqurations can

occur.

A comparision of the experimental and theoretical

lif etirnes of- the B 6 " 51 þ,sr/ 'l sr¡sl \4tas perforrned . The

half-l|fe of a }evel may be calculate<l, again asslrming

single par:ticl-e orbitals, by sttrrlyino the transitions

de-excitinq the Ievel. For electric multipole

transitions' the transition proba]:ility Ís qiven Orr23

vrhere I i" the multipole order, a

anct S is the "statistical factor"

íst

çrive

- 
(^l 4.+ (À+,) t 3 \¿ / Fx )?À 

+ I

I sp = À ¡la,l.-,¡13' lÃ;3¡ lWß7rl
2ÀC/- r rìG- )fJ,J )ttl

S (r,,\,rr) = þrr. ù{( r; Å r{"¿

where ( j , t, j r*rþt) i" the clel:sch-Gordon coef f icient.

There are two transitions that de-excite the 86"51- keV

level; the 29"373 keV an<1 86.503 ke\/ gamma rays. The

multipolarity of Ì:oth these garuna rays is kr,own to be
24

El;' The sin<tle particle Tfeisskopf half-llfe of the

86,51 keV level v¡as calculated. to be 1.5 x l-o-l?seer but
-8 25

the measurecLhalf-llfe is 3.6 x 10 - sec. The transition

he nuclear raclius

n by:
tZl-l

l-'/, 0 > |lI^'l.t
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is retarcLed by a factor of al:rout,20r00n o¡¡e¡: the sinql-e

particl_e va.lue " This resu.l t is expected-

exÞerirqentaIl1r, lîl- trans'itìons in other nr-lclei exh.ibit

ret-ardations of sinitiar nactnitudeo but thj-s is not

lnt{erstootl- theoretì call y Very ,r"f t16

"I(-forbidd.en" transitions vTel:e a-1so stuCierf in

this investigation. .A transi{:ion beLween ba.nds is

called T{-forbirld.en if :

ÀK = I(f * Kj u\t4

t
r.rhere ,\ is the rnultipole

prohrabilitl' of a I(-forbicl-den

orcr..er. The transr'-tion
?7

transition i.ç l-

-,î"#¡ =tffi#,ryj*=

rvhere B is the reducecl t::ansit-i-on probabi]-ity" /\11 the

infornation pertinent to the nucle¿r st::uettr.re i-s

containecl. ín the red.uced. transj-tion probaÏ:iIity" Fo:: a

ïi-f orbiCden transition the reducecL transi-tion

B{ÀtI,K*Tr 6"aK}=

ì,4'(I, À llo4{-À À l I, 11 ran >t

"?)'*[! / bu"
î; \"Ãl
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- t miìn\ is the Clejrsch-Gor,:1on coeffj-cientt'¡rÌere tr I ¡ 
n¡ Jrt'tr1Jt't¡ rb uirt:

anÒ' v¡here l¡? is a ccnstant that qi-rres the n-j-;< j-n'c¡ bet','¡een

the 1(!s of the initial and fínal. states and states rritÌr

i(i *,.\ancl T{l-,\, To e-'ì-i:rj-nate the constant a-::atio of

t::ansitj-on prol:ab|l-ities Ís for¡re.1 fron tlvo qanna raYS

cl-er:cpulatinq the same level qoinø to the sane

rotatioiral ba-nd]. The tr¡o transitions used \"iere the

238 .04 ke\z anrl the l-80 " B0 ker./ ganrra ravs " The 238 .04

ke\z transít,ion rvas l'-norvn to have a rn.rltinoJ.ar:ì.ty of n1i6

Ttre nr.ul-tipolarity of the l-s 0. B0 ke=,/ transition \'.ias

assurnerl to he also El (spín chanqe of Ðne and- r:a-rity

chanqe") The ratío of the transj-iion proþahil-ities of

the 238 "04 l<e\/ to the 1e0 " n0 ke\¡ cra.mna rays \tlas

ca.lculated to be I2,B " This v¿l t-re can be cor¡nar:er-1 to

'the e:<peri.mentally r-ì.eterninecl, intens-ities c¡f the trrto

ganna ralzs" The experinental intensity i:atio should

equal the raiio of the transition pi:ohahilitj-es. The

experinental ratio rvas fol-lnc', to be 3 " 21t0 " 80. r-he

discrepancy orol'rably on1-12 incl'icates the 180 " B 0 ke!/

gamma ray is not a pure Fl transition as assnrned" Tf

IVe assume an ìî2 aclmixLure tire first obser¡¡ation is the

142 component ís not K-forbjrl.clen" This t¡/oüld increase

the theoretical intensitv of the 180"ß0 k-e\/ ga¡nna ray

qiving better agl:eernent r¡ith the exÞerinenLal result.

À-lso Brorrme anrl Asa-ro have shotvn tha.t there is
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consiil-eralrle Cor:j.olis ¡rj.xino in the rot-atj-onal banrl.s of

this nuelerrs" fcmorincr this mi>ring coul-¿l also lea-cl to

the diserepancv of intensìtv ratios"
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,\PPE]ÍDT){

l4athero,atical Snoothing of Gar.¡na Ray Spectra

In acguj-rino s6in6idence specLra it is noteC

reacily tha.t there is a great ileal of scatter: ín t'he

contents of "rrt'r=*.*tirre 
channel-s" This is especially

noted" in the hi qher enercty rangle of a snect::un'" lthis

effec.biseasilyexplainedbyremern]¡erìnclthatifa.
particula:: channel has lJ counts in it' the expected'

erroristhePoissonerroror.theSouarerootof.l.I"If

Ìî is relati'¡e-1.-y sr'-a-IJ- o t'hils eÏror i's of 'P)' :'arqe

rnaonitude conparerl tcl lf" To ove::co¡re the d-ífficr:lty- ín

handlinq this the anthor has r'¡ritten a conpuLer Ì?rogratr

ca-l-Ied. Smooth to d'o

coinci<1.ence sPeetra"

a mathernati-ea.l snoothing of

Stucllrinc the literatr-ire on snoothinç¡ technia..'.o=24

theauthorhaspicl<ed'apartieularalqo]:ithrrtlratis

especialllz suíted for this type of rvork" The snoothino

i s perforrned po j-nt iry point acl:osfl the sÞecLrur"'' for

eachpointasrirallneiqhborlroodofpointsarouncl.the
point to i:e sm.oothec-r' j's chosen' ¡- least scrua'res fit to

a po\rej: function is perfornerr -in tÌre neigh.borhoocl and a
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net'¡ srr.oothec value

Tìris technioue

for the one Point is qeneratecl '
is caIled. "convoltttion ' "

snoothecl valt.te S; of t-he data ll; j'sÌTathenaticalll', Lhe

found i:y:

S. = lI fa*:D,.rL 'm á--'ÐJ '- ¿ +J

j=--

3Ð-
whe::e 1:I- anrL "d 

are constants"" clependinq on hoiv J-arge

a neiqhborhood. is sel ectecl: the ne j-qhborh-ooC' here has

2¡r+1 points "

o1'orinaryimpo::tanceinthj-stechniquej.st'he

size of 'the nei-rhhorhooð.. Tt is fo'.rnC that fo-r rn less

than two the p.i:oeed.rrre s-ì-n-p-l-y coes not r'¡orl'." sr¡ the

fii:st poss_i]-._1-e r¡a-.1-ue fo:: rn -is Lt,lo, this c¡irres r'rha-t ís

ealLed a fir¡e-noint srnooth; r eqrtaj- to th:ree qj-t¡es a

seven-pr:int s:'rooth and so ono It' is +ounC' that an

n-point smooth î¡7o-ì:ks best on crailrta ray photo peaks

r,rhose full r"rídth al: half m.axinufi ties betrseen n ancl n+2

points" This cri-terion, the cetector resoluti-on, is

then sssç-r. to cletermine the size of the neíqhlrorhoorL to

be used in the smoothinq algorithn"

ït .is also noted. that the resolutj-on of Ge (]-i)

gamrrra l:a-\, cletectors is a function of the energy of the

photo peak" The functional relationship is that the

rn.Eil.f increa.ses as the sguare rclot- of the eneng-v" Tlsi no
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this facto smoothinq of a cran¡íla ray speetrura is
acconolishecl b¡¡ f irst di_'zid_ì_nq the sr:ectnrrn into
i:eqíons ryhere the l-.r.rTl¡,1 rancTes froi:'r 5 to T points, 7 to
I pointsn ect" antL then s:noothínq these reqions r,¡-ì-th a

five-point s¡rooth, seven-point smooth, eeL" The

max-imurn number of points that can be used in this
proorain in a snooth is 25 , r'raking the rnaxj_r¡urr a] Iorvabl_e

Fl"7!Tlr 27 points" Tf this raaxi¡qun -Ì-s exceede<!. an error
m.essage is returnerl ancl the progt:am. terrninates"

corr-paring' an ori-o,inal coinei-d.ence data set to the

sm.oothed. d,ata set rve finrl in ali- rases the interrsites
and positions of photo r;eaks rernain t]re sãme rvithirr
calculated experinental error. rL is al so oeneralry
found that the calc':J-atecr. experínenta]- errîor for
inÈe¡lsites and posit.ions beeoine sr-ralj-er at'ier the

srnoothing Þroeellrrre ís applíec].. Comparincr an r:ricrina,t

tlata set lvith excel-lent statistics v¡ith the snootherl

clata setn seve::al observations are rîade. F,irsto having

snoothed the clata the peaks hecorne r.¡ìc-ler but ror.rer,

conservinc¡ the area. The peak positíons usrralJ-y fall
withín experimentar error but a Xt test be{:ween

srroothetl ancl original posítions sho',¡s non-equiva.rence"
r.?,The Ä. test was used to exanine the hypc¡thesj_s that the

smoothecl. peal', positions r¡/êrî€ eqrral to the original peak

positions. As r.¡as nentione<l- earlie::, snooth-{-nq .is clone
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lrrz r'lir¡idìno the soectrum into regj-ons" In the ¡gcrion

\rhere the FI,lTTl'Î Varies beti.¡een fir¡e ancJ se\/en point.s a

fir¡e no-i-nt snooth is use4. Jlor peaks in this reoion

that ha',/e ¿ wI'lîlfi that is closer to seven than fir¡e it

ís more likej-12 Èhe s¡roothetl peak nositions r..¡i11 val:v

fr:om the 6¡ìqina1 positions" If tir-e acLual FT'rHi'1 is

close to the ntlrtber of rroints user:r, in the sr'ìooth the

peai< posi tions vrill- be the same for snootheC. and

original peaks " Juclqinq from these resr:lts the ìfrocfrarl

should only be used on coincidence snectr:a r'¡ftere larqe

el:rors ð-lîe expected " .Applícation of the sp'oothing

progra:rr diil. le.¡el out the lla.ckqror-rnd into a r.r.g:,'e near-iJ/

contintlous line, br.lt t{irl not ::eveal the p::esence of

r^;eaþ Þeaks previottsll' unseen in the o::io-ì-nal snectrurn"
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