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HEAVY ELEMENT DECAY SCHEMES WITH ALPHA-GAMMA AND
S ALPHAFELECTRON ‘COINCIDENCE COUNTING

Charles Anton Prohaska
Radiatlon Laboratory and Department of Chemistry
University of California, Berkeley, California

- ABSTRACT - o
An apparatus for measuring alpha-gamma and alpha-electron coinci-
.dences has been put in operation. This apparatus is described,

From dsta obtained with this apparatus, decay schemes are postu-

lated for An?l, cm242, Th?30, pa?3l (73, Coincidence data on Pu?39,

U234, and PoR0852095210 o116 a1s0 presented.



| HEAVY ELEMENT DECAY SCHEMES WITH ALPHA—GAMMA AND
ALPHA-FLECTRON COINCIDENCE COUNTING

Charles Anton Prohaska

Radiation Laboratory and Department of Chemistry
| University of California, Berkeley, California

I. ‘INTRODUCTIGN

The use of coiﬁcidence countingvmethodg’has been an important
tool in experimental physics for a long time. Originally used in the
study of cosmic rays, COincidenpe counters have also been used ﬁith,great
success in other fields of nuclear physicé;

| Briefly,.é'COincidence counter coﬁsists éf two (or more).detectors,

with appropriate circuits such that,.theoretically, a count is registered
“only if all the detection devices are aétiv;ted simultaneously. ‘HGWever,
it tékes a finite time for a detector to be activated, and the detéctor
remains activated for a finite time. Therefore, coincidence counters
actually register a count whenever all the detection devices are activated
within a small measurable time, usually dénoted by 7. In many instances,
this time is variable, so that one coincidence counter may be used for
'various types of investigétions;

CoincidenceAcounters may be divided into two important types:

1. The same event activates all the detectors.

é. Each a;tector is activated by é separate event, all occurring
within the time T~ B
An imporﬁant use of the first type is in thg éﬁudy of cosmic rays, while
| the éecond type is used extensively in studying radioactive decay pfoééé&

ses. Before discussing the apparatus used in these ihvestigations, a few

b=
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general remarks concerning coincidence coﬁnterS’should be ﬁade.
A coincidehce counter may be designed to count simultaneousﬂevents

in any mumber of detectors. In most work, however, two detectors are

~all that are.necesséry, The following discussion will, therefore, be

linited to coincidences between_events activating two detectors.
In-general,’a coincidence counter is used to distinguish between
related events andlunrelated’events. For instance,‘it may be desired to
dietinguish particles treveling_in one direction from particles t:avel-
ing. in another directien,, Two {or more) detectors ere set up along a
line in the desired direction. 4 partiCIe traveling in this desired di;
rection, then, if it'goee through one_detector; will go thfough the other

detector, and‘will activate both, registefing as a_coincidenceé Par-

>t1c1es traveling in any other direction could g0. through one detector

or the other, but not both, Both-detectors would not be actlvated,

'hence a particle travelingnln any other direction would not register as

e coincidence,
However, 1f unrelated random events are actlvating each detector
separately, a certaln number.of.ﬂchance? coincidences would be registered

by the coincidence counter. This is because the coincidence counter counts

-events occurring within a small, finite time, There is always a finite

+

chance, then, thet any two random eveﬁts,will occur within this small,

finite time, ahd\hence register ae a. coincidence. The frequency of these

"chance“ 001n01dences may be calculated from statlstical conS1deratlons.
In most coincidence countcrs, when o detector is activated, this

event is translated iftd an electrical pulse, These pulses are what



-

-6
actually go to the coincidence counter. They also usually go to a scaling

circuit, where the nunber of pulseé from each detector is counted separate- "

1y, Befcre_proceeding fﬁrfher, let us define some terms. Let

N1 = number of events detected by detector (1) in unit time

NZ% n it " ' " ” 2 5 (2) n " ft
Ti.=_duration of electric pulse coming from detector (1)

T = n: o oo " " . " (2) . o

2 .
T  is knowm cs‘the fresolving time" of the cireuit., Suppose we.ﬁake

a plot of voltege versus time for the pulses from the two detectors.

Detectcr‘(I)

[, S

‘Detector (2)

e o - — . ———— — —— — -
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If a pulse appears from detector (1), no coincidence’willlbe;
recorded as long as no pulse appears from detector (2) during théAiimelﬂi.
Similarly, if a pulse appears from detector (2), no‘coipﬁidence will be-..
recorded as.lohg as no pulse appears frbm detector (1) within the time Tbg

If, however, a pulse appears from detector (2) within the time_fﬁLthat

- a pulse has appeared from detector (1), or vice versa, a coincidence

will be recorded. The frequency of ﬁhese_"chance" coincidences is given

by the relationts?

/

4= (Tl + T’z )NINZ

_where A is the chance coincidence recorded per unit time: This relation

. may be derived from Poisson's'Law,-gﬁd-has been verified éxpérimentally.

When a coincidence counter is used in the determination of decay

schemes, as in the present work, if would be included in type 2, i.e.,

-each detector is activated’py a separate event, both occurring in the time

T. The event activating the detectorlis.the eﬁissibn%o%_Aa nuclear parti-
cle cor radiation. In such work, the observed coincidence rate consisfs of
three parts: | ’
. i. '"frue Coincidences,® i.e., two_related~particleé,'or

radiations, emitbed vithin the time 77 by the same nucleus. f
_ 2 "Chancé Goincidences," i.e., two unrelated particles, or
radiation, emitted within the time T by two sepafate nuclei.

3; Coincidences of type 1, i.s., the same particle or radiation
éctiﬁating both de’céctb'rs° This'type of qoinciden§e is caused primarily
by cosmic rays and is sbmetimes dalled."ﬁbsmic Backgfound," The chance

coincidence rate and the cosmic background must be subtracted from the.
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observed coincldence rate to give the true coincidence rate.

The true coincidence rate depends directly upon the sample strength
If the amount of sampleils doubled, the single count rate in both‘detecm“'
tors, as well as the‘coincidence rate,'will‘be doubled. ”

The chance coincidence rate, on the other hand, depende upon the
square of the sample strength.b Doubling the amount of the sample
increases the chance coincidence rate by a.factor of four;“

The cosmic background is essentially constant as long as the

rangement and location of the detectors remain unchanged.
It can be seen, then, that_there will.be some optimm sample

strength for use in a c01nc1dence counter. If ﬁhe sample is toorweak,

the cosmic background becomes 1arge compared with the true coincldence rate,

whlle if the sample is too strong, the chance coincidence rate becomes
large compared with the true coincidence rate, - It might be well to carry
this a little further. The discussion presented below follows Dunwortht
veryrcloeely.

‘ Consider a simple coincidence experiment in which N nuclei decay

in unit timey with the enission of two particles, P and Py. Lef two

detectors be.arranged close to the source, and suppose detector (1)

-detects Nej particles of type Ply in unit time, and none of type pp. Let

Q; be the single counting rate for detector (1) due to other causes.
Let Nez'and Q2 be the corresponding quantities for detector (2);
Let:

T = time of count

Q
i

cosmic background '

[]
it

true coincidence rate
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_ A, Ny, Np, T3, T> are defined as before.
€] and €5 are the respective counting efficiencieé for déteétor (1)
and detéctor (2). Cbunting efficiency here means the fra_c{ién of the total
umber JoAf particles of type p, detected by detector (n), i.e., € is de- |

fined by the equation-.
o bu

vhere €p is the efficiency of the detector fér particle of typegp pro-
ceeding outward from the sowrce in a solid angle dq in some direction,
-and the integration is to be cérgied out over all sﬁch elemeﬁts of the
solid angle, ﬁ

‘Then

Ny = Nep + G ‘ ' | o __ .
R R
A= (T + To)M N,

G = Nejéy-

The total coincidence rate is given by (G + G + A), and will be subject
td a statistical error given by |
[T(G%crf"gx)]l/2 -

The fractional error, f, in the true coincidence rate G is:

. 'G+G+Al/2 o1
£ = |m—— x
oo | G-

@
.

assuming the error in C and 4 is sufficiently small.



Substltutlng for G, Ay Ny, Nn'

|G + Neqe, + (71 +1’)(NE1 + Ql)(Nez + Qz) /2 1
£=" -
- T - - Neqe, o
therefore. . . v . )
is N increases, £ falls to a limiting value of
1/2 ' : o

"12":
»ll/ 818,

£ =

Since, in genéral,lc << Ep€,, this limiting ﬁalug’will be épproached
closely if N > Ng, for which-thé chence coincidence rate equals ghe true
coincidehce*fate. | |

Then, if @ << Ne1, and Q2‘<< Ne,, we have

N 8182 - (T1 &‘T%)(Nbe ) (11,25)

whence, _
1
The impértant conclusions to be drawn are that, for a giwven accuracy f,
the . time T of coincidence countihé approachés thellimi%ing valne |
C71‘+’Fa)
. ele2f2
as N is increased,'and that no great advantage ié'obtainéd by increasing.N

to a.value greater than
1
T1.4T2
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The above_argument is based upon the assumption’tﬁat the error
in C and & is sufficiently small. Under experimental conditions, this
mey not be strictly true. In the present investigation, sample strengths
were chosen sueh that
N< No
G >4
G>C-
Under these conditions; the fractional error, f; was greater than
the limiting value, but the effect of a possibie error in C and A was.
ﬁiniﬁizedg -G was usuelly so small as to be negligible.
' In determining the decay schemes of radioactive nuclei, the detec~
“tors associated with the coincidence circuit may detect alpha particles,
beta partlcle39 gamma. Tays, conversion elecurons, or xeraysa - Goincidences
_between any two of these may be 1nvest1gated The present investigation
has been limlted to coincidences between alpha partmcles and gamma rays,4
and ‘alpha partlcleo and conver51on electrons. In the present work, as well
as most previous work, the energies of the electrons and gamma.rays have
been determinedaby means of absofption; Abundances are obteined by

~

extrapolating the'absorption curves back to zero absorber.

: It was found by Schonland’s4 that monoenergetlc electrons are absorbed
llnearly in aluminum, An aluminum absorptlon curve, plotted on a 11near
‘ scale, is a straighf llne, curved on_eachlend, as shown below., The straight
1ine_portfon of the curve may be extrapolated to give a "range" in aluminum.
Tﬁeee "ranges® afe\quite reprodug 1ble, and vary with the electron energy.

A plot of "range“ versus energy was made u51ng the oata of. Schonlend
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1.0

Fraction of Electrons

" Transmitted

0 Added Absorber (Al) ' Range .

The original absorptidn}data werefobfained_with a narrow beam of
electrons. In the éresentiwork, the electrons are dispersed through a
considerable sdiid angleo Under these conditions, the absorption curve
may not be linear: waever; in the absence of any evidénce to the con-
ﬁraryglit is assumed that the conversion electrons will be absorbed
liﬁearly; and that their'enefgy can be obtained ffom_theif "rangeﬁ in
aluninum, . : | k

Energiés Obtaihed by absorption are not too accurafe,‘andg_in the case
of soft conversion electfons, the error in the energy ana-the.abupdance’
might be very large.. The accuracy of the present apparétus'iS'limited
jby.the_uncertdinﬁj in the energies.and abundances of thé ganna. Tays and
‘félééfronso The alpha~gamma coincidence data are more reliable than ﬁhe
élphémelectron'coincidence data. |

-Until a more precise method of measuring the energy of soft electrons

isvaﬁailéble, the éccuracj of the alphamelectfoh coincidence data is
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~ limited, Hoﬁever, with the recent advances in the design cf pulse analy-
zersd for gamma Tays, es well as alpha particlee,'mnch mcrelprecise aiphanv
gamma coincidence work.is possible. It shouid be a simple matter to in-
vestigate coincidences'between‘alpha particles and gemma rays of a par-
ticu;ar energy. Aleo,'coiﬁcidences betweeﬁ gamma rays of one energy and

. gamma rays‘of‘another'energy mey be investigated;-to determine whether .
“the twoegamma rays are in cascade. These probleme are being coﬁsidered

at the present time. .

| II. DESCRIPTION OF THE APPARATUS

Two types of measurements may be‘mede using this'apparatus, alpha=
electron coincicences and alphaegammavcoincidences. 4 pﬁotdgraph of the -
complete apperatus is shown in figure 1, A block schematic diagram of
the apperatus arranged for measuring alpha#electron coincidences is
shown in Figure é, vhile the arrangement,for measuring alpha-gamma coin~
cidences is ehcwn in Figure 3. It can'be'seep that several components
are coﬁmon'to both arrengementscof the apparatus, Each arrangement willy

be discugsed separately.

A; Alpha—Electrcn Coincidence Counter
In this arracgement, both the alpha particles'and the electrons
- are counted bj means of a prcportional counter. Each proportional counter |
tube is made from brass tubing, one and one-helf inchés in diameter and
th‘ee inches long, with a one inch circular window located in the side of
the tube midvay between the ends. A disk of teflon, with a small hole in

. the center, is fitted in each end of the tube. The collécting anode,
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0.00é-inch Kovar wire, is étretched between the two small holes inlﬁhe
teflon ends. The window is covered with a grid, also made from 0,005 inch
Kovar wire; in order to define the electric field within the tube. A4
photograph- of these tubes is shown ih Figure 4. | _
The tubes are placed 13/16 inches apart, with!the windows facing .

each other, The sample, mounted on a thin tygon film, is placed midway

between the two tubes., Alpha particles are counted in the tube on the

'opposite side of the tygon film from the sample (i.e., the alpha parti-

cles pass through the film) while the eiectrons are counted in the tube on

the same side of the tygon film as the sample. The geometry of this

' arrangement is abouf 13 pefcent, and 1s the same on both sides.

The ﬁwo tubes, with the sample mounted between them are covered

with a glass bell jar, and the whole chamber evacuated to a pressure of

5 - 10 millimeters of mercury. Air is admitted until the pressure has

increased to 30 millimeters, apd.the chamber then filled with methane to
a total pressure of 350 millimeters of mercury. It was found that if the
chamber vas evacuated and filled\with_BSO millimeters of pure methane, the
count rate of a sample slowly changed with time, for a period of ten to
twenty minutes after the high voltage was turned on. This effect wéa
eliminated bj using the mixture of air and methane described above.

350 millimeters of this air-methane mixture has a density of
approximatély 0.5 mg/cm? at room temperature,land thisrfigqie has been
used in'exirapolatiﬁg absorption éufves to zero absorber.,

The high voltage must be off before the chamber is evacuated,

otherwise arcing will occur as the pressure is decreased, Should this
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occur while a sample is in the chamber, the tygon £ilm upon which the
?ample is mounted will probably break,'contéminating the chamber and
ruining the sample. |

The collection anodés of the proportional counter tubes must be

" kept free from dust or other particlég, to reduce the background. A

speck of dust caught.on an anode can, by means of corona effect, cause
extremely highbbackgrqunds. Since the chamber must be opened to the atmos-
pﬁere each time én.absbrber ié'added or changed? it is impossible to pfe»
vent duét‘particles from getting caught on the.énbde occasionally. When
this\occﬁrs (i.e., when the background bécomes too high) the anode must
be replaced. |

The negative pulses'from the chamber ére fed to a preahplifier:
where they.are amplified and limited. As cah be.seen.ffom Figure 5, the
leads‘from.each proportional iube tb the preamplifier are carefully
sh_iélded; It was found that without this shielding, pulses from one
c?annel were being picked up eiectrostatically by the other channel.
These puises, appeéring on both channéls, registered as & coincidence,
This effect wés éliminated when the leads were shielded as shown.

Since no feedback is incorporated in thisfpreamplifier, the gain

is strongly dependent upon the age and condition.of the 6AC7 tube (see

circuit diagram, Figure 6). The operating potentiél of the collection

anode depénds upon the géin, hence it is also dependent upon the condition
of this 6A.C7° Plateaus must be run very'frequentiy to insure operation atf

the correct potential, Under normal operating conditions, the gollection

anode voltage for counting alpha particles ié between 2400 and 2500 volts -

éndvfor counting electrons, between 3100 and 3400 volts,

N



=16~

When counting alphe particles, or electrons from a pure beta
emitter, no limiting action occurs ihithe preamplifier. When counting

electrons in the presenée of alpha particles, tﬁe pulses from the alpha

 particles will be limitedO? The height of these limited pulses is deter-

mined by the,voltagé on the grid of side 2 of the 6J6 tube, This voltage
can be adjusted by means of'tﬁe'half megohm potentiometer to which the
grid'is-connect.ed°

- For best resﬁlts, it was found that this grid voltage should be

~ such that thg'maximum pulse height at the output of the préamplifier is

17 - 18 volts. This can be done very simple by sebting the collection

anode voltage at about 3.2 kilovolts, i.e., the proper voltage for count-

~ ing electrons,; and observing the pulses from alpha particles in an oscil-

loscope. These pulses will linit, and their height can be set to
17 volts by adgustment of the half megohm potentlometer. This adjustment
must be checked frequentlyo
In practice, both the operating potential of the.éolledtion anode
and the pulse héight'adjustment shoula,be checked each time an.absorp;
tioh éurve.is_made° B |
Fromlthe*preamplifier,'the‘pulses‘are fed to énother amplifiery
(FigufeAZD,tﬂhere they are further amplified; and thén go to the pulse
shaping-cifCuif (Figure 8). The output of the shaping‘cifcuit is a very
sharp puléé9 about 0.7 microéeconds'wide at the base of the pﬁlseo‘ This
sharp pulse goes to the delay circuitt(Figure;9) where é delay varying from
0.4 migrqéeconds‘fb 6000 microseconds may be :ihtroducedo This delay éir—

cuit can be bypassed if no delay is desired,
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The pulse now goes to ﬁhe variable gate circuit (Figure 10) where

it is broadened. The pulse out of the gate circuit is square, and its

~ width may be varied from 2 microseconds to 2000 mic¢roseconds. The out-

put of this gate circuit is fed to a scaler, where the number of pulses
is'éounted, and also to the.mixing circuit, |

The preamplifier; amplifier;ldelgy, and.gaté circuits each consist
of two-ideﬁtigal,\séparate channels, one for the pulées from the alpha
particles, énd one for tﬁe pulses from fhe electrons. A separate scaler

is provided for each channel. Pulses from the gate of onme channel are fed

to one control grid of a 6L7 mixihg tube, and pulses from the gate of the

other channel are fed to the other control grid. Only when a pulse arrives
on each grid simultaneously will a pulse occur in the output of the 6L7.

This output of the 6L7 is further'amplified,‘and then fed to a third

scaler, where the number of coincidences is counted.

In the channel set to count alpha particles, no electrons are
counted, but in the channel set to count électrons, the alpha particles

will also count. These alpha particles must be subtracted from the single

counting rate. However, no alpha particle is in true coincidence with

any other alpha particie, therefofe the presence of the'pulses from alpha

_particleé along with the pulses from the electrons will raise the chance

coincidence rate, but will not affect the number of true alpha-electron
coincidences,

The high voltage necessa;y'for the collection aﬁodes is supplied by
a dual regulated higﬁ voltagevsuppky. This supply consists of two chan-

nels, each supplying regulated D.C., and each independently variable from



. =18~

+750 volts to +5000 volts. & single high voltage transformer and recti-
fier-doubler circuit is used, but each channel has a separate filter and
regulator circuit. The circuit diagram of this high voltage supply is

/

shown in Figure 11,

B, Alpha-Gamma Goincidencé Counter
In the arrangement for determining alpha-gamma coincidences, the
alpha particles are counted using a standard‘Sé percent geomeﬁry,.windoﬁa
leés, argon filled chamber. The gammaS'are counted by means of a scin-

tillation counter, - ' —

The top of the alpha chamber is made ﬁrom/C.OOl inch aiuminﬁm foil,
The sample, usually mounted on a t&gon film, is.placed in the alpha
" counter chamber next to this aluminum top. Thé scintillation counter fits
just above the top of the alpha counter chamber. A small space is left
: between the top of the alpha counter chambef and the bottom of the, scin-
tillation counter so.that absdrﬁers may be introduced in order to determine
" the energy of the gamma rays being counted. (Sée Figures 12 and 13).
The.thallium-acﬁivated sodium iodide erystal, photﬁmultiplier tube.
. and diviaef'nétwork included in the écintillation counter are ail placed
in a lightmtight bfass cyiinder with an aluminum cap on'éne end, This
cap is about 0.015 inches thick (approximately 40 mg/cm® sluminum) and
- the gamma rays are counted through the cap, The brass cylinder is wound
with 1/4 inch copper tubing ﬁhich barries watef for cooling the photo- |
multiﬁliep ﬁube. (See Pigure le)_ High voltage for the photomultiplier

tube is obtained from one channhel of the dual regulated high voltage supply.
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The geometry of the scintillation counter is about 26 percent,

~ while the counting efficiency is approximately 100 percent for 40 = 60

kilovolt gamma rays.

. | Pulses frem the photomultiplier tube are fed to a preamplifier Jo-
cated immediately.adjacent to the.light tight brass cylinder (Figure 14).
From the preamplifier, the pulses go to a linear amplifier, UCRL Model III
(Drawiné 2T 4404) vhere they are further amplified, and then to the dis-
eriminator (Figure 15).

The discriminator rejects all pulses of less than a certain minimum

pulse height. This minimum pulse height depends upon the bias voltage
applied to the anode of the 1N43 crystal diode. 4 battery supplies

L5 velts to a 2500 ohm wvariable fesistor in series with a 10,000 ohm

potentiometer, By means of the variable resistor, the voltage across
the 10,000 ohm potentioneter may be adjusted to 40 volts. The battery
voltage will vary with age, temperature, etc., but the voltage across the
potentiometer should always be seﬂ to 40 volts; Therefore, the bias on
the enode'of the lNBA‘crystal diode, and hence the‘minimﬁm pulee height,
ean be Varied between zero and 40 volts. | |
Ffom the discriminator, the pulses travel to the amplifier (Figure 7),
only one channel being used, and thenvto the shaping circuit.

The pulses from the alpha chamber‘are fed to the alpha-counter ampli-

]

‘fier (Figure 16). This amplifier is simply the preamplifier and discrimin- -

ator circuit of a standard Higginbotham alpha .scaler, with some slight

modifications, This type of alpha amplifier introduces an appreciable

coincidence loss at high counting rates. A coincidence correctidn was

~
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calculated by the method of Kohman.® The output ofvthis,alpha-counfer :
amplifier then goes to the shaping circuit.
From the shaping circuit on, the alpha-gamma coincidence circuit

is identieal with the alpha;electrpn coincidence circuit.

ITI, EXPERIMENTAL

The alpha~-gamma coincidence counter has been in use fdf about four
ﬁonths. _Considerable difficulty was experienced in getting the gamma |
scintillation counte: to operate properly. The noise level of this counter
is abnormally high, and, under the present operéting conditions, photons
of about 20 kev or less (heavy'element I~series x—réys) count very ineffia
ciently. This is probably due to thevparticular,sodium iodide erystal
used, sirnce the operating conditions are those found to be optimum for
a 5819‘photompltiplier tube‘used in this‘type of;circﬁit.7' The photo-
multiplier tube itself has been tested separatélj and foﬁnd.tp operate
satisfactorily, |

The alpha-electron coincidence counter has beeh in.dperatidh fdr about
eight months. Data obtained with this counter are difficult to interpret.
The determination of soft electron energies by aluminum‘absorption is not
too accurate, and, in most of thensamples the large numbef of Auger éleqr
 trons présent, relétiﬁe.to the ponversion:el¢¢tr6ns, make it almost imposm
sible to draw a straight line absorption curve with any degree of accuracy.
. Therefore, in resolving these absbrpfion curves, the beét data regarding
the electron energies involved has been drawn,ﬁpon. For some samples,
accurate data concerning the electron energies is available from the beta=-

ray spectrometer, while for others;-the energy of the gamma ray, coupled
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" with the binding energy of the convérted electron, may be used to deter- .

mine the electron energy.-

A, Americium?4l
~ This nuclide, available in milligram quantities, has been studied

by a number of observers. Seaborg and co_workerss.found, by abosrption,

: avgamma ray of sbout 62 kev. The intensity of this gamma was about

0.4 per alpha particle, Martin,9 using a gamma ray pulse analyzar, .
observes two gamma rays, one at 59 kev, intensity about 0.4 per alpha
particle, and another at 100 kev, inténsi%y very low (about ZLO‘"ZP per.
alpha particle) Asaro and Perlman,lo using'an alpha~-ray spectrameter,
flnd three alpha grou.ps° The ground Stata'transition occuré in only
about 0.4 percent abundance° Approximafelj 86 percent of the alpha parm_.
ticles go to an excited state af ﬁeptunium 59 kev above the gréund statey
and 14 peréént to an excited. state of.neptunium 100 kev above the ground
state, O?Kelley,lliusing'a betawray spectrometer, observes electrons
corresponding to.conversion of a 59 kev gamma ray‘in the L and M shells,
The ratlo of L conver31on electrons to total alpha partlcles is O 58

Melander and Slatls,12 studying the betamdecay of U237 have observed two

excited states of Np237; one state 57 kev above ground, and anothe; 204 kev

- above ground.

 In the present investigation, alpha~electron and alpha-gamma coinci-
dences are both observed in large‘ab'undance° Lead and copper‘absorption
curves were taken on a sample of Am?L having an alpha disintegration rate

of 1,2 x 109 per»mihute° Both absorption curves give a gamma energy of



w20

58 kev, and an abundance of 0.32 coincidence per alpha particle.

The alphamelgctron coincidence ﬁeaSurements were made on a sample
with a disintegration rate of 9.9 x 104 per minute, The (aluminum) ab-
sorption curve may be resolved into two compohents of 37 kév.and 53 kev,
Theée energieé correspond to L andiM.convefsion electrons respec%ively of
§ 59 kev gamma. The ratio of coincidences involving 37 kev electrons to
goincidences iﬁvolving 53'kev electrdns is éboti 331, The abundance bf
the alpha-electron coincidences (sum of coincidences between alphé parti-
clés and L énd M conversi§n electrqns) is about 0,49 coincidence per
alpha particle. B

| The alpha?eléctron and alpha-gamnme coincidence.daté,’when taken
together, give an abundance for the-59 kev transition of 0.81 per alpha
ﬁérticle, with ﬁhe gamma ray abouﬁ 60 percent converted. A decay scheme

for AmzAl consistent with these data alone might be as followss

Al 1p237

a,i9%

59 kev Y

60% converted -
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The data of Asarcl® and Martin® taken together indicate the presence

of a highly converted 41 kev gamma ray. M conversion electrons from this

gamma ray would have an energy of about 35 kev, and would not be resolv-

able from the 37 kev electrons from L conversion of .the 59 kev gamma., T

conversion electrons from-the‘41 kev gamma would have an energy-of about

20 kev, and would be indistinguishable from Auger electrons, Hence no

conclusions regarding this transition may be drawn from these coincidence

data..

Another uncertainty in the data is whether or not the soft electrohs

are being detected quantitatively. If some are missed, then these data

would be reconciled with Asaro!s measurements., The coihcidence measure~

ments do show definitely that a 1afge fraction, if not all, of the alpha-

particles are followed by a gamma-ray transition. The decay'scheme

which is in least serious conflict with all known date is the following:

At

- 59 kev ¥

70% converted .

10237
~41 kev ¥ ~100 kev Y
~100% converted

weak
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B, Cur1um242

Cm242 is prepared by 1rrad1at1ng A1 irith neutrons and has been

1O_shows the presence

studied exten31velyo; The alpha ray spectrometer
of two alpha groups; separated by about 43 kevo The‘gamma ray pulse
analyzer9 shows the presence of a 43 kev gamma ray in low abundance (a;-
‘bout lQ =4 per alpha partlcle)o OQKelley,ll using the beta-ray speetro~
mefer; has shown the presence.of‘bothyL and M conversion e;ectrons of a
43 kev gamma ray, | |

The present 1nvest1gation shows no evidence of any 001ncddences be~
tween alpha partlcles and a 43 kev gamms, whlch is con51stent w1th the 1ow
| abundance found for the unconverted gamma ray. Such 001n01dences, if
:vﬁhey-oecur at.all; gust be in very low‘abundaneeo

Aiphamelecpron coineidenees are observed, and the energies of the
electfons are 37.5 kev and.25 kev, These enengies eorrespond to L and M
~conversion elgetrons of the.43 kev gamma ray., The iatio of alpha-~L con~
version electrons coinoidences to alphawM conversion electron coincidences
.3ds 2°9° The total abundance, con31der1ng coincidences between both L and

M conversion electrons, 1s_0°37 c01ncldence per alpha partlcle° The data

correspond to a decay scheme as. follows:.

Cm4R R . pu38

| @,63%

L3 kev ¥

zmeO% converted
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VC, Thoriun?30
This nnclide, known as ionium, has neen studied extensively in
Franée.by'a number of,workers. Rosenblum, et.al, L3 using an.alphar
ray spectrometer;have shown the ‘presence of two alpha groups, ‘in
about equal abundance, separated by 69 kev. A third group exists
at about 170 kev from the first group.

Absorption measurementsl4sl5916 show the presence of gamma rays

of 68 kev and 200 kev. Telllac and co_workers 17, 18 studled the elec-

tron spectra using a Wilson camera, and found electrons correepondlng to

the L conversion of the 68 kev gamma ray. Rosenblum and Valaderes,l9

using a beta-ray spectrometer, found electrons corresponding to the L,

.M, and N conversion of a 67.8 kev gamma ray.

A sample contalning 11 percent Th230 and 89 percent Th232 was ob-
tained from L. M. Slater. The Th*20 has a half-life of 8 x 104 years,
while the Th“% has a half-life of 1.4 x 1010 years.20 Hence, although
the sample is composed of &9 percent Th232, essentlally all of the
activity is due to the decay of the Th23o,

Using this sample, two gamma rays are observed to be in coincidence

- with alpha particles, one of 67 kev and one of higher energy. The enefgy

of the harder component could not be measured accurately, since sufficient
absorber could not be inserted between the sample and thé‘counter without
disturbing_the.geemetryo However, tne energy.of this harder component has
been determined to'be'2®0'kev by several workers.14’15916” This.ve;ue was
accepted as_correct, and the absorption curve<reSOIved aesuming avgamma

ray of this energy. The abundance of the cdineidences between alpha
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particles and the 200 kev gamma ray wa$v7 x 1074 per alpha pérticle*
while coincidences involving the 67 kev gamma had an abundance of 3,7 x 1072
coincidence per alpha particle. |

Alpha electron coincidences are elso observed, only one group of
_electrons with an energy of 51 kevvbe;ng-lnvolved The abundance of |
these coincidences is 4.2 x 107 =2 coiﬁcidence per alpha particle, As in
other cases all of the electrons may not be counted. Genversion e1e0=
tfons from the 200 kev éamma ray, if pfeseﬁtg mist be in very ;ow_
. abundance, ‘

Combining,the results of the alﬁhamgamma and alpha-electron coin-
_cidence measuremeﬁt59 givesan abundance of 7 x J.O“’ZP per alpha'particle
for the 200 kev tran31t10n, and 4.6 x 10“2 per alpha particle for thev_A
67 kev(tran31tion9 with the’ “67:kev gamma ray about 93 percent con— -
Avertedb _No conversion electrons from'the 200 kev gamma ray are detected,

The decay scheme probably looks like this:

TH230 " pa?R6

T a<96% I 200 kev Y
' ' ‘ unconverted

67 kev Y
93% converted

%#By the method of Section D, below, it was calculated that 41 percent of the
200 kev garma rays would be stopped by the crystal used in the scintillation
counter, This figure was used in arriving at the abundance of 7 x 107 co~

incidences per alphc particle,
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'D. Protactintun®l

Previous work on this nﬁclide indicates the pfesenee'of two main
alpha groups, with a difference in energy of about 300 kev 21, 22 s2352,
The higher energy group 1s in the greater abundance, about 8087 percent
_.of the total.

A sample of almost pure Pa231 was obtained from L. M, Slater,'about
83 percent of the totsdl alphevactivity'attributable +to the decay of this
nueclide, while,the remaindef-ef the activity 1s due to decay products of _
Pa?3l, e aiphamgamma coincidence counter indicates the presence of both
300 kev and 87 kevvgamma reys in coincidence with alphae particlesé bThe
87 kev component is probably due to K x#raysg,rather_thén &8 nuclear trans-
ition. 200 kev electrons are also observed in coincidence with alpha
.parficleso These would be K conversion electrons from the 300 kev
gamma rays. Some evidence exists for the presence of 60 kev elecfions

in coincidence, a#ising from the eoﬁversion of the K x-rays in the L shell.

The abundance of the coincidences is as follows:’

Table I

Electron Energy Gamma Energy Abundance

_ (kev) . . (kev) ' (Coincidence per alpha)
| 300 0.23
87 . 0.019
200 0,066

60 0.04
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This gives a total abundance for the 300 kev transition of 0,30 per alpha,
" with the gamma ray 22 percent converted. The K x-rays, arising from the

K conversion of the 300 kev gamma ray, are 6O percent converted in the L

shell,

The abundance of the 1owérvenergy alpha group, calculated from these

: coincidence,daté, is somewﬁét higher than reported previously. ﬁowever,

17 percent of the total alphalaotivity is due to the decay'of nuclides

other than Pa?31, Sone of these may have alpha particles in coincidence

with gamma rays or conversi&n electrons with the same energies as those

\ from the decay of Pa231

. If this is the case, then the abundance of the
.ldwer energy alpha group frdm Pa231, calcuiated from these data, would

be too high, Aiso, inrihe 200 kev = 300 kev range, fhe absorption coeffic-
ient of sodium iodide is not known accuiate;y. Mass absorption coefficients
are 1iéted for sodium and iodine for a number of x-ray energies up to
7Okev,25 and values for the absorption coefficient of sodium iodide may

be calculated. Theéretical vélues for sthe absorptibn cbefficient of

sodium iodide for energies between 1 mev and 10 nev have also been re-

d,26 but there seems to be no data availahle in the range

» porté
6,;'meﬁ = 1 mev, 'Valueé of the absorption coefficient of sodium iodide
for gamma energies up to 70 kev, and aﬁove 1 mev}obtained from the above
sources, were plottgd, and a smooth curve‘drawn connecting all the points;
Iﬁtermediate_valueéhof'thé absprption coefficient may then be obtained from
this curve, Using values ebtained in this manner, it was calculated that

*23 percent of the 300 kev gamma rays and 95 percent of the 87 kev K x-rays

would be stopped by the onemeighfh inch thick sodium iodide crystal used ’
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 in the counter.” It can be seen, however, from the method used to obtain
these values, that they may be somewhat in error. Therefore, agreemen%
with previous work is considered to be satisfactory, The decay scheme

postulated from these data is given.below:

a,70%

>1300 kev ¥ .

2% converted

E. Plutonium?39
Pu239 has a complex decay scheme, and is being investigated by a
number of workers. Preliminary reéults.from the alpha-ray spectrome=

10,27

ter indicate twovmain alpha groups, separated by 48 - 50 kev, with

several other possible groups in lower abundance.. The gamma ray pulse

&

vanalyzer9‘detects a gamme ray of about 60 kev.

, The coincidence counter shows the presence of albhapgamma coinci=
: dences, but copper and lead absorption cﬁrves give somewhat different
valuesvfor'thevenergy of the gamma (64 kev by lead absorption and 73 ke%
by copper absorption). The intensity of these alpha-gamma coincidences
is74 x 10‘4‘coinciaence per alpha;partiqle,

Alphawelectron‘coincidgnce a;so oceur, but onlyivery soft electrons

are involved. Conversion electrons from a 65 kev gamma ray would have an
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energy of at least 40 kev and there is no evidence of any coincidences’
between alpha partiqles'and 40 kev electrons., It must be assumed, then,
that the gamma ray has a very small conversion coefficient. There.is

insufficient data to postulate a decay scheme for this nuclide.

F. Uranium?®3’

The decay scheme of this nuclide is still somewhat uncertain. It

is known to be complex, but a precise determination of the enérgies of -

the gamma rays associated with the decay of 33 has yet to be made,

The specific act1v1ty of U233

with the beta—ray spectrometer.28 By absorptlon methods, Stud1er29
has observed gamma rays w1th energies of 310 kev, 80 kev, and 40 kev
with the.80 kev and 40 kev garma rays largely converted.

The coincidence counter shows alpha particles in coincidence with

gamma rays and conversion electrons of several energies. A summary of

the results is given in_Table'II. In calculating the dbundance of

Table II

Electron Energy Gamma Ray Energy Abundance

(kev) (kev) (001nc1dence‘per alpha)
| 360 1.9 x 1003
g8 1.5 x 1073
39 2.0 x 1073
260 SR 0 2.8x 1073
68 ' 6.9 x10°3

36 o SR 6.2 x 1072

is too low to permlt it to be analyzed

o
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'.coinpidences between alphavparticles and the higher energy gamma rays,
17 percent of the 360 kev gamma rays and §5 ﬁercént of the 88 kev gamma
rays were considered to be absorbed in the sodium lodide crystal.* The
abundance of the 360 kgv transition is 4.7 x 10=3 coiﬁcidéﬁée per alpha,
and the gamma ray is 60 percent converted in the K shell, This gives
rise to K x-rays of thorium, which woula be indistinguishable from the
88 kev gamma ray observed.

The abundance of the 88 kev transition is 8.4 x 1073 coincidence
per alpha, but of_this figure, 2.8 x 1073 ‘coincidence pér alpha mst
“be dﬁe to K x-rays, hence the ébundance_of this transition is
»v5.6 x 10~ coincidence per alphe - with the gamma ray about 82 percent
converted. |

The true abundance of the 39 kev transition is not known. The
36 kev electrons are probably M conversion electrons from this gamma ray,
The L conversion electroné would héve an energy of about 20 kev, and these
are indistinguishable from Auger eleétrons. & reasonable figure for the
ratio of L conversion to M conversion migh' be 4:1. 'Assuming thisvrqtio,thé
. abundance of the 39 kev transition may be calculated as 0.31 doincidence
: pervalpha, with fhe gamme. ray 99+ percent converted. The decay scheme,
consistent with these data, is given below. For éonvénience, all the
gamma rays are shown in cascade. However, there is no evidence that this

is so.

#See section D above for the method of obﬁaining these figures.
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360 kev Y

. 60% converted

88 kev ¥
82% converted

. : 39 kev Y
a,68% o - 99+% converted

G. 'Uranium?34

There are few previous datd available on this nuclide. Large
numbers of L x-rays have been reported,BO suggesting a highly converted
gamma ray, with aﬁ'abundance of about 0.25 per alpha, Preliminary work
on'the gamma ray pulse analyzér shows_fhe presencé of two gamma rays, with |
'eﬁergies of about 50 kev and 100 kev.?

The coincidence couﬁter shows alpha-electroﬁ coincidences in much
gfeatér.abundancevthan alpha-gamma coincidences. A>65 kev gamma ray is
in coincidence with alpha particles, the abundance being Iv.-x'lO""3 per |
alpha particle. @ gamma with an energy of about-ll5 kev may be ﬁresentv
in low abundance, since it would have the same half thickness in lead.
It was not ﬁosSible to carry the copper absorption cufve far enough to

distinguish a 115 kev gamma ray, if it were present.'
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Alpha—electron cdihcidencés‘ére reasonably abundant, but it is
diffiéult to establish the energy of the elecﬁrons. The best.value,
from the altminum absqrption data, is about AO.kev. This energy is some-
Qhat low, if éLe-electrOns are L conversion electrons of a 65 kev,gamma
_ ra&gy Thg abundanée’of these electrons is 0.17 ﬁer_alpha particle.
' More data are negessary on this nuclide before a deédy scheme can
be postulatqa. | |
H. Polonium208’2o9$210

A sample .of Pozlo, and a sample containing a mixture of Po208,209,210
were 6btained from W, Heimann. The coincidence counter shows no évidence
of alpha-gamma or aipha—eléétron coinc;dences in either sample. This is

208 210

to be'expected from what is known of Po and Po™, while Po20? was

present in very low abundance.

I.‘ Summary of Internal Conver51on Goefflclents
It might be of 1nterest to collect the values of the internal
conversion coefficients calculated from these 001ncldence data, and com-
pare them with the theoretical values. 'An’extensive table hﬁsvbeen pre-
pared by Rose and hié éo—ﬁorkers3lf32 containing K shell internal con-
version coefficients for eiectric and:magnetic multipolg radiation up to
poles of ofder 25.v'Mbre-recent1y, values for internal conversion in the
.Ll éhel). for electric dipole, electric quadrupole, and magnetic rdip'ole

‘have been published.33
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i In Table III ére listed‘the internal conversion coéfficients observed
in the present work, as well as- those calculated from theoretical consider-
étions. _TheAunits of these internal conversion éoefficients are eleétrons
ﬁer gamma ray, rathef thén electrons per transition. .

It might 5e‘noted,that,iﬁ'the case of Pa?3l and U233 there is a
discrepancy befween the humbef of K con&érsion electrons seen and the
numbef of K xurays seen, The number of K x-rays should be bnly slightly
less than the number of K conversion electrons, since the Auger coefficient
is about 10 percent for X=Tays of this énergy. This discrepancy can Be
explained if the number of K converSion elecﬁrons seen is too high, and

the number of K x-rays seen is too low. The probable error in both

these abundences is large.



__ Electric Magnetic Shell
Order 2! 2 23 24 2 2 2 22 A 2
Nuélide Energy Observed N . Theoretical Values
(kev) value- o ’ :
a®? 59 15 0,17 a2 -} L
o% 43 4000 0.27. 12 54 L
' (est) B ) S
P . 67 1 0,2 1.5 1 1
SRSl o 0.35 0,031 0,078 0,20 051 1.2 1.3 28 6.2 13 29 K
239 65 - very 0.4 2. 18 L
N sam11 |
u233 360 - ‘15 0,022 0,058 0,05 0,37 0.86 087 1.8 3.7 7.8 16 K
88  large 0,066 0.61 6.3 L
39 . 120 0.32 11 48 L
- {est) ’
34 . 0 200 - 017 - 2.9 ‘19 L
' Co (est) ' :

..'Int‘ern:al Conversion Coefficients

‘Table III

~g¢-
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Photograph of the Complete Apparatus
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Fig. 4

Photograph of Proportional Counter Tubes with Shielding
Removed from One Channel. Bell Jar Removed.
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Figo 5

Photograph of Proportional Counter Chamber

Showing all Shielding in Place. Bell Jar
in Place.
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Fig. 13

- Photograph of the Alpha-Gamma Coincidence Counter,
showing the Alpha Chamber, and the Brass Cylinder

Containing the Crystal and Photomultiplier Tube,
and the Preamplifier.
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Photomultiplier Tube and Preamplifier Circuit
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FIGURE CAPTIONS FOR GRAPHS
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