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ABSTRACT

Thewgamma rays'of AcK (Fr223) were studied in a sodium iodide-
photomultiﬁlier scintillation counter coupled to a 50 channel pulse height
analyzer,. Photons of a h9;8 kev gamma ray appear in 40 # 10 percent and
photons-of-an 80 kev gammavray appear in 24 * 6 percent of the total beta
disintégrations.'vIn addition, low intensity gamma rays appea? at 215 and
310 kev., L x-radiation is presént in about the sdme intensity as the
49.8 kEV“gémma ray. Gémma—gamma coincidence studies proved that the 49.8
- and 80 kev radiationé were not in coincidence. It was also shown that the
215 and'ﬁhe'SO keV’gamma rays are not in coincidence. The L x~-radiation
was ‘studied in a proportional counter coupled to a 50 channel analyzer and
igentified as radium x-rays. Since Th227“decays to the same daughter as
does AcK ‘some measurements were made on its gamma spectrum. Pfominent
photopeaks were observed at 49.8, 87, and 235 kev. The 235 and 49.8 kev
gamma rays were observed to be in coincidence. The known decay data for
AcK and Th227 cannot be fitted into a common decay scheme without additional

information.

*This research was éupported by the United States Atomic Energy Commission.
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T. : INTRODUCTION

'AcK-(Ff223)-is;a*member of the U235 decay chain in which it appears

227.3 AcK

as a-result ofa 1.2 percent‘alpha'branching in the decay of Ac
decays primarily by beta emission with a half-life of -21 minutes into -
ll.z-dayFAnX (Ra223), although recently a -very slight alpha branching

(~4 x 10_5) has been‘reported.;- Investigations of the gamma radiations of
AcK have been carried out:by Lecoin and co-'-'worke'rs2 using absorption tech-
nigues. The present report .concerns a more detailed study of these
radiations using a scintillation crystal spectrometer .and-a proportional

counter in combination with a multichannel pulse height analyzer -and also

using gamma-gamma ‘coincidence -technidues. .

- ITI. PREPARATION AND STANDARDIZATTON OF SAMPLES
+A. stock solution ofiAczg7 dissolved in 3 ml of saturated hydrochloric
acid was used as a source of francium. Whenever a fresh sample of ‘AcK
was reguired oﬁe'drop”of a 0.4 M'silicotungstic acid sblution was.addéd‘tq
the?ice co1dﬁAc227'solution. Silicotungstic acid precipitated, carrying . -

the francium, and was centrifuged out. The precipitate was dissolved in

*This research was supported by the United States Atomic Energy Commission.
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distilled“watef'and'repfeCiﬁitaxéa“sy’séf#faﬁigg”the'sdldtibn with hydrogen
chloride - gas. This process was repeated two or'threé times. Afwater
solution of the last silicotungstic acid precipitate was quickl& passed
through a 1 em x 4 mm column'of'ﬁéwéXQEO ion:exchangE'resin. The adsorbed
AcK was washed free of silicbtuhgsti¢ acid‘by 2 ml of &istilled waﬁer,

then stripgéd3from'the'column-withi3bo~u1 of 10 M hydrochloric acid. =
Aliquots of this'éolutionvwere-evaporatéd on platinum counting -discs.
‘These samples were weightless and’ of high radicchemical pﬁrity; Further
details on this préparatioﬁ method  are givén,elseWhere[3“{"' |

The samples were all counted with a geiger counter using the third-
shelf of “the geiger tube mount standard to this laboratory. The tube used
was” an'Amperex ‘geiger tube filled’ with a mixture of argon and chlorine.
An aliquot”of“eadh-prépération-ﬁés follbwed“for“decay‘éS'é'chéck”on'radio*
chemitai pﬁrity. The observed counting rate was translated into disinte-
grations per minute by multiplying by the calibration factor, L2,

This calibfation’ Tactdr wak based onthe determination of the alpha
counting raté of the AcK daughters and was determined as follows. Samples
of"AcK 'isolated as described ‘above were mounted dn’platinumbplatés.
Asvestos washers were placed above the samples and a clean collector
platinum plate was-placed above. By touching a torch to the:bottom plate
for one second and bringiﬁgfthe'platinum to a red glow for this instant
‘the francium was volatilized to the collector foil leaving behind any
traces of Ac227, AcX or RATh present at that time. This igstant'was taken. .
as zero time. The géiger counting rate of-the volatilized francium sample
was followed and back extrapolated to zero time. .Several hours later the

alpha disintegration rate of the sariple was carefully measured in an alpha
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counter (52 percent geometry). -One-fourth of this alpha activity was
ascribed to the 11.2 day AcX. daughter of "AcK .and by straightforward

-calculations the initial disintegration rate:of AcK was determined. This
‘methodof “standardization substitutes the uncertainties of alpha counting,
which are-considerably less, for the uncertainties of absoclute beta .
counting arising out of ‘the back scattering; window absorption.and other
corrections. The purity of the alpha ac¢tivity was checked:by analysis
of the alpha spectrum. This was done by introducing to a 48 channel -

' differential“pulSe’height'analyzer the alpha;pulses developed in a large
ionization chamber after suitable.linear amplification. This analysis
was~perfo;med by - A. Ghiorso on:equipment.developed by him as an improve=
ment of apparatus previously described.u' The alphaaSpectfum curves
verified that the alpha*activity'wasipurevRa223;plus daughters with no

contribution fTQmThZZY.

. . iITI.  SPECTROMETER EQUIPMENT
The -spec¢trometer equipment:used in this work was assembled: by

A, Ghiorso and A. E. Larsh of ‘this laboratory. The gamma detection

initially'occurred in'a 1l.5=inch diameter by. l=-inch thick crystal of

sodium;iodidev(thallium—activated) procured - from. the Harshaw Chemical
‘Company mounted below a Dumont 6292 tube.using a method similar to that
- described by Borkowski.5M:u‘[4

On the side..of the erystal facing the photomultiplier tube was

affixed a quartz discj a:layer of o0il between the quartz and the oﬁtside
surface of the tube provided optical coupling. . The. other surfaces of the

tube were packed with a reflecting layer'of,magnesium oxide. The whole
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‘ assembly w&s mounted in‘an -aluminum lined lead shield on top of a

standard“geigér”tube?s-ppsition'shelf“asSémbly. Ineident gamma rays

penetrated a thin foil of beryllium (~l50‘mg/sz) and a thin layer of

magnesium oxide (about 1/16 inch) before’ entering the crystal. -

The--output pulse from the photomultiplier was amplified in a pre-

amplifier, then in a-linear amplifier. The final'pulse was introduced

to a 50 charmel differential pulse height analyzer. This analyzer,

based on'a novel use of a 6BN6 as one arm of a -gatéd univibrator, is
a new design of Ghiorso ‘and Larshl6~ After proéervalignment‘the channel
width stability (operating at a 5 volt channel width) was better than.
1 percent’ and remained so for periods:of weeks. Gain.andibias-cghtrols
'permitted*the’inSpéctiQn=offany predetermined energy interval with the
full 50 channels: Further details'on,this?eQUipmeht will be cobtainable
ina forthcoming publication. B

For measurements on the beta spectrum the sodium iodide detector was
replaced by an anthracéne crystal 1.5 inches in diameter by 0.25 inch
thick mounted in front of aﬁ RCA-5819 photomultiplier tube.

A proportiongl counter was used to study L x-rays.:An Eck and

‘Krebs tube 19 cm in diameter was filled' to one atmosphere with a 90 per-

cent xenon<10 pefcent methane mixture and operated at 1100 volts. After

preampiificétion the pulse froﬁ'the proportional counter was introduced )

to the linear amplifier of the 50 channel analyzer:
For»study-of'gdmmaAgamma-coincidences~the"apparatusvassembled by

A. E. Tarsh and -F. Asaro was used. In this equipment the sample was

mounted between two sodium iodide crystals 1.5 inches in diameter and

1 inch'thick with the front edge of the two crystals only 0.25 inch apart
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for maximum geometry. PEach crystal had its own Dumont 6292 photomulti-
plier tube and-preamplifier. The output from one crystal was fed to a
single channel analyzer. The energy of the gamma rays recorded‘by this
analyzer and the energy width of the "window" of this analyzer were
both adjustable ThE'pulse from the second preamplifier was cabled to
a linear amplifier. The signal pulse from this amplifier and that from
the: s1ngle ‘channel analyzer were lead into a coincidence circuit, the
51gnél pulse from the single chanﬁei ££aﬁch sérv1ngAas’t£évgate ﬁulsé
Onljvthose‘signal pulses which were in coincidence with the gate'pulses
within the*lo—6 second resolving time were paSséd'on to the differentiating
circuit—of~ the 50 channel analyzer. Hence'the}gaﬁma spectrum in coineci-
dencé“with a particular gamma ray could be examined.

.ThE“chanGE'rate was determined by placing an ébsorber betweenzthev
sample énd“thE“gate crystal and applying'a different'radioacﬁive goufce
of“apout the seme counting rate to the gate érystalb The usual calculé-

tion of the chance spectrum was carried out.

_, IV. EXPERIMENTAL RESULTS -

h9 81and 80 kev gamma rayso—éFigure 1 indicates the gamma

spectrum of AcK in the 0-150 kev range. The energy scale was calibrated

241

with the 60 kev gamma ray in the decay of Am and the 87 kev gamma

radiation of Cdlo9. This and many similar curves were taken through

9&3 mg/em berylllum absorber to ellmlnate 1nterference from the beta

]

particles., There are promlnent photopeaks at ~15, 50 and 80 kev, all

decaying with the half-life of AcK.
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Fivgu.re 1. Gamma spectrum of AcK in the 0-150 kev range. Data taken

. through 943 mg/cm berylhum absorber.
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The ratio- of the 80 kev/SO kev photopeaks was determined”on several
samples;, the best value being 0.6 + 0.1 The overlapping of the two peaks
causes” some- uneertainty ih this ratio.

The ratio of 50 and 80 kevvphotons to AcK disintegrations was
determined in the'following way. ‘A sample»of.Amzul with a known alpha
disintegration rate mounted on platinum disc.was placed in the scintilla-
tion speetrometer on the same shelf position used for the AcK samples
and counted through the 943 mg/cm2 beryilium absorber. The area under
the 60 kev photopeak was determined. Using +the information that 40 of
the 60 kev photons are-emitted per 100 alpha disintegrations of Am.znl
the overall counting efficiency was determined as 5.4 percent, i.e.,

5.4 percent of the 60 kev photons emitted by the sample are registered
in the photopeak. | ~

- The-absolute disintegration rate of AcK samples mounted on platinum
was determined by counting the samples in the geiger counter and applying
the célibration factor‘of“hz as discussed above. The counting efficiency
‘ofthe 50 and 80 kev photon peaks was taken as 5.4 percent.. The resulting
absolute abundances were: 40 £ 10 of the 50 kev photons per 100 disinte-
grations of AcK and 24 of the 80 kev photons per 100 disintegrations.

This calculation aséumes that the variation in the ratio of the escape
peak to the photopeak in the 50-80 kev- range as a function of energy is
negligible, Actually this is not true but unpublished experimental
results of F. Asaro using the identical apparatus and geometrical con=-
ditions indiczte -that the variation is not greaf. Asaro obtained a ratio

of the observed escape peak to the observed photopeak of 20 percent at

50 kev dropping to 16 peréent in the region 60-100 kev. Hence the

corrections to the above quoted abundances are only a few percent at most.
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‘2. 215 and-310-kev gamma rays.--Figure 2 shows the gamma spectrum

from Of800'keva It is to be noted that some gamma radiation appears in
the region-of 215 kev in low abundance-cémpared to the 50 and 80 kev
radistion. There, is no other radiation’With abundance >1 percent with
respect'tO“thesenﬁeaks and additional curves showed this to be true
through the 2 Mev range. The gamma radiation in the region of 215 kev
'waS'studied'mpre_carefully,as shown, in Figure 3, after calibrating the
energy scale with annihilation radiation from a Na22 sample and with the
662 kev gamma radiatignyovasl37, A definite photopeak at 215 kev and
a smaller peak at 310 kev were observed. The decay of these:péaks_was,
followed" on numerous separately, prepared samples to establish the -
2leminute halfs<life., .The ratios of'thesevphotppeaKS'to_the\SO-kev.__
photopeak was-determined correcting for the fact that the photoelectric
efficiency -of-the crystal was not 100 percent for'the;ZlBIand 310 .kev
radiation, The absolute abundances were determined as. 3-4 photons éf
215 kev energy per 100 disintegrations and about 0.8 photon of 310 kev

energy. per 100 disintegrations of AcK. L ‘ S

3.  Beta spectrum.--Several determinations of the maximum energy'of

the beta particles-emitted by pure samples of AcK were made using the
anthracene crystal. A visual endpoint energy was 1.15 +.0.05 Mev. - This
confirms the 1.2-% 0.1 Mev value previously obtained by Perey and Lecoin7

. by a measurement of tracks in a low pressure cloud chamber. The spectrum

was not -analyzed carefully for complexity.
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Figure 2. ‘Gamma s'pecvtrum of AcK in the 0-800 kev region. Data taken

through 943 mg/cmZ beryllium absorber.
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' sample. Data taken through 943 mg/cm2 berylhum
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4., Proportional counter measurements on x-rays and the 50 kev gamma ray.

Figure 4 shows the gamma spectrum of AcK in the low energy region taken
~ with the proportional counter equipment. The data were taken with
706 mg/cm? beryllium absorber above the sample to remove beta particles,
On the same figure are shown calibration curves taken on samples of

Am.2LLl and 10230.

In the Amzul curve are observed'the‘prominent hul
(13.9% kev) and Ig, (17.7% kev) lines of neptunium, a 26.kev gamma peak
and an "escape" peak at 30 kev caused by the photoeleétric ejection of
a K electron from & Xenon atom in the couﬁter by the 59.8 kev gamma ray
followed by the*eééapé of'the'Kd k—ray éf xenon froﬁ the tube. The
ionium curve shows the prominent Ly, (12;39 kev)‘and Lg; (15.23 kev)
lines of radium. It can be noted that AcK gives rise to identical radium'
L X—fays as well as to an escape peak at 20 kev resulting from the 50 kev
gamma ray. 1

That this identification of the escape peak is correct was proved by
redetermining the curve with a 1 gm/cm2 aluminum absorber over the
sample. The transmission of the x-rays through fhis thickness of
aluminum is <0O.l percent while the transmission of the 50 kev gamma
radiation iS';bout 70 percent. A typical.curve is shown in Figure 5.

41 and 10230 as before. To be

The energy scale was calibrated with Am2
noted is the'appéaranée of a double escape peak attributable to the
escape of Ky, and Kg; xenon x-radiation after absorption of the 50 kev
gamma ray. These escape peaks serve as a better energy calibration

than the sodium iodide crystal determinations of this value for the

50 kev gamma ray. The average of several determinations is 49.8 + 0.3 kev.
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Figure 4. X-ray and soft gamma spectrum of AcK taken with
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pulse height analyzer. Calibration runs on
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mounted on aluminum. The 706 mg/c':m2 beryllium
absorber was placed above sample to absorb B~

particles.
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5. Coincidence studies on AcK.--AcK samples mounted on quarter mil

aluminum foils were placed between the two sodium iodide crystals of the
coincidencd apparatus and gamma-gamms coincidence spectra were run,
gating in turn with the 50, 80 and 215 kev radiation. These measure-
ments were performed by Mr. Frank Stephens. Somevsmall coincidence

peaks were observed-but the order of intensity‘of these was very.low.

The 50~80 kev-gamma-gamma coincidence peak was less than 1/100 of\that

to be expected“if these rays were in'coincidence; The 215<50 kev and
215=80 kev coincidenees, with the 215’keﬁ:serving as the gate, were less
than 1/30th of those to be expected of -a true gamma-gamma coincidence.
of considerable‘dmportance‘to the cohsideration ot'vardoﬁs possible
decay’schemeS'iS‘the»tresehce of absehce‘of'al50—30 kevvcoincidence or

a 50 kev L X=ray coincidehce;'the‘L g—rays coming frombthe conversion

of a 30 kev gamma ray. The abso;ption of the‘soft xnrays[in the crystal
cover andithe fluofescent &ield reduce the sensitivity of this determina-
tion considerahly but the>intensity was cohservatively avfactor of

5 too low to indiecate a 50 kev L x—ray coincidence and within considerable
larger limits there was no 51gn of a 50-30 kev gahma=gamma coincidence.
The 31gn1f1cance of thlanls that the 50 and 80 kev transitions must

both lead to the ground state of'Ra223g

6. Study of radiations of,Th227areSince-Th?27;(RdAc) and AcK

decay to the same daughter product it mlght be expected that some Ra223

levels would be common to the decay schemes of both 1sotopes In
particular),: levels . with the 50 and 8OAkev.spacing4of the two most prominent

gamma rays in the decay of AcK might be expected among the. lower lying

L
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223

levels of Ra . The alpha spectrum of Th227 is exceedingly complicated
with 11 reported groups of greater than 1 percent abundance. Figure 6
displays the results of a study of the alpha groups carried out by

223

Rosenblum gzhgi.8 The Ra leﬁels are labeled in kev above the ground
state using the assumption that the most energefic*alpha particle leads
to the ground state, an assumption which is probably félse since alpha
decay To the ground state of '‘an odd nucleon isotope is frequently more

hindered than that to a higher lying"leve1,9

There ‘are several literature reports on the gamma rays of Th227.
The absorpfion<éﬁrve_stﬁdies of Rioulo showed a 50 kev gamma ray in
3 percent abundance, a 126 kev gamma ray in 13 percent abundance, and a
280 kev gamma ray in 50 percent abundance. Similar results were
reported by Bachelet and Savel.ll Studies on a crystal spectrometer
were reported somewhat earlier by Frilley12 who found gamma. rays at
50, 57, 80, 101, 113, 119, 208, 240, and 258 kev. Magnetic analysis
of  the electron spectrum by Surugue13 and Te-Tschao and Suruguelu showed
30 gamma rays between 30 and 638 kev.

Figures T and 8 indicate the gamma spectrum of é freshly purified
sample of Th227‘as obtained in our sodium iodide érystal spectrometer.
The sample was purified by extracting the thorium isctope from a dilute

227

acid solution of Ac into undiluted fributyl phosphate and washing

 the solvent repeatedly with 4 M nitric acid to remove possible radio=
active contaminants. The most prominent photopeaks appear at 50, 87
and 235 kev. The last energy was determined to +5 kev by calibration

with the 662 kev gamma ray in the decay of cst37

41

, annihilation radiation,

35

the 59.6 kev gamma ray of Am2 and the 184 kev gamma ray of U2 . The
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absolute abundance of the 50 kev gamma ray was determined roughly to be
0.2 photons” per total alpha particle. Gamma-gamma coinci&ence studies
were carried-out for us by Mr. Fraﬁk Stephens with the equipment des-
cribed previously, gating in turn with the 50 and 235 kev gamma rays.
Figure 9 shows a prominent coincidence peak between the 50 and 235 kev
radiations. Thiswcoincidence'is so prominent and so easily reproduced
that it has been found to be quite useful in our laboratory as a
standard for other'gémma-gamma coincidence studies. In the run with
the 50 kev gate some coincidence peaks at ~90 and #4140 kev of much
lower intensity (~1/20) were Observed.

It seems likely‘that‘thé 50 kev gamma ray is identical with the
19,8 kev gamma ray of AcK and this belief was strengthened by determiﬁing
the energy of the gamma ray in the proportional counter; The Kdl and;
Kﬁl escape peaks were determined as described above for'Ack andvas
illustrated’in Figure 5. Freshly purified samples of Th227 and of AcK
were counted through 1 gm/cm? of aluminum absorber within a few minutes
of'each’other;to eliminafe any- errors-due to a drift in the calibration
‘of"the proportional counter. The curves of the escape peak were both
identical with Pigure 5. It is believed that a difference of 1 kev

could easily have been detected.

V. DISCUSSION
A detéiled'study“of'the radiations Ovac??7iand AcK ﬁaé previously
been carried out by Lecoin and'co-workers2 using xenon filled geiger
counters and absorption curves. Their findings on AcK were as follows.

A prominent gamma ray of 48.6 kev enérgy is emitted in high abundance
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(27 photons per 100 ‘8isintegrations). L radiation of 15 kév is emitted
in 25 disintegrations but of 100, A gemma ray of 330 Kev ‘is emitted at
the rate of 6 photons per 100 disintegrations.
| The present'resulﬁs are in good ‘agreement with respéct to the
50 kev radiation. TLecoin and co-workers determined a precise value
of 48.6 + 1.6 kev by the method of critical absorption. Various °
elemernts between 7 = 53 and Z = Th were used as absorberé and a
marked change” in ‘absorption between 63Eu'and'6qu"brécketed'the gémma
energy. The quoted value could be raised somewhat a& the recent
Table of Critical X-Ray Absorption Energies of Hill et-al A2 give "
48,51 and*50.23 kev for the K shell energies of europium and gadolinitm.
Our best-value determined from the escape peak values as mentioned above:
s 49,8 + 0.3 kev.

" The Ffen'ch’ authors also braékete'd: the 14.5 kev radiation’ by ‘the

method of critical absorption using 33As, 34Se and 88r absorbers,f9

3
and showed that it was ‘the L radiation of radium,
For radiation of energy greater than 50 kev the agreement between =
the two studies is not as good. Thé prominent radiation of 80-85 kev
'is not reported by Lecoin and “co-workers. 2 The gamma ray cf'330.kev '
reported by"ﬁhese authors with an intensity of 6 photops per 100 disinte-
grations may perhaps be identified with the 215 kev radiation with an
intensity.of 3-4 photons_per‘lob'disintegrétions, reported here since
energy determinétions”by*abéorption measurements have a tendency to
give high values.
It may be mentioned that the 80 kev radiation reported'hére‘is not

K x-radiation since the Kll and'Ka2 lines of radium would be expected
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at 88.5 and 85.% kev, although. it is quite possible that some K radiation
is included in the high energy side of .the 80 kev peak.

It was hoped;that the gamma rays of AcK could be fittgd'into a decay
scheme using the Ra223 levels revealed: by alpha spectrum analysis of .
RdAc (Figure 6) and consistent with the gamma radiation of Th227. The
chief facts which must be taken ihto account” are: 1) The 49.8 and
80 kev gamma rays observed in tﬁe'decay of AcK connect low-lying levels
in Ra223; 2) The %9.8 kev gamma ray is not' in coincidence with 80 kev
radiation, 30 kev gamma radiation or L x-radiation; 3) The same,A9.8 kev
ganma transition is observed in thedecay of AcK and'RdAC“(Th227); 4) 1In
the decay of RdAc the h9,8 kev gamma ray is in coincidence with a 235 kev
gamma. ray . |

It was impossibie’tb construct a partial decay scheme consistent with
these  data using only the levels of Figure 6. It is necessary to postu-
late other low-lying levels and it is quite probable that the ground state
of Razz3 lies below the level so labeled on Figure 6. This is not
unreasonable in view.of the well established fact that alpha decay to
the ground state is usually strongly hindered for‘alpha emitters with odd

9

nuclgons. Further work to give more definite information on the low-lying

223

levels of Ra is contemplated.
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