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A bent crystal focuﬁsing X-ray spectrometer has been designed and
vbuilt fpr the Qbservationvof the X~-and gamma-rays emitted in association
with radiocactive decaya The instrument uses proportional counter detection,
'The;instrument and the associated elestronic circuits are described, The‘
plutoniuva X-rays_from cm?42 and ﬁhe'neptunium L X-rays from Am241 have
been measured, Values of the energies and abundances are reporteda

Par’t B'O :ﬂé-:ﬂ"‘ﬁ-mﬂc:pmé_al‘nmﬂ:m‘n.ﬂnmﬂm—mm-nmngw'ﬁwm--mwnmﬂlmmﬂ mmmmm o - .

Some isotopes of astatine hitherto unreported have been observed

in bombardments of bismuth on the University of California 184" cyclotron. They are:

b _Helf-1ife - __ Decay Properties

At209 5.5 hr, 5065 Mev a}phé particles, electronscapture
AtZOS ' 603 hr, | Electron qapture, no alphas observed

At207 .2,0 hr. 5.75 Mev alphas; presumably electron capture
At206 2°6.hr-° Electron capture, no alphas observed

At205 23 min 590 Wev alphas, electron capture

At204 R4 min : Electron capture, no alphas observed

44203 7 min 6,10 Mev alphas

At201 1,7 min : 6.35 Mev alphas
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AN X-RAY SPECTROMETER FOR USE IN RADIOACTIVITY

PART A,
MEASUREMENTS, THE L X-RAYS OF NEPTUNIUM AND PLUTONIUM

INTRODUCTION

'

In the observation of radioactive decay it is often of interest

to determine the energies of the electromagnetic radiations more accurately

than can be done by absorption measurements, For this purpose, the ten=-inch

X~ray spectrometer was designed and built.
Electromagnetic’radiation of from 10 to 200 Kev energy, approximately

the limits of this instrgment, can arisé from three sourcess gamma~-ray emission,
X-rays from internal conversion of a gamma-ray, or X-rays following orbital
electron capture. Pfecise measurement of the energy enables one to distinguish
between these processes; The énergy of the gamma ray is determined by the -
change in the nuclear configuration, that of the X-rays from the other two
processes by the change in the.atomic configuration. Internal conversion
consists of the ejection from the atom of an orbital electron with a kinetic

energy corresponding to the difference between the energy of the gamma transi-

tion and the binding energy of that electron as an orbital electron in the

atom, The charge on the nucleus is not changed in this process. Consequently,
the X-rays emitted are the same as those of the parent atom., Electron capture

consists of the absorption and annihilation in the nucleus of one of the orbital
electrons, thus decreasing the nuclear charge by one unit., The  X-rays here
emitted are those of the daughter atom, an atom of the element preceding the
parent element_in the periodic system.

One of the ﬁost important problems in the désign of a spgctrometer
for thedmeasurement of these radiations is the provision of the maximum possible
sensitivity, since the intensities availqble from cyclotron bombardment are

strietly limited, The possibility‘of making a focussihg spectrometer was

first examined by de Broglie™ and by Dardord.> Du Mond and Kirkpatrick®
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discussed the problems involved in the design of such an instrﬁmento Cauchoigh
was the first to build a thoroughly satisfactory instrument. The essential
feature of her design was the use of an elastically bent crystal, which enabled
her to focus the radigtions without structural complications in the instrument
and at the same time to preserve a high resolution. Her design has since become
generally adopted. :

The first use of a spectrograph to identify X-rays associated with
radicactive decay was by Abelson’ at California, who observed the X-rays of
-moly@denum from the decay of element 43, ‘Poole6 at Ohio State has used this
method in a number of exneriments, Marmier, Blaser, Preiswerk, and Scherrer7
at-Zurich_have built and used a Cauchois type instrumeﬁt. Du Mond8 at Cal
Tech has described a gamma ray spectrometer‘using Geiger tube detection.

S PRINCIPLE OF OPERATION
) Considgr a ¢ircle of radius R as in Figure 1. Define points C
and C', and two conjugate foei Fp énd Fy,for simplicity equidistantvfrom and on

opposite sides of G', For focussing the two relations which hava to be satisfied

are the Bragg law

gin © . nA
Zd

where @ is the angle of diffraction
A ig the wavelength of the radiation
d is the crystal spacing of the planes in use
n is an integer, the order of the diffraction;and the law of
reflection, that the angle of incldence 15 equal to the angle of reflection.
It is seen fha? the angle @ subtended by Fp and C* and by Fy and CF
from any point P on the circle are consﬁant and equal, irrespective of the

location of P on the circumference, This suggests that focussing would be
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Figure 1 fl

Geometrical Idealization of the Focussing Conditions

for a Cauchois Type X=ray Spectrometer
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obtained if a crystal were iocated on the circumference of the circle with all

ﬁhe diffracting plangs pointing toward C', In this case Fps say, would be a

rgai focus and Fv a virtual focus. In case the desired planes are not perpen-
Qiéular to the crystal face but instead lie at an angle a from the perpendicular,

itvis only necessary'to move both FR and. Fv an arc of 2 a around the focal

eircle in the same direction, Actually, to bend an originally plane cfystal
to one radius, and then to ﬁolish the surfaces to conform to another radius

is a very difficult problem, which, it turns out, it is not necessary to solve.
Gauchois4 was the first to demonstrate that the focusing is perfectly satis-
fgctory for a c:ystal which is merely bent to a’radius 2R and the mounted tangent

e

to the focal circle at GC. This arrangement necessarily causes some aberration

from perfeét focussing, This is not serious, however, inasmuch as the crystal,
for the practigal reasons of procurement must be limited to a small aperture

It might be thought that there would be some defocussing due to the

nga'r' co o
4 though, showed that the compression

finite thickness of the erystal., Cauchois,
on the inner face of the bent crystal and the stretching of the outer face are
Just sufficient to preserve the focus.

One sees that for a transmission spectrograph, the source may be placed
~in the region Avand the detector, say a pieeg of photographic film, can be
placed along the fogal circle at F. On the other hand, the source can-be_placed
at F ahd_the detector, say a geiger tube, can be placed at A. Du Mond8 has
shown that there is a very significant increase in the sensitivity attainable
if one uses the princi%le_in this second manner. A naive calculation, assuming
perfect focussing, gives a factor of 1000 in févor of the second arrangement
for our particular crystal holder. This increase is due to all the X-rays from
fhe gsource being incident upon the crystal at the appropriate angle for diffraction.

The true inecresse in intensity is undoubtedly less than the calculated, but still

quite appreciable,
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» - CONSTRUCTION OF THE INSTRUMENT

A Fqllowing the reasoning of Du Mond,8 and after some tests with a
simpler spectrograph using photographic detection, it was decided to design
the spectrometer as a monochfomator using counting tube detection. Figure 2
is a scale drawing of the essential parts of the machine. Comparing Figure 1,
the idealised geometry of the instrument, with Figure 2 one can see how it
operatesoi The cfystal is ¢1amped‘in a tool steel holder (l)vwhose surfaces
are machined to a radius of ten inches, The holder is mounted so that the
center of the crystal is at point C, The sample (2) is placed on the arm
(3) which rotates about the point 0, tracing out the focal circle CFLC'Fy
pf five inch radiﬁs° A varible lead slit (4) defines the sample‘width,_and
a shield is placed around the sample to reduce the unwanted radiation° An
arrangement. of metal bands is provided so that the sample always faces the
erys@al apeftﬁrep The detector arm rotates about the point C with an angqlar
velocity one half that of the sample arm., Metal bandg_are used to assure
that the angles between the crystal planes and the sample, and between the
erystaliplgnes and the detector are always equal, The sample arm and‘the
detector arm, when the instrument is on_confinuous sweep; are driven by the
motor (5), through the gear changing box (6) and the worm and gear (7). The
gear changing box together with the one rpm motor, fUrnish’ahgular speeds
of the sample arm of 1 degree. per mimute, 1/5 deg/min, 1/20 deg/min, or 1/100
deg/min;% A lead collimator (8) prevents direct radiation from the sample from
being seen by the counting tube (9) which is mounted inside a lead housingo
An additional fixed sﬁield (10) gives still more discrimination against diréct
rédiatioho A scale (11) permits the reading of the position of the sample.

The scale is graduated in units of 4 degrees, the tenths of units marked and



‘ . Figure 2
Scale Drawing of the Essential Parts of the X-ray

Spectrometer, Description will be found in text.
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a vernier has been provided for the reading of hundredths of units.

_ _ The crystal inh use at present in the spectrometer is quartz cut
perpendicular to the 310 planes and 0,008 inch thick., The aperture in the

$ .
crystal holder is 3/4 inch long by 1/4 inch high, As yet, only the 310

‘planes of quartz have been used in the instrument. Dr. D. A, Lind suggested

the use of topaz. Such crystals are now in order. Tt is hoped that they

will enableithe sensitivity to be increased by a factor of six without\

seriously decreasing the resolution.

The standard for the neptunium and plutonium energies reported
has been the grating spacing of the 310 planes of quartz as reported in the
literature, 1,178 A. The conversion factor used has been

» xE=12,395 A x Kev

Measurements have been taken on both sides of the spectrometer zero point,

in order to eliminate any error caused by inaccuracies in the location of

the sample or the orientation of the crystal planes, The 1line width in the

megsurements reported has been limited by the finite extent of the sample.

The detector in use for these measurements is an end window Geiger-

Miller type tube filled with 55 cm xenon and 15 em methane and working

in the proportional region, The tube has a tungsten wire anode and a copper

cathode, The tube is operated in a pulse height selection circuit to

discriminate against those counts occurring in the tube from particles not

of the energy it is desired to detect., The efficiency of the tube has been

measured:for the L x-rays of neptunium using the decay scheme of W. Wo T,
(o] .

Crane’ for Am241 and found to be 27% in this energy region.

Figure 3 is a block diagram of the circuit. The tube is operated

with the shell at a high negative voltage in order to reduce the problems of
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Figure 3

Block Diagram of the Electronic Circuits Associated

with the Proportional Counter Detector of the X~ray Spectrometer
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coupling the small pulses from the proportionel counter to the préam.plifier°
The preamplifier is located as close as physically feasible to the tube, on
top of the detector housing, in order to reduce the stray noise pickup at
this'low power level, 'The‘pulse is amplified by aboﬁt a voltage factor of
a hundred and delivered to the second amplifier, where it is amplified

further. The pulse then passes to a pulse height discriminator which can

be adjusted both in band width and in locaticn of the pass band, Thus

counts can be discriminated against which are not of the energy it is desired
to éeteqto The gas amplification of the proportional counter is adjusted by
Qhanging the high voltage on the tube., The circﬁit is usually operated with
the overall gain such as to make the pulses of interest about 70 volts at

the input to the discriminator, and with a band width just sufficient to

include most of the straggling, around 12 volts. This scheme has made it

possible to reduce the background in this high efficiency tube to 3-10 c¢/m,

varying with the amount of activity in the adjacent laboratory. From the pulse

height discriminator the desired pulses are once more amplified and then fed

to both a scaler and a counting rate meter, The counting rate meter indicates
the amount of radiation entering the tube as a function of time on an Esterline-
Angus graphic ammeter. This in turn can be rélated to the angle of diffraction
since both the ammeter record chart and the sample holder are driven by synchro-
ngus‘electric motors. Ordinarily the counting rate meter is used only as a
monitoring device, to detect large fluctuations in the counting rate, and the
aatg are taken from the scaler, Therregister used on fhe scaler is a Streeter-
Amet Traficounter with the variable stamping rate adjusted to a convenient
interval. The angular position -of the samrle is recorded for selected gtamps

and the positions for other stamps are obtained by interpolation.
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| EXPERIMENTAL RESULTS
1, ‘Plutqnium X-rays from Cm242
Qm?A? decays by the emission of alpha particles of 6.08 Mev energy

and has gamma rays o£_49 Kev energy.lo This gamma is partially converted in

the L orbits of the plutonium atom. The X=-rays arising from the refilling of

thesg orbits have been observed ana measured using a 24 pg sample of GmF3
purified and mounted by Mr, Wo Wo T. Crane, The sample was mounted in a glass
capillary making a line source about 1 em long. This capillary wés held
-y@rticaily in the sample housing by a lucite holder., No slit was necessary

for a source this well defined. The spectrometer was adjusted to sweep 1 unit
every 80 minutes and the traficéunter to stamp every 0.8 minutes. ‘Thus a point
was taken every 0.0l units. In presenting the data, a system of curve smoothing

was employed which averaged over each five adjacent points and plotted the

number so obtained at the center of the smoothing interval. Each number then

representa a four minute count, These observations_are vresented in Figures
4 and 5 and in Table I, Figure 4 is the diffraction observed from the right of
the spectrometer zeroo.'Figure 5 is the diffraction observed from fhe left,
, Figure é compares the points directly observed with the 1line drawn through them
after the smoothing operation., The top of the curve is depressed, due to the
contributions from pointé_not on the maximum, | ‘
In order to assign the transitions; an extrapolation of the known

energies for thorium and uranium was attempted. The simplest of all extrapolation

procedures, the use of the Moseley relation, 1 was chosen inasmuch as the extra-

polation distance is small, and anyway, no exact theoretical calculation exists.

Mogeley's formula is’
E1/2 - K(g "U') ‘

where K and & are almost constants for a given atomic level, E is the level energy,
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Figure 4 and 5°

The Observed Diffraction Pattern from a Sample of cm42
Figure 4 is the spectrum taken from the right of the

spectrometer zero point, Figdre 5 is from the left,
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Figure 6

A Comparison of the Observed Points With the Line

Drawn Through Them After the Curve-smoothing Procedure
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Table I, Plutonium L X-Rays from Cm342

Spectrometer

L Designa- Scale Reading

tion First Second

Lag 13,404 34,932

13,404 34,940

Lay 13.244 35,090

LBy 15,830 32.500

32,495

15.830 32,497

LBs 15,665 32,650

- 32,660

15,665 32,655

- LBy 15,305 33,020

Lo, 17,065 31,262

17.067 31,250

17,066 31.256

' Lag 17.315 31,025
133 16.05

Angle of
Diffraction
e

21.536 = 0,02
21.846 < 0,02

1+

16,667

0.02
| +
160990 kad 0002
17,725 £ 0,02
&
1401% et 0002
13,710 £ 0.02

Energy
14.31 = 0,01 Kev
+
]-‘4'014 - Oool
' +
18,35 - 0,02
17,91 ¥ 0,02
17,28 0,02
21.46 * 0,04
22.20 £ 0,04
18.53 £ 0,10

UCRL~-670
Page 21
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and Z is the atomic number, The data for this calculation were taken from
Siegba‘hn,l2 Table II presents this extrapolation., Table IIT compares the
measured energx values with the extrapolated values calculatedlfrom Table II.,
The transitiqns assumed are those listed in Compton and Allison.l> Also
listed in Tables II and III for comparison are the extrapolated values of
Monk and Allison,l4 who used a formula of Sommerfeld derived from the old
quantum theory., A term diagram including all the observed transitions is
presented in Figure 7. |

In addition in Table III, we have the observed and corrected inten-

sities of the lines, The directly observed intensities in Figures 4 and 5

are subject to a number of corrections. The total absorption of the sample
mount, crystal, and counter window, (about 150 mg/em® of silica) and the

self absorption of the sample have to be corrected for., The counting efficiency

of the tube is a rapidly varying function of energy., The reflection coefficient

1
of the quartz crystal is varying as l/E2° 2 An attempt has been made to

correct for all but the self-absorption, but too much trust must not be placed
in these values, The absorption has been assumed to be equal to that of 150

mg/cm2 of aluminum, the absorption coefficient for which has been taken from

the compilation of S, J., M, Allenol_6 The calibrations of counting efficiencies
for xenon tubes of Crane and C,‘flr.u".orso:.]"7 have been assumed, Table III contains
the observed inten§ities,‘the corfected intensities, and the uranium valueé of
Allisor;18 for comparison.

Allison's values for the relative abundances of the L x=-rays from
uranium were made with anwionization ehamber on x=rays produced by electron
bombardment. A two-crystal spectrometer was used. His values were corrected for

self absorption, reflection coefficient, and counting efficiency. It will be
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Table II. Prediction of Energy Levels-Moseley Extrapolation Fage 23
Using Data from Siegbahn12
Level J/R J/R Energy Monk and
(Siesbeln) (Siachenn)  (Siagtehn) (Bemap P o leeyrome llson s anelt
o realcte a.iue
K 89,93 92,05 % .17 886800 120,63 120,9
Ly 38.81 40.03 41.25  1701.6 23.15 22.9
Ly 38,07 39.28 4049 1639.4 22,30 22,1
L1t 34,63 35,56 36.49  1331.5 +18,11 18.0
iy 19.50 20,21 20,92 437.6 5.95 5,91
Mrr 18.82 19.53 20.24 409.7 5.77
MIiI 17,22 17.80 18,38 337.8 4 o59
Ny 15,98 16.56 17,1 293.8 4,00
Wy 15,61 16,16 16.71 279.2 3,80 3.75
Ny 9,81 10,30 10,79 11é°4 1.58 \
Nyg 9.19° L9.67 10,15 103.0 1.40
Nrrp 8.34 8.75 9.16 83,9 1.1
Nyy 7.14 7,58 8,02 64 o3 0.87
Ty 6,95 7.37 7.79 0.7 0.82
Ny 4.87 5034 5,81 33.8 0,46
oot 4o82 5025 5,68 32,3 0 o4l
Oy bok3 4,87 531 28,2 0.38
011 3,95 4 .28 4,61 21.3 0,29
Orry 339 3.73 4,.07 16,6 0.23
O1v,v 2,26 . R.65 3.0 2.3 0.13
0.89

Pr1, 111
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Table TII. Comparison of Predicted and
Observed Energies L Series X-rays of Plutonium
Transitionl3 Monk & Eggiiy i Intensity
’ Initial Final Allison Extrapn, Measurgd in Observed Corregted
Line State State (Kev) (Kev)@ (Kev) Uranium® Here®  Here
o Lyr My 4.0 L3l 4.3l 100 160 100
By Lpp M 18,27 18,30 18.35 49.4 276 91
B2 L1 Ny 17.29 17.28 28 78 28
Yq Lt Nrv 21.43 21 .46 12 80 23
@  LIII Mry 4.1 LWl 1, 014 11 20 13
Bs LT Oy v 17,98 17.91 6.4 16 )
B3 Ly MrrT 18.55 18,56 18.53 42
B, Lp My 17.60  17.58 4ol
1 Lrp My 12.12 12,16 304
Yy  Lir oy 22,17 22,20 2.2 1 4
B¢ Lrrr Ny 16.53 1.6
Yo Ly Nrp R1.75 1.5
| T3 Lp Nrr1 22,01 1o
% Ly | My 16.28 16,35 1.0
L 0 17.73 0.4

a) Predicted from energy levels in Table IT.
b) Measured in this work., See Table I,
¢) See Figure 5.

d) Not corrected for self absorption.
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Figure 7

Term Diagram for X-ray Energy Levels in the Plutonium

Atom With A1l the Transitions Observed in This Study Plotted
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noted that the relative abundances of the plutonium transitions arising from
the Lyyy initial state, the ay, B, an and Bs groups, are in excellent agreement
with‘Allisans measured values, fhe intensities of the lines afising from the
Lyp initial state, the Bis Yi and Y¢ groups, are uniformly high by abait a
factor of two, Data on the interconve?sion between the LI, ZIi'and Lyrr levels
by Auger processes or other processes would enable the caleculatlion of thé
relative excitations of these levels by the internal conversion. We can say, at
least, that the internalkconversion, together with atomic interconversion pro-
cesses, excites the Lyr level to twice the degree that it is excited in electron
bombardment, The measuremént of the relative excitations will in turn, indieate
the spin change of the rlutonium nucleus in undergoing this gamma emission.

2., Neptunium X-rays from AmR41 |

_ Amzﬁ;_deeays’by the emission of an alpha particle of energy 5.45 Mev
and a 62 Kev gamma ray'ol9 These gammas are also highly converted in the L shell
of the daughter atom, in this case Np237, The sample, about 0.5 mg of AmFy, was
mounted in a lucite holder to reduce the absorption of the X-rays. This measure=
ment was made in the same manner as described for curium, The traficounter was
adjusted to stamp every 4 mimutes and the spectrometer sweep set at 1 unit every
400 minutes, The smoothing interval was every tenth stamp (40 minutes) . The
results are shown in Table IV, No atfempt is made to estimate the relative
abundaneces since only about 10 e¢/m above a 10 ¢/m background was obtained, The

Las 1line was also observed, but was not sufficiently well resolved from background

t0 measure,
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Table IV. Neptunium L X-rays from iml
Spectrometer Angle
Line _ Scale Reading " of Energy
Designation First Second Diffraction (Kev)
Lo, 35,15 13.05 22.10 Z 0,05 13,98 = 0,03
18, 33.12
33.15 R +
330]4 15005 18009 - 0006 16094- hd 0.05
Lﬁl 32069
32,71 . .
32,70 15.50 17.20 = 0,04 17,79 = 0,03
SUMMARY

The data herein presented represent the first reported measurements
of the X-ray energies of plutonium and neptunium. These energies are now

measured to be

X=-ray grou Neptunium Plutonium
Las _ ‘ _ 14 .14 Kev
Lai 13.98 Kev 14031
Lfs 16094 17.28

| LBs 17.91
L@i : 17,79 18.35
Ly ‘ 18,53
EY; 2146
Lt _ 22420

This data also proves that the gammafray_is emitted after the alpha decay
. in these two rather than before, since if the emission occurred before, the

X-rays would be those of the parent, Thus this instrument has proved itself
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of use {n elemental identification of activities, It can also be used to
differentiate between electron eanture and internal conversion,

Data on interconversion nrocesses would ernable one to use this
method_to calculate the spin changes undergone in the gamma transition.
Intensity measurements give the relative level excitations,

ACKNOWLEDGMENTS

Thanks are due to a number of persons who assisted in this work,

Mr, Herman P, Rbbinson contributed many ideas to the degigh of both the

instrument and of the associated electronic circuits. Mr. A. Ghiorsc is

largely responsible for the use of a proportional counter. Mr. Wallace

Decker did the final design of the mechanical details and prepared thé

working drawings. Mr., Paul Lathrop built the electronic circuits. Finally,

many thanks are due Prof., I. Perlman, who directed this work and Prof. G. T,

Seaborg for their patient support during the painful months of design and
de-bugging. This work was performed under the auspices of the United States

Atomic Energy Commission at the Radiation Laboratory of the University of

California.



2,
3,
b
5.
7.

%
10,

11,

12,
13,

15,
17,
is8,
19,

UCRL«670
Page 30

BIBLIOGRAPHY

M. de Broglie, Compt, Rend. 158,944 (1914).

Dardord, Journ. de Physique et le Radium 3,218 (1922).

Du Mond & Kirkpatrick, Rev., Sei. Insts. 1, 88 (1930).

Y. Cavchois, Journal de Physique 2, 320 (1932) s 4, 61 (1933). #

P. Abelson, Phys, Rev. 56, 753 (1939).

Edwgrds, Pool & Blake, Phys. Rev, éZs 151 (1945) and succeeding papers.
Varmier et al, ﬁej.v Phys Acta 21 198=9 (1948)3 22 155-63 (1949).

Jo Wo Mo Du Mond, Rev. Sei, TnstoAgé,_égé (1947 «

W, W, T, Crane and I, ?erlmap, Unpublished work,

W. Wo To Crane, A, Ghioréc, and I, ?erimano Unpublished work.

0, Moseley, Phil. Mag. §, 27 703 (1914).

M. Siegbahn, Spektroskonic der Rntgenstrahlen, Berlin, Springer (1931)

Compton & Allison, X riment, New York, D, Van

Nostrand (1935), Po 645, , ‘

Monk & Allison? Un?versity of Chicago Metallurgical Laboratory Report CP 2120
Lind, West & Dulfond, Phys, Rev. 77 475 (1950).

Ggmpfon & Allison op git Appendix IX p 800

Grape, Ghiorso & Io'Perlmaﬁ, Unpublished data7

Allison, Phys. Rev. 30, 245 {1927); 32, 1 (1928).

Sg§bgrg,‘James and Mo;gan, TheWNéw,Eiement,AmericiumdNNEgéP?R Vol, 14B

Paper No. 22.1, McGraw Hill Co. (1950).



UCRL=670
Page 31

PART B, SOME LIGHTER ISOTOPES OF ASTATINE
INTRODUCTION

B Astatine was first identified and rerorted by Corson, Mackenszie,
and Seg;b,l who observed the 7.5 hour glpha decay of the isotope of mass 211,
.Later Kelly and Segggz reported the observation of the isotopes of masses
210 and 212, Meinke, GﬁiorsoAand Seaborg3 have reported isotopes of masses
2;4,‘215, and 216 in the new cOllateral.alpha decay series, AtR17 appears

as a member of the artificially oroduced neptunium seriesg4 A chart of isotopes

in this region is‘shown in Figure 1.

A1l the isotopes yet found are radibactive, with fairly short half
1ives°_ A1l those with mass greate: than 211 have half lives too short for
chgmical_experimentso Only those of mass less than 212 are chemically
identifiablé,‘ It has been suggested by Perlman, Ghiorso and Seaborgl3 that
there seems to be a éuite gudden decrease in the nuclear radius when the 127th

neutron is removed from a nucleus. This change evidences itself in a decrease

in alpha-energy in nuclei with 126 neutrons or less and an increase in the
alpha half-1ife which is sufficient to once more give the nuclei observable half-

1ives, Figure 2 is a plot of alpha particle energy vs., mass number for

astatine isotoves.

Chemically, these isotopes are of iqterest because of the light they
may throw uponxthe chemical mechanisms of the halogens, of whicﬁ astatine
is the heaviest, From a nuclear point of view, these isotopés are of interest
since they lie in‘the region above the closed nuclear shell of 82 protons and
below the shell of 126 neutrons. It is hoped that a study of nuclides in

this region may throw light on the nature of miclear forces and the mechanisms

of nuelear decay.
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Figure 1l

Chart of Nuclides in the Region Around Astatine
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Figurs 2

Plot of Alpha Particle Energy Vs, Mass Number for Astatine Isotopes
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EXPERIMENTAL METHODS
A1l bombardments herein reported were made by the University
of California 184 inch cyclotron on a probe target mounted in the internal
fcirculating beam of helium ions, The energy of bombardment was varied by

changing the radial location of the target., Bombardments were made on

strips of bismuth, on powdered bismuth, or on bismuth oxide. The bismuth

strip was held in a watercooled copper clamp while being bombarded to prevent

melting the strip. The bismuth oxide was clamped in an aluminum envelope for

bombardment, For short bombardments either bismuth oxide or powdered bismuth

was bombarded in the stainless steel target holders of the jiffy probe.
The techniques available allow one on the basis of muclides previously

identified to associate observed radiation characteristics with the mass number

of the nuclide producing the radiations, The individual methods will be

described later, but in general the tools available allow us to make the
following observations. The alohawnartiele energy and the individual decay

of the alpha groups observed in a bombardment can be determined using the

L% channel pulse.analyser, The mass assignments are determined by what will

be called "milking" experiments. These are experiments designed to identify

fhe half-1ife of a parént activity by determining the yield of a daughter
.aetivity as a function of the time allowed for the varent to decay. Milking
experiments were used to identify electron capture daughters by purely
chemical methods, and alvha decay daughters br chemical methods or by recoil
experiments (see below)., Gamma-ray and conversion electron energies can
alés be determined by tools aVailable? but complications which arise frbm
the similarity of radiations of the various isotopes and confusion from the

growth of daughter activities have not allowed these measurements to be useful.
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_ In the course of this study, a number of different varieties of
chemistry were tried, most of which turned ocut to be unsatisfactory. The

principal reason for the ﬁnsuitability of the methods tried was the slowness

of the reactions, The chemistry which wes finally evolved consists in bom~

barding biSmuth_oxide, dissolving this in concentrated HCl, adding some

FeSC_)4 as a_reducing agent, and extracting the astatine from this mixture

with di-isopropyl ether (DIPE). In bombardments of the sort used this
prpcedure{ with one washing of the DIPE, gave undetectable amounts of any
alpha activity other than astatine, If a plate was needed for alpha or
geiger:copnting, an aliquothf this DIPE solution was plated out on platiﬁum
or stainless steel counting platego“If a milking experiment was to be‘done,
some tri-butyl phosphate (TBP) was added to the ether solution after purifying
the astatine, Tt has been found'that polonium gxtracts Quantitatively

from TBP_inpo a 2M HNOy--4M HC1 mixture°5 At the same time undér these
cghditions astatine has a partition coefficient of at least 200 in favor of

the organic phase. This partition coefficient is measured after a veriod of
Difficulty

\ 6

contact between the aqueous and orgaric layers of only a minute.
and Segre

‘was found in using the procedures described by Johnson, Leininger,

in that when the chemistry was done rapidly, the astatine was always showing

up in the wrong fraction. Since the partition coefficient measured at equili-

brium for gll the organic reagents they, or we, have tried is quite high,

this must be due to some resction rate effect, The extraction into TBP was

the only one of the many we tried which gave a good separation of polonium
fromsstatine, After removing the polonium, bismuth, and.léad from the organic
phase,.polonium could be extracted into a new fractiop of TBP by destroying
the nitrate ién and making the so@utionﬂéM in HCl, This left the bismuth and

lead in the aqueous phasé° They could bé separated by precipitating BiOCl

and PbSOAo
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To perform a milking experiment; the astatine would first be

purified and placed in TBP solution. After a known interval of time, the

organic layer would be extracted, and the bismuth, lead, and polonium
brought out. These_could then be separated while the astatine.was set aside

for another growth period. This alternating procedure of growth, separation,

growth, separation, was repeated 4 to 6 times.

For very_rapid chemistry an "Astatine Boiler" was constructed.
This consisted of a stainless steel crucible in which was placed a water-
cooled metal finger with a platinum counting disk attached. The crucible
had provision for the use of a fhermocouple to measure the temperature,

The bismuth was placed in the crucible, the metal finger placed above the

sample and the bismuth melted. When the bismuth was just above its melting

voint, most of the astatine collected on the counting plate in 10 minutes

and nowother alpha activities could be detected. At a somewhat higher
temperature,“polonium began to distil over too. For the detection of the
activities of a half hour or less, 10,000 alpha counts per minute «could be
collected using a two second bombardment and 10 seconds heating in the astatine
Boiler° This activity was produced on the jiffy probe in the cyclotron,

Since the vacuum carrier system delivers the target in 18 seconds from the

cyclotron to the chemistry laboratory, the total time from bombgrdment to

the pulse analyser was 1ess than 1.5 minutes.

Some experiments in which the iong lived polonium were looked
for were performed by'extracting tbe astatine into benzene or DIPE, purifying
the organic phase at intervals, and then plating out an aliquot of this pure

astatine fraction, The astatine was allowed to decay completely and the

yields of the poloniums were then determined by the use of the 48 channel

oulse analyser°7 (see below)
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A method to obtain a physical separation of daughter atoms of alpha
‘emitters consists of collecting the recoil atoms from alpha decay which in
the presenﬁ case are atoms of bismuth isotopes. In these experiments, the
astatine was plated on silvef to reduce the amount lost by evaporation.
Now when an alvha particle is emitted into the plate, the energy of the
recoiling daughter nucleus is great enough to cause it to leave the plate.
In a vacuum this daughter nucleus can be caught on a second platinum plate
placed close to the surface of the silver plate which contains the astatine.
Some astatine does vaporize acrossvthe gap. This activity was removed by
fuming the catcher plate with H2304 to convert the bismuth to the salt. The
rlate was then flamed in a Meker burner to remove the residual astatine.
The bismuth could then be followed for decay.

Alpha energies and relative amounts of activities of the wvarious
astatine and polonium alpha emitters were determined using the'48 channel
pulse analysero7 This ingtrument when used with an ionization chamber

measures the alpha energy by measuring the amount of lonization produced by

the alpha particle., It sorts out the ionization pulses and registers them on

one of the 48 equal channels according to the pulse height. Since the amount
of ionization produced by an alpha particle is diréctly proportional to the

energy, within the limits of the measurements, a plot of the number of

counts per channel against the channel number furnishes an intensity plot

of the alpha spectrum versus the alpha energy. For the bombardments per-

formed with the jiffy probe, a method of photographing the register dials

was used in order to speed the time of taking points.

Alpha particles were counted in'ionization chambers at 52% geometry

from 0,001 inch thick platinum plates. Electrons and x-rays were counted

from platinum or stainless steel plates in mica window argon or xenon filled

geiger counters,
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EXPERIMENTAL RESULTS

, 1. 432}30 This is the isotope first discovered by Segre
and cofworkers° It has a half life of 7.5 hours and an alpha particle
of 5,89 Mev, It decays 60% by electron capture to the known very short
lived P0211(Ac0°) which has a 7.43, Mev alvha particle, This activity was

gseen in all bombardments,

2, A °

This isotope was also reported by Segféoz It is
identified by its electron capture daughter, the 140 day Pozl » which

decays by the emission of an alpha particle of 5.298 Mev. Also reported is an
1 Mev gamma ray associated_with its decay. The half life is 8,3 hours, No
aloha particle has yet been observed,‘but Neumann and T’erlman,8 by counting

the alpha decay daughter activity, 6.4 day B1206, have measured a branching

ratio of ca. 1% for alpha decay. At21o was observed whenever looked for
in thege bombardments,

20
3. At 90 This isotope has not previcusly been reported,

alvha group of 5,45 Mev, 5.5 hours half life is first observed in pulse

An

analyser curves at a bombarding energy of 60 Mev. At 70 Mev bombardment

energy, this 5,65 Mev group was observed to decay with a half life of
545 : 0.3 hours., Figure 3 is a rough excitation function of the activities

The amounts of activity observed at different

. observed below 100 Mev,
t211

bombardment energies were normalized to the excitetion function of A

determined by E. L. Kellyog, This 5.65 Mev activity seems to drop off before

the 4t°%% as indicated by Po’C% has reached its peak yield. Figure 4 is a

reproduction of the alpha spectrum from astatine prepared at 70 Mev showing

0 .
211 and the new activity assigned to At2 90 Figure 5

alvha-groups of only At
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Figure 3

A Rough Excitation Function of the Astatine Activities Observed
Between 60 and 100 Mev.Bombarding Energies, The points observed

have been normalized to fit the excitation function of Kelly® for At<1l,’
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Figure 4

Alpha Spectrum from Astatine Made at 70 Mev as Observed on the Pulse Analyser
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shows the decay as determined on the pulse analyser of the two alpha groups
observed,
Attempts have been made to identify the daughter activities by
direct chem;cal milking and by reqoil expefiments° Pure astatine was prepared
at 120 Mev purified aliquots of this were plated out at intervals, allowed

to decay away, and the yields of the various polonium iéotopes measured by

use of the pulse analyser, The method did not permit an accurate standard-

ization of the amount of astatine plated out so the yields are normalized to

an assumed 8,3 hour decay of Atzloo These results are plotted'in Figure 6 and

for illustration the alpha spectrum of one of the P, milkings is plotted in
Figure 7. These results indicate a half-life for the parent of 5.7 hours.

* The 14 day Bizo5 10 has been observed in fecoil experiments from
astatiqe made by 70 Nev bom‘bérdment° The yields of activities observed in
this experiment are plotted in Figure 8. 1In this experiment the chemical
iqentifigation of the activities was not possible. Another experimenﬁ,
particularly designed to chemically identify the 14 day activity, was a direct
milking of the bismuth activity from a sample of astatine prepared at 120 Mev.

209

Figure 9, The first of these_experiments indicates a half-<life of At of
From yield consider-

The yields of the 14 day activity in the bismuth fraction is presented in

5.4 hours, The second indicates a half-life of 6.5 hours.

ations, we estimate the alpha branching to be 5%.

b At208.' This isotope appéars, according to Figure 3, at an energy

less than 60 Mev, The Pog08 daughter from the astatine originally on the plate

? alpha activity,
207

L]

versists at a higher bombardment energy than does the At
and apvears at loﬁer energy than the activity which we have assigned to At

The experiment plotted in Figure 6 indicatgs a half life of 5.9 hours for this

isotope., Another similar experiment indicated a half life of 6.7 hourss No



UCRL-670
Page 46

Figure 5 | ) .

Decay of Sample Shown in Figure 4



600

CAGTIVITY'

100

s TOTAL COUNTS UNDER  x

«_7.5 Hr. At2!
5.89 MEV. GROUP

< 5.5%02 Hr At?®
5.65 MEV. GROUP

> 589 MEV GROUP

565 MEV PEAK

x COUNTS UNDER 5.65 MEV PEAK
AFTER SUBTRACTING MAXIMUM

POSSIBLE TAILING FROM At?2"

L |

1

1

]
5 20 25 30

HOURS
FIG. 5

5 10

- 35

14865-1



UCRL-670
Page 48

Figure 6

Decay of At Activities as Shown by Yields of Polonium

Activities Obtained in a Milking Experiment
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Figure 7

Alpha Spectrum of One of the Polonium Milkings of Figure 6
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o ' , Figure 8
Yield of Recoil Activities of 14-day Bismuth and 52-hr. PHR03 As a Function

of Time from Astatine Prepared at 70 Mev
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Figure 9

Yield of Chemically Identified 14-day Bismuth as a Funetion of Time From

Astatine Prepared at 120 Mev
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alpha particles corresponding to this activity have been observed., Thus the

branching ratio mist be 1% or less., Absorption curves were taken of all these

activities, Nothing which was distinetive was found.
Hyde14 has reported a 1,7 hour activity with a 5.65 Mev alpha particle

formed from the alpha decay of Fr212 at this mass number, We have been unable to
definitely identify this activity in astatine formed from direct bombardment of
bismuth since Phevsensitivity is poor because of tailing of alpha peak from

0
207 and the presence of 5.65 Mev At209°

2.0 hr, A%
5. At207o Starting at 80 Mev, this activity appears in the astatine

fraction. An alpha spectrum of astatine prepared at 90 Mev is presented in
Figpre 10, The decay of this activity as measured on the pulse analyser is
shown in Figure 11l. These results indicate a half-life of 2.0 hours and an

alpha energy of 5.75 Mev. _ _
On Figure 8 are also plotted the yleld of 52 hr. activity, presumably

P2, M from the decay of 81293 caught as recoils. This result, although

’

only two points had a perceptible amount of Pb203, indicates that this activity
is probably correctly assigned to AtR07, A chemical experiment was performed
in which a mixed fraction of lead, bismuth and polonium was milked at two hour

intervals from astatine prepared at 110 Mev. The fractions were allowed to
p1203

decay.for two days before final separations'were made so that the 12 hr,

could deecay to 52 hr szoBo “Polonium and lead fractions were removed at this

time ahd followed for decay. The yields of ?b203 were corrected for the‘varying

times of growth allowed., These results are plotted in Figure 12, The yield of

52-hr, Pb203 is seen to drop off with a 1.9 hr, half-life. The 2.0 hour alpha

: .20
group is thus established as At 7.

6, Atzoé; The polonium fraction from the experiment of Figure 12
showed P0210, P°208, Po206 and perhaps P0209° The yield of P0206 was meagured by
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Figure 10

Alpha Spectrum of Astatine Prepared at 90 Mev
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Figure 11

‘Decay of the Sample of Figure 10 As Observed on the Pulse Analyser
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Figure 12

Yields of PbR03 and Po?0® Observed in Milkings from Astatine Made

_ by a 110 Mev Bombardment
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following the gross alpha decay of the milked polonium, The At206 polonium
half=1ife indieated is 2.6 hr, No radiations have been idehtified as belonging

to this isotope,
205 .
To At™ 7, Figpre 13 is the pulse analysis of astatine made from

R EC—C—C——

bismuth bombarded in the jiffy probe with 275 Mev helium ions, The decay of
ﬁhese agtivities is shown in Figure 14, Values.are 5690 Mev == 23 min,,
6.10 Nev == 7 min, 6,35 Mev == 1.7 min, -

A milking egperiment in which polonium from astatine prepared at
150 Mev was first separated at timed intervals, the polonium then allowed to

grow bismuth for about 5 hours and the bismuth then separated out and plated

is shown in Figure 15, Both the 12 hour BL°* % and the 1 day B1205 10

were observed in this exveriment, Both seem to have come from about a
half-hour parent, The half lives are not different enough to allow us to
decide which of the two is the 23-min alpha emitter,

As has been pointed out by Perlman, Ghiorso & Seaborg,13 the observed
1engthening_in_half=life from what is expected on the basis of the Gamow
formula 15 using a smoothly varying function for the nuclear radius may be
.due to the existence‘of unpaired nucleons in the nucleus. ?hese unpaired.
nucleong probably lie in the highest energy levels, 4s the ﬁighest energy
levels are the one from which the alpha emission takes place, the odd nucleon

mist be paired with a nucleon from a lower level, which in turn must be

removed from its partner. This mechanism decreases the probability of having
nucleons in the appropriate configuration, two paired neutrons and two paired

protons, for the emission of an alpha particle., If only one mucleon is unpaired,
then the half life is lengthened by an amount, if two nucleons are unpaired

the half 1ife would be expected 4o be lengthened by a much greater amount.
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Figure 13

Pulse Analysis of Astatine Prepared at: 275 Mev on the Jiffy Probe

of the Cyclotron
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Figure 14

Decay of the Alpha Groups Shown in Figure 13
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Figure 15

Milkings of Polonium, and in Turn Bismuth, from Astatine

- Made at 150 Mev,Yields of Bismuth Activities Are Plotted

;?
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Inasmuch;as the electron capture half lives are not affected by this phenomehon,

alvha emigsion might be seen only from the odd-even isotopes, the ones which

have the shorter alpha half lives, In addition, the results reported herein

show that we have seen the alphas from only At211, At209, and At207, all

odd-even isotopes, Therefore we assign the observed 23 min alpha=-group to

44205
8o ét?OAO From the reasoning set forth above, with regard to

At205, we must say that this isotope has a half life of 24 minutes, no

measurable decay by alpha emission,
9., At?03. fThere has been no chemical identification of the daughters

from this isotope, As in Figure 14, there is an astatine activity of 7 minutes

half-1ife, Tt is the next higher energy alpha group observed after exciting

the 23 minute group, and it 1s observed at higher bombardment energy. The

alvha energy is 6.10 Mev, as shown in Figure 13.
24292, wo will assign none of the observed activities to this

10, .

mass number,

11, 4t°°%, Also in the bombardment shown in Figure 13 is seen a

6,35 Mev alpﬁa group, This decays (Fig, 14) with a 1.7 minute half life,
> v _
12, At201,  One other astatine activity has been observed, This is

‘a 6.50 Mev alpha particle, having a half-life of the order of 12 sec.
SUNMARY

. ”In view of the above results we canvmake the following statements.,
5209 is a 5.5 hr. activity exhibiting alpha particles of 5.65 Mev energy.
The branching ratio is not wellaknown, but is of the order of 5%, Both the
alnha déegy and electronwgapturé daugﬁter actijities have been obsertved,

At208 is a 6.3 : 0.4 hr. activity having very small alpha branching. The
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half life‘is known to at least 10%. At207 is a 2,0 hr, alpha emitter haviﬁg

5075 Mev alphas, This activity can Only be confused with At206 which by
gilking P9206 has been shown to have a 2.6 hr, half life, At205 and Atgo4
are both 23 minute activities as shown by milking experimentse A4.5,90 Mev
alvha is observed with this half life, and we somewhat arbitrarily assign»

]

0 o - |
it to 129, 4203 ama 8427 are both assigned on the basis that the obser-
vgtion of phe alphas from oply the odd mass numbered At207, Atzog, AtR1l

implies that only the odd mass numbers are observed to alpha decayo
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