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Abstract

The curved arystal spectrometer is described very briefly.
The proparation and mounting of sources of radon and radiothorium -
for use in the instrument is desoribed. Certain calculations of
line profiles to be ocbserved are carried out and a graphical method
is given which permits rapid estimate of the important featurea of
the profile &s functions of the source geometry. The eonstruqtion
of multicellular Geiger counters end measurements of their efficiency
are deseribed. The resultas of precision measurements of five gamma-
ray linea and one xX=ray lina of the radium spectrum lare glven, as
well as thosa of six gamme=ray lines of the thorium spectrum.



I
PREVIOUS WORK On THE GAMMA-~-HAY SPECTROSCOPY
OF THE RATURAL RAEIOHJWERTS- USING CRYSTAL DIFFRACTION

The energies éf nﬁclear-gamma rays have been studied through
‘the use of the following properties of gamaa radistion:

(1) Absorption of the rays in pessing through matter,

(2) Photoselectric methods.

(s} Natursl bete-spectra, excited by internal conversion
of the gamns rays, i.e., the ejectlon of a b;ata
ray ;p lieu of s ganza Tay.

(b) Externsl conversion, the photoelectric emission
of an electron f:bm an atom other than the one
emitting the gamna ray.

(3) The Compton effect,

(4) Diffrsction of the ganua ray by a cr&stal lattice. The
present work, measuremént by crystal diffrsction, has
been preceded by other work usiang crystal diffraction,
which will be mentioned briefly. |

The earliest work wes that of Rutherfoxrd and Andradel in

which the seme epparatus was used in two ways (fig. 1). At a certsin
distence g from the axis of the spparatus, geuua reys of a certain
wavelengih from source S undaigo partisl diffraction im the crystal
DDY some of them being bent,iﬁte the beam AB, and others continuing
in.the direction AC. A photograsphic plate (EE') shows darkening
throughout its area due to aﬁsarjtion of gaamms rays of perhaps several

wavelengths issuing in all directions from ths source., Superposed
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Fig. 2. Modifieation of apparatus of Rutherford and Andrade.
Through the use of a shield with a slit, the extinction lines
are sacrifieed for a large reduetion in background darkenlng

of the plate,



upon this general background, there could appear a pelr of light
bands, G and C%, caused by the diminutiom of the beams SAC and SA'C!
because of the selective diffraction of soums of the gamue rays of
the given wavelength (extinction lines) and there could sppesr derk
bands at B and Bt from the diffiacted gemma rays. Using the Bragg
low |
n\ = 2d sin 63 8; % 83  ea. (1)
where )\ is the wavelength, 4 the crystal spating, ei the angle
between the orystal planes of 1utarest and the incidant beam, 64
'the sngle between the crystal pldnea and the diffracted beasm, and
n an integer expressing the order of diffraction, together with the
simple gepmetrieal properties of the experiment; it is possible to
calculate from the loc;tion of théae bands the wevelength of the
- radiation which.they represent, The llght bands, beiﬁg separated
by a greater distance, zre capeble ofhproducing the more preciss
measurenents. |
However, if the background is high due t0 radiation of several
energies, the light bands dn not survive., A siéple modification
(fig. 2) of this exneriment is capable of brznging out more contrast
in the dark lines, In this case the lead slit FF' has been added at
P. By this means, the background h&s been elizminated except in the
center of the photogrsphic plate, 2t Q. Only the dark bsnds B and B!
appear, and they no longer compete with background. This form of the
_gfggriment is more approplate for detection of the weasker liﬁes.
pnother crystsl diffraction method, used by Frilley® and

Valadares5 mekes use of & rotsting crystal (fig. 3). The crystal

18 mounted in such & way 28 to rotate sbout a verticel axis lying
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in its face. When the Bragg _léms (eq. 1) 2re satisfied, pert of the

beam emerging from the collimator is diffracted through the angle

28 and registers as a dark baz_zd on ih_e‘ photogrephie plate, The crystel

is tumed_ slowly, of the-ordé? of one 6egree in four hours, and with

ekposﬁres of the order of one to ten days the spectrum cen be récorded

on the plste, This method is capable of higher resa}.ution and detection

of higher energy radlation, but it reguires very meful alignment

of the apparatus end careful study of errors, particularly in order

to establish the 'sere. wevelength position on the photographie plate.
Using these methodé, Valedares was able to make measurements

of most 6f:the sﬁxugger %~ray lines of the radius end thorium feailies,

and Frilley was able to eXtend the measurements to the nuclesr lines,

even to the polnt of dé%éaﬁing:the 2,18 MeV line of RaC, Preeisions

were limited by u:aaeﬁaint.iea in the ieasvrements of the plates;

Valadares esti:ﬁates his precision to be of the order ons psrt in

800 for the strungkx-ray lines in which they were able to detect

higher order reflections, while Frilley gives 0,5F precision for

the longer wave .;ﬁyés-i';@—ray lines), and 2-3% precision for the

short wavelength Vgamma TaySe |
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Fig. 3. Rotating erystal speetrometer as used by Frilley.
A lead collimator shlelds the photographic plate from
undiffracted radiation, If S0#0Q and the plate lies on
a circular eylinder about 0, the rays will be focused at

B as the crystal turne (Braggz. focmsi_ng). 0, the axis of

~ the erystal, lies in its face.



II

GENERAL DESCRIPTION QF THE CURVED CRYSTAL FOCUSSING SPECTROMETER

The curved erystal spectrometer has been deseribed slsewheres®,
and will not be explsined in deteil here, A8 an aid to understeanding
the remainder of this work, s echemetiec diagram of the spectrometer
is pressnted in fig.4. Briefly the operztion of the spectrometer
is as followsy Thé source of gasmma rays under investigation is
placed at 8 (fig. 4), surrounded by & lead shield and lead jaws
40 protect personnel and reduce background radiation., The radiation
of intereat passes out of en opening in the shield to the orystal
at Po If the two Bragg conditions sre satisfied,

aA=2dsln 65 &= 8 eq. (1)
where n is an integer, A the wevelength of the rediation, d the
inter-stomic-plene distance, 6, the angle betwesn the inc¢ident
direction and the crystul planes, and 63 the Angle batween the
diffracted direction and these planes, a small smount of the rediation
will underge diffraetion; (The planes utilized are the (510) planes
of quarts dygo = 1177.64 XU Siegbahn). The specirometer satisfies
the second condition automatically by virtue of jte design; the planes
are normal to the crystsl face and the kinematiocs ie such that by
turning the orystal through halfvthe angle through which the source
is turned {about the point P), the angle between the orystal planes
and the source is kept equal to the asngle between the planes and
the axis.of the collimators Thus the collimator 88 slweys in a
position to receive the diffracted radistion from the (810) planes.

The purpose of the collimator is to shield the detector from stray
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radistion and particulerly frem the main besm transmitted directly
through the crystal when working at smaell angles. It 18 designed to
offer the haximum protection possible from radiation in directions
other than its axisl directiom, while presenting as much opening as
possible to diffracted rsdiation. It does not influence the resolution
of the instrument, for its "window", the range of angular directions
which it will pass, ia far larger, by a factor of the order 200,
than tﬁa angle subtended by the aoufae at the crystal, This subbended
angle, usually of the order 10“4 radians, together with the size of
the diffraction and aberration pattern of the erystel limit the
resolution. If & source 6f the order of a centimeter in widih were
instelled, the collimator would then determine the resolution, and the
instrusent would be indeed poor by comparison with other muclear
spectrometers,

The resolution is constaut in wavelength for a given source,
and is of the order 0.1 milliangstroms, The preciﬂion is of the order
0.01 milliangstrome, AL 0.5 MeV, which can be considered a medisn
working energy for the instrusent, this represents a resolutlon of
about 1 part in 250, and precision of about 1 part in 2500, At ﬁhia
' energy the angle © mentioned sbove is about 0.7 degrees, 5o that
it ia‘difficult to see the angular displacement of the beam from
tbe central péaibiun.‘ This points up the nacéasity of a good collimator,
for the mein beam end diffracted bean are less then a degree apart and,
due to the low reflecting power of the crystal (proportional to Aia
the main beam is thousands of tises stronger than the diffrscted

beam,



The kinematic motion of the machine was very carafuily designed
by Prof. J. W, &, Dillond and described in & paper by hin®, These
' parbé ere indicétéd &8 the carrisges B, G, D, the bsams AP snd &P,
and the linkage SR. The gaametry will not be described here but
it results in e hct%ion' for which wavelength setting in milliangstroms
is very closely equal to twns of a2 screw. The disl is gradunted
S0 that with a vernier it cen be read to the asarest thousandth of
a turn {thousandth of a milliangstx'an).
| A maique feature of the tranamissien type apact.mmher is

" the fwb that a line can be detected and neesured on both aides of
center, This eliminatea the 'difficulty of -aacartaining accurately
the center of the i-ﬁéimment scele, o problem which crested trouble
for Frilley and others, This central positlon can change slightly.
every time & source is installed, for the source may be inaccurately
placed. By subtracting readings on the twé sides, a value of twice
the wavelength ‘is.obtained with no lose of accuracy, for ithe doubling
of the;; time of run occasioned by msking runs on both sides can be
ahown t0 result in en jmprovement of \/?2" in sccursey (due to counting)
Just as would be geined if twice 28 long & run were made on one side
and the center were atcurately known,

‘The curved erystal spectrometer has a luminosity small compered
with that of other instruments. Sources of 50 millicuries or larger
are ufually required but éome falrly good runs have been made with |
only 10 m¢ of Rn. The problem of intensity will not be further discussed

here but components of ii are discussed in other chapters.
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DESLGN OF THE SOURCE HOLLEKM AHD PRePARATION OF SOURCE BAMPLES

The préparation of tha’aource ssmples and thelr mounting in
the spectrometer presented two quite different problems in the case
of radom and in the cass of raﬁiothor&um. This results from ths
fact that radon exists as & ges with a short helf-life (8.8 days),
which can be compressed into a sasll volume if it is sufficiently
pure, while radibthorium, with a long half-life (1.9 yeers) cannot
possess ad high a specific activity, is very expensive, snd its fobri-

cation into & specizl shape is a difficult and dangerous task,

Radon scurces were prepsred in a fashion quite similar to
 that of producing radon seeds for medicel therapy. Aluminum tubing
was drawn to a spocific size and f£illed with the gas in & radon
puaping plaht.

Purification of the gas wus accomplished by the usuel methods,
using establiahed together with new techniques for buraing all the
hydrogen, absorbing csrbon dioxide and other gases in a zirconium
purifier, absorbing moisture in phosphorous pentoxide or potassium
hydroxide, freezing the radon in a liquid nitrogen trap and pumping
uway the gases, und finally fractionating off the lighter gases
using liguid nitrogen to cool the sluminum tube., It is to be remarked
thet even with these extensive purification procedures, the mixture
admitté& to the alwsinum tube consists largely of ilapurities, with

~only a small fraction of radon, by voluae,
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Two types of tubes wers prepared and used, whose cross adections
are shown in figure 6., In the first case, the round tubing was drawn
to 0,80 mn outside dizmeter by hend, starting with 1/8% soft aluainum
tubing., In the second case, the 1/8% tubiug was drawg to 1.5 mm o.d.'

A section of each piece was tihen further drswn to 0.80 mm in orxder

to form a nipple which could be attached to the puuping plant, The
large section was thén squeeged to thé oval cross section shown, between
parallel blocks of steel. After the tube filled with radon wes separated
from the vacuum system, the radon could be concentrated into the

. desired section of the tube, using liguid nitrogen, and this section
could be cut off to a length of about 35 millimeters, the proper length-
of source for use in the spectrometer,

Aluninum was chosen for its low absorption of gsmma rays,
consistent w;th goéd mechenieal properties at room temperature and at
liquid gos temperaturea, The pumping system had been intended to
£i1l gold tubing, but in the most criticsl oese, that of the 52,8 KeV
line, the gold tubing transmite spproximstely 3% of this soft radlation,
while aluminum tubing of the same Qimensions transmits 97%, On the
other hand, aluminum and gold share the property of work;hardening,
which was essential in msekiog a tight seal on the end of the tubs
in the operation of nipping it off. |

As was mentioned in Chapter 1I, the resolution of the spesciro-
meter is limited principally by crystal aberrations and by the width
of the source or source slit, whichever may be smaller. S8ince, however,
the eberrations result in & line width of 0,16 XU st helf maximum,
a3 determined by measurenent® of the 411 KeV line of Aul®® (fig. 9)
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Fig. 5. Cross-section of tubes in which the radon was
collected, The Tlat tube (right) afforded more volums for
the incidentel gaseous impurities, at the same time
presenting a narrower (0.l6mm.) source to the instrument.
The tubes were cubt approximately 13" long.

Source Tube, Aluminum

Souree Clamp, Steel

Sourece Jaws, Lead encased
in Stesl

ey

~
S
. \\\

Main Beam ~
of Radiation ™

Fig. 6, Exploded view of mounting of radon in the spectrometer.
The use of a separate source. clamp insures automatic alipn-
ment of the sective source.
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whose natursl spectral breadth is completely negligible, and since
1 am width at the source represents spproximstely 1 illiangstrom
spresd in wavelength, it is profitable from the standpoint of resolution
te reduce the width to 0.2 mm, but eny further reduction in width will
have little velue, for the crystal sberrations will spreéd the rays
anywey, ©8ince we are limited in the totel esmount of radon yleld available
in one pumping which sets = 1imit to the size of the integrated line
profile a3 compared with background, if the source con be compressed
into a width of 0,1 mm, the resulting line profile will bs high and
narrow, glving good counting stetistics in the presence of background,
and the resulting portions of high slope will be an ald in the precise
determination of 1t5 position.
| Using the round tubing with inside diameter sbout 0,15 am, it

bacane difficult to cowpressz 150 millicuries of Rn and 148 sgsocisted
liupurities into the required small volums, It was for this réason
that the chenge wes made to flattened tubing, The flattened tubing
contained approximately five times a8 much volume 28 the round tubing.

After the tube was filled with radon and trimned to the desired
length, it wes clamped in o scurce clamp machined for this purpose.
Thls asseubly could then be slipped 1lnto the chamber of the source
Jawa, which had previously been mounted on the spectrometer sourcs
table, ascertained to be perpendicular to the source table, and visually
aligned with the center of the crystal (fiz. 6).
3.2  Mounting of the F hori

Caloulations of intensity have indicated that ggMSTh§23 (6.7 year

228

1sotope of Ra) snd ggRdTh (1.9 year isotepe of Th) are possible

sources to be investligated in the curved-cryatal spectrometer., In
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the thorium disintegration series, gamss rays accompany the following

' disintegm_t‘.iona?: '

e e T o
gghn " gkt « (2
gothBE Ry (®
g2 e mnotBZ 4 4 (4)
Cage™?t o™ o (s
ammer®® . mp®B 4 g *(8)

A source of Mefh in equilibrium with its products would have the
bpoasibil:!.ty of emitting the gouma rays of sll six of the 'abeve' transi-
tions, while & source of EdTh .f;muld;aot give the gamms rays ammpanﬁﬁg
transition (1). Ga'the dther hend if a source of UsThy were 1o be
fabricated to order, it is likely that it would not be in seculer
' equilibrius, so that a separate source o.fi RdTh wouid be required -
in ordér te study gamma Tays subsequent to reaction (2). Sinee -
ray spectroscopy makes use of the active deposit of the thorium
emanation 66211 220 for pnrposes of czlibration, the gamma rays subsequent ‘
‘to (8) heve practicsl sigaificance,

In the light of these considsratinns, the high cost of fabrication
of these kinds of sources ruled out the use of MeTh for the present,
at least u'ntil the supply of less expensive but imporient nentron-
activated sourc_és has been investigated, and zlso mede it expedient to
search for a réadéy source of BdTh which could be used on a loan
basis. This search wes rewarded in the form of the RATh source®??
~.of approximately 150 me. which is owned by ONR Contract NS ORI-78
- Task Order No, IV NR - 026-012 of the Radiation Laboratory, Harverd
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Unive:sity, and very kindly loaned io thig task by Dr. R, B, Holt

and Pr. N. F. Ramsey of that laboratory.

‘ This source of RATh (fig. 7) suffers from three di eadvantagest
(a) 1ts shape is not suited to the special meeds of the spectrometer,
(b) it is sesled in 2 capsule of platinum~-iridium of such thickness
&5 to cause serious aitenmuation of the low and me&iﬁm energy gszma
rays, and (¢) the carrier is Thcg, ordinery thorium, which is very
highly cbsorbing to the low eneréﬁ lines by virtue of its high atomie
nuzber, Since the 0peration.of’transferring the radicsactive material
10 a better suited container would be s hazardous ome, it was thought
more feasible to "stop déwn' this sample ﬁith a £lit end ettempt

to obtain as much information as possible in this manner; This
procedure suffers ffom the fact that the effective stiangth aof the
source 1§ reduced by a substantisl factor, perhaps 8, while the b;ck»
ground radistion due to presence of the source in the lsboratory

is not reduced to the same degres by the slit jawe. The latter effect
is perticularly stroug in Rdfh because of the difficulty of shielding
the 2.82 eV strong line,

A further difficulty occurs in the use of slit jaws for high
eaergy radiation, in thet it is virtuzlly impossible to find s material
of high enough sbsorption teo mske & sharp definition of the beanm,

The problem hecomea.of such iaportance that & careful design of the
slit‘is justifiﬁd. This enalysis was undertsken by Harry C. Hoyt

and David E. Muller of this laboratory in connection with the remessure-
ment of snnihiletion radistion, and will not be explained in detail

- here. 7The conclusion wes reached, however, thst az slit with eharp
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Shading indicates
" ‘active material

Séurce Jaws, Hevimet inserted
in Steinless Steel

.Flg. 7. Radiothorium source capsule and mount. - The sSpacer
. is ne@esgssary to hold the capsule centereq at the level of
the center of the crystal _
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vdges {fig. 8) cannot be surpassed for defining a divergent beem

of high energy ;adiation, It 1s evident thal the materisl of which
the slit is made should have the highest linear absorpiion pessible
for the radiation of interest, ‘If the source is very wide, the best
use is madé of sthe abserbing aateriel if the slit gép is placed
nidway (in a fore-and-aft diréﬁtien) between the soufce and the
forward opening of the source hcld_er. " .—

The asterial of whichiﬁhe slit is febricstad is the sintered
mizxture develapekdk by General Electric Company wunder the trade name
Hevimet, of the feliowing eomposition (by weigt;t)s

80% Tungsten

6% Nickel

4% Copper
The mixture of powdered metels ls compressed in a aold by neans of
a hydraulic press, 10 a pressure of 80,000 p,s.i., then sintered
in & refractory furnsce at = témperat.ure slightly sbove the melting
point of copper anrdé allowed to cool, This task is heavily indebted
to Professor Pol Duwes of this Institute for very kindly preparing
and sinotering three blocks of the slloy. The physieszl properties
aTe roughly the following: Density 18,58 g/om®, calor gray, snt
machining properties resembling those of cast semi-steel, including
grinding, |

The jews containing the slit are shown in perspeciive in figure 7,
and in more detall in .figure 8. They consist of stainless steel
blocks with Mdevimeit® inserts, and they were ground by machine,
with greet eosre teken to :aaké the autsidé surfaces accurately parallel

and perpendicular, as the cage may be. This facilitates lining up
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the slit on the spectrometer source table, in order to mske it accurateiy
paraliel to the geﬁerators of ths cylinder into which the ecrystsal is
bent. Aﬁjusﬁment screws are provided to vary the width of the elii,
which can be closed completely or opened to any resscnable width

‘using shims or spzcers behind the source,

After the size of the slit is sdjusted using e fesler gage,

- the jews erc mounted on the specirometer source table and aliguned

a8 in the case of the rafon. The capsule of radiotherium is then slipped
inte the chamber iz such o way a8 to rest on a spacer, at the eorrect

beight zbove the source table.
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Plate 1

Source Bomb and Robot Operated Shutter for Background Measurs-
ment. The gource bomb with 1ifting hook in its hemispherical
lead cover can be seen on 1ts ball-bearing rotary and transla-
tory carriasges suppnorted on the upper beam of the spectrometer.
To its left is the robot operated shutter consisting of two
Jead blocks betwsen which the beam normally passes. The beam
is cut off when a motor rotates this through 90°, The precision

screw carriage and part of the lower beam can b3 seen in the
lower right hand corner of this view.
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THE LINE PBOFILE

It has been pointed out by Dulond sud Lind® that the shape
of the line which {8 observed in the curved crystal spestrometer
can bs represented as the fold, in & sense which will be éeecribed,
of the fbllouing funetions of the angle of spectrometer beams

(1) The function representing the response of the grystal

te essentially monochromstic radistion emitied from

en Anfinitesimally thin line located at s representative
foeus of the crystal. This curve which we frequently
call the 'yimiq'w“ ‘eurve of the cerystal has features
contributed by the reflection laws ("dynamical® theo¥y
of selective reflection), plus features contributed by
the sbarrations of focua of the eorystal, and wes best
measureds by the use of & very thin source of Au;ga.

Its dependence on the precision to which an individusl
erystal is ground end mounited so as to be bent to &
eircular oylindricsl shape makes this curve diffieult

to calculate theoretically., The observed curve.is here
reproduced (fig. 9). PFor caleulation purposes it will
be represented by & Gaussian function of half-width

et half-maximum ,08 mm travel of the carriage (.08 millieng-
stromeg on the scale).

{2} The function representing the shepe of the source, as

seen by the erystal. Fostures of this function are



contributed by the following:

{&) The width and shspe in horizontsl cross-section
of the souxce,

(b} 1If 2 slit is used to define a broad source, the
shepe of the 8lit and the effect of penetration
of its edges by the radiation of interesi,

{e} Possibility that the source may bs inacéurately
plﬁced.

These effects, ag they apply to the present case, will
be discussed below,

{5) Any inhomogeneity im the wévelength of the rediation
of interest, such as nstural line width, structure of the
line, Doppler shift or ééarading of radiation in Compion
scattering, Thres cases have thus far been encountered
in the operstion of the gamna~ray crystal’ﬁpectrometerf
(2) Buclesr gemma-ray lines represent the most comuon
| case, Their width is completely negligible as

compared with the instruzentzl width.

(b) Z-ray lines have an sppreciable width.

{¢) The annihilstion radistion hze an sppreciable
width, snd hag been -discussed abt soze 1ength5.

We shall now celculate certzin line prbfnes, end sittempt
to coapare them with the experimental results. |
| 4,2 Befig;tion and Method of Folding of the Window Punctions
Let us conslder a source of some definite shape, 80 thet

not =11 péints of its surface, as presented to the crystal, radiate
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at the ssme intenslty. We van charsmcierize eseh point of the source
by the sngle € which it makes at the crystsl with respect to some
reference line.ﬁﬁ., preferably the zxis of the source (fig. 10).

How lst us define a f.xﬁnetion ﬁa( ¥ ). which is proportiocnal to the total
intensity of radiation_of. a certain energy of interest, emitted by
points chgracseﬁéed by ¥, and arriving at the crystal. The total

| radiation strijing the erystal will evidently be proportional to

f #s( !)dg, integrated over the whole source.

¥e cen also define a function #, () as the relstive reflectivity
 {for selective reﬂéeﬁoh) of the crystal to rays of our given energy
- approaching the c_ryéstal at an sngle % (fig, 10) from the crystal
focus, This crystal foeus is on the focel circle on a line &t en
a.ngie e ﬁo thé rormal of the erystal, as shown in the figure.

These functions can be redefined us follows: If welet 3=z
and y = mr, where r is ithe distance from the crystel to the center
of carﬁ.age.Q {fig. 4) for the xr&vélength setting of interest, and
if we let ﬁs{ %)= £e(2) end gl ?n) = f4(y} (r is senalbly constant
throughout the diaéussion since $,4 eore alweys very small) then
we call £4(3) the source window and £.(y) the erystel window., 3 and
¥y ean now be measured in turns of the spectrometer screw (milliangstroms).
£, and fg can be normalized at will, | .

1f the sstting of the spectremeter is sueh'that the dista}nce
betwesn the crystal focus and the sxis of the source is X measured
at the screw carriage (fig. 10), ﬁl_ze smount of reflected radiation
-will be proportionsl to

g = fr(a) tlexnes, ey
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Haturally both fg and £, have values shich are substentially non-zero

enly for rather small values of their argument.s; £, is the line

profile, and the integrsl shows the type of fold from which it results.
If we use the following notation for the Fourler transform

of £(x}s

“F (a) = 723':: feisxf(x)dx, : ' (§3)

then the inverse transform is, for zll of our cases, where £(x) —» O

rapidly ag8 X ——p @ ,
) 0

| £(x) -.-7,}"- Img~i“? (s)g:a. (%)

In terms of this ootstion, the Fourier transform of the line profile
ie given by |
T, (s) =55 (8) Tp (8) - (9

end the method of caleulating the line profile from the component
windows counsists in finding the trensforms of the windows, them

obteining the inverse transform of their product,

4,& Fold of a Rectangle into & Geussian Curve

Let £g(x) = 1 when [xl< @
O when |x! 248

e rectengular window, snd let

£, = -# b’ (5)
m

be & Gausslan curve, The normalizetion iz such that the rectangle

is of unit height and the erea under the Gaussian &s l. Using eg. (2)
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we find, using 10 pw. 863.3 that

- - - A e
Ty () = A= SRR, T () = ok onl- gf2)

Using eqs (4) snd eq. (8), the line profile becomes

.fp(x) = -‘%— Lerf h{dtx) + erf h(d-x)]

The integration mekes use of Dwightl0 863.3 . The error function
orf u ie defined in'” Dwight 590.
4,4 Fold of an Exvonential Window into a Gaussisn Window

ket us now consider an exponentiel window,

fa= {0 e X <0

such a8 might be encountered in & tapered slit through whose edge -

(6)

(7)

radiation penetrates. We wish to fold this function into the Gaussian

of eq. (5)+ Using the formalism deseribed above, the line profile

becomes
fp(x) 2%53;?( -ax#af'za) El+eri‘ (_hx-%-g-)}' {8)

4.5 1Line Profile for a S1it

Consider a hypothetieal slit of the general type shosn in
fig. & with an open gap of width 2&, and suppose for ithe moment
that the sbsorption in the cheeks i& Such that the slit window is
given by (fig. il)

f,= (1 s Ix} =2 &
ersl [xl -8) = 1x{ > &
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The profile can be calculated from the profiles due to a rectangular
. window and due to an exponentisl

window, for by superposition TS
we. may a'dd"thé effects of three
regions, The effect of region { _)F Je-
il is giveﬁ in eq. (. ?}, The

I |
effect of reglon I is given by IiI | II : 1
replacing x by -4 1n eq. (8). : IL
Thet of region III is given by | | x
replecing x by ~x-d §n aq, (8).
The resaiﬁhg préfilé ‘iéf. Fig. 11 H:fg%hétical alit window

N

fp(x} = —%,- [eri’ h{d+x) + erf h(d—x)] +
+ L wx) + 22) freere [ 2]
+ =~ Xp (a(a-lrx) +' &2] {;—-erf fn_(d-i-z} + Q?n] *
+...§2-_exp [a{a-x) + ﬁz] {:wrf [n(a-x) 4@.]} eq. (9) -
Evidently, if we define the function
- 2 .
2 1 . a :
gl = - orf I + 5 exp [au + -;-h-ﬁ] {l ~ erf [hu + ’2%;} eq. (10)
then fgﬁz)u g(dex) + g{d-x) eg. (11)
In some cases it becomes asecesssry to study the affect on the

line profile of variation of d. The fact that g(u) is independent

of 4 makes it poseible to make guiock plots af. fy with various values
of d, It is merely necessary to make = single plot of gl{u), and

a tracing. By turning over the tracing, superposing the coordinate
axes of the two curves, then sliding the traciag to the right through

& distance corresponding to 24, we have then superpesed, with appropriate
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axes, g(d+x) snd g(d-x). It is éaay to adn two such curves with
dividers, and there results the line profile corresponding tc the gap
2d. This is an jllustraiion of a techmigue which can be applied
regardless of the form of the function representiug the absorption

in the cheeks, as long. 8 the slit is symaetricsl. In some cases
numerical integretion would .be necessary in order to find g(u),

bui once it is determined, t_he.'variation with 4 can be quickly found,

g( u) can thus be regarded a8 é kind of genersting function corresponding
40 & given slit st =& certain energy.

4,6 The Line Profile of the Slit for 2.62 MeV Radiation

In order to culculate in an approximaete wuy uhe line prolile
of ’2.62 eV radiation of Thi"-D in the Hevimet source holder {fig. 8),
the approid.matiéna were made that the Jaws are infinite in length
in the beam direction and that the source itself is of uniform intemsity
ip the direction of the beam. The source window bakes the following
form (all lengths have been referred to the focal circle):

fs,(x) = 2,, Ixi ¢ d

:.o.‘%,a_LLL.-_dJ.(l*_ll
fexp { ﬁnqz }dun 1x| 2 & egs (12)

where 2 § is the angle of divergence of the beam, 2& is the gap,

A the absorpition coefficieat, snd u is a2 varizble of integration
whmh varies with the angle of the ray passing through the Slit,
ell measursd in millimeters where appropriate.

This expression is difficult to integrate and probably would
result in additionsl difficulty in Fourier transformation. For the

present purpose it is considered sufficient to approximate the integral
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by an "average® exponentisl function. The function so chosen is
oxp f- %&- ( ix] =a)] for |x| > g, for 1t has approxdmately the
same 1/e value a8 the integral., Setting & = %f— in eq. (10), the
generating function was @mputed from the constents of the problem
and is shown in figure 12.

Since the height of the line is proportional to 2g(d) (ses
ege 11 with x = 0), it is possible to find an optimum value of d
for searching for the £.62 MeV line. We know that the line will
certeinly be wide compered to the interval between points on the
wavelength lscale, a8 we scan the line., Hence we may assume thal the
bast éhance of finding this weak line occurs wshen the ratio of peak
to background is 2 msximum. Since the béckground in thias zhort-
wavél_ength région is almost proportlonal to the. strength of the bean,
the problem simplifies to that of finding the value of 4 which results
in the highest ratic of line-profile height to source window ares.
| ~ From the coastants of the problem, the source window area is given
by 0.11 # 24 (the source window is of unit height). A simple graphical
analysis gi?as a broed meximum of this ratic neer 24 = é.OB. Referring
this to the foesl circle _givas_ 0.068 ma for the best width of the
source, with wide limits becsuse of the brosd maximum., This value
. was used in the search for the 2,68 MeV line, with negative results
however, -

- There 15 plotted also the g(u) (in this case an error function)

corresponding to the rectsngular window. This curve has been used
to obtain the line profile for the 238 KeV line 11r§y of ThB-C,

with 24 = 0;125 mn since the cheeks are so sbsorbing that only the
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'gap is iamportant, The observed width agrees well with the czleulsated
width (fig. 18) . 
4.7 Radon Line Profiles | |

Oné_Sburce of En in the flattened tube displayed a steeple-like
line profilé (fig. 14). This is thought to result in some way from
the‘pacﬁliar distribution of sctive deposit in the tube (fig. 5).
8ince most of the active deposit is on the flattened sides of the tube,
-the scurce window approximates two s-f_unct.iona separated by & distance

2d = 0,16 ma, Inserting appropriate functions in eq. (1) gives

: N o:. o o .
fp(x)s-ﬁr-; J; [5(z-d)+ S(Zq-d)] exp [ -0z +x) ] 4z

= -ﬁﬁ exp i;hg (x+d)2} + # exp g---ift2 (x»-d)} s 6Gs {13)
the sum of two Gaussian curves ﬁisplaced from each other. .ﬁppmﬂplately
one~quarter of the activity of the source, however, is on the rouaded
i‘x;ont and rear gides, and this portion would be expected to produce
& more peaked iLype of profile. The pesks of the Gaussians would
be expected to give rise to the bends in the sides of the liné profile,
Thus the main features of the linme profile are thought to be explained,

at leest qualitatively, by the source ma‘keu;i.-
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THE RADIATION DETECTOR

Development of a suitable radiation detector for use with
the curved-crystal spectrometer was one of the most exacting problems
to be encountered in connection with the insirument, The following
properties are sssentisl in Suéh a radiation detector: |
{1} BRigh efficiency to gamma radistion.
(2%{ The detector must be of such a size that it will zceept
tge entire diffrected beam, thus meking use of the entire
‘area affthe quarte oryatal,
(3) Small volume, comsistent with this large asres to the
| beam, is desirable in order to reduce the semsitivity
of the gounter to background radiatdon.
(4) Spurious effects must be kept at s minimum, in order
to insure that the statisticel precision of counting
is laited only by the nuﬁber of countis reglstered during
a meaSur;ment.
The fbllawiﬁg three types of radiation deiectors have been
congidered;
{a) Geiger counters
(b} Proportional ceuntéra
(c) Sciﬁtillatian counters
5,1 The Origins1 Gas-filled Counters _
The original multicellulsr Geiger couwsters for this instrument

cre developed by«Lindll. Enclosed in a round steel tube of &M
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insgide diameter were from six to ten coaxisl pletes of cathode material,
‘ususlly lead, s.p‘ac'e_d 5/au, Interposet_i between these plates were the
anode structures, :supgdr.ted on a central rod, These structures
consisted of four tungsten wires of 10 mil diameter arrenged in a
cross in .order to give good cavei‘age of the space beiween the _platea,
- and whose four free ends were coated with glass beads to avoid high
field, | |

These counters were 103 efficient at 1,2 MeV, =3 zeasured
by coincidence methods using ﬁze, ganue redistion of £o%0 (see p. 486) .l
They had the disadventage of short life, & few months at most;, and
frequently i'equired complete digasseumbly and overhaul,

5.2 Four-wire Counters of Square Cross-section

The construction of & new and larger ce],limatorla made it
profitable to incresse the ei‘ea_éf the detector to 3% x 3%, as prosented
to the diffructed besm., New counter eovelopes were construsted
of square tubing S“ in inside dimension and 8" long (fig. 15).
Counters were designed using square pletes lying in planes normal
to the axis, and bearing 3/8" noles srranged on a 1 1/2" square,
~ After the plates had been jnserted, with 1/4" thick square spacing
rings, the four =node wires of 2 ail tungé’t.en were strung through
the holes,

A grest deal of difficuliy wes experienced with this type of |
counter in atiempts to make it work satisfactorily. These attempts
were continued because in each atiempt it was possible to show some

counting character in the tube. The undesiruble symptoms were of
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two types; either the tube showed many spurloust counts immediately
after filling, which usually meant that a spark discharge sas teking
place, or, a3 was more freguent, the tube showed a good c¢haratteristic
soon after filling (when proper mixing of the gasés had teken place),
with & counting range of about 100 voltis, But after one day of lying
idls, the discharge voltage (the high-voltage end of the counting

range} would begln to cresp down, swallowlng up the plateau, until
after & few days thexcounter would simply go into discharge imuwediately
after ﬁeginning to count {{fig. 16).

'_Thé effect of cathode materials was tested using solid plates

of five different materials, Bi, Pb, Cu, Ag, and Ta, . The only suceessful
counter thus made was with Cu plates, The other materials were uniformly
unseccesaful, with Bi perhaps worse than the rest. Counters with Bi
(75% BL and 25% Pb) appeared to spark or éischérge more Teedily
. than was usual with other materials. It was possille to eiectroplate

Cu on the plates of Bi, of Pb, and of Te. This was done, bul no

- egrtain improvement resulted,-

- Spurious coﬁnts-made themselves evident on the oseilloscope
screen, where they appeared as groups contalning a large or = smell
nunber of counts, which were presumed to follow & b&na fide ecount.
Individusl spurious counts could be reedgnized if they followed ths
main count so closely that the counter or the circuit did not have
time to recover completely., JIn this case they were not of full
height, Some of the possible causes of spurious counts will be
explained,
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The plates were preparéd by careful cleaning with steelwool,
nitric or hydrochlorie acid, snd rinsings in distilled water &nd acetones
In some cases they were trested in a degreasser using carbon tetrachloride,
in shich the solvent collected on the plates sud dripped off. -The Final
‘rinsé was ﬁsually clean acetone, and the plate was warsed while it
wab drying in order to avoid the condensing of moisture sad subsequent
oxldation of spot8 on its surface, In some cases the platek of Qu,

Ag, or Ta were baked in Hy st 300° C, and in vecuo at 600% to 750°,
then installed inmgdiaiely. In all cases they wers inspected carefully
on sssembly to make certain that they were frse of Gust and athér
foreign mg'btér,. a5 were gll other internsl parts of the counters,

Ancde wires were §£ W, in most ceses .00Z inches in diameter;

The four anodes were arranged in peire, with eech pair consisting

of a single wire, The-wiTe was soldered into & Kovar wsuléted

bushing in tne rear of the cd—untér daée (fig. 15}, traveled through

one set of holes to the front of the counter, traveled over two glaes
rods to an-adjacent set of holes, thence through thisz se¢oad sei

of holes to another Kover bushing in the resr of the counter, Since
the two ends o.f each wire were brought to comnections outside of

" the csse 1t was possible {0 glow the wires in order %o burn off dust

and lwpurities, By this process it was shown that several times the
anodeé were at fault, for glowing them restored the counter to temporary
operation, I. '

In a few ease_é, glalss beads were placed on the anode wires
st 2 inch imtervels in order to halt the spread of the diadzérge,
with the hope that deterioration of the quench gas end deterioration

‘or excitation of the cathods surfaces would be minimized., These



39

£i1ling -
50'_. T .
Counts - 40 7T
per "
minutes 4 of Tilling
Scale 64 ' '
10, 4
0 {  + NS BN e e e
1100 1200 1300 - 1400 - 1500
Anbﬂe“pctential; volts
| (2)
- 160t
Ceounts
- per ' , _ .
- minute - - 1207
Scale 16
) 80_..
40.
.0 + + + $ ¢

900 1000 1100
Anode volis

(B)

' Fig, 316, Charsctsristics of two types of Geiser
counters of square cross-section. (4} Typical chsracter-
istic of straight-vire countor. (B) Charscteristic of
circular-anocde countsr. '
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attempts feiled; the counter showed no Geiger éction, only discharge,

Severel preczutions were found to be necessary in order to
aveid sperking aﬁd leakage of the high voltage, in addition to the
elimination ef dust anﬁ other foreign particles alreeéy mentioned,

The insulating bushings (msnufactured by Stupakoff)} were clesned

with scetome both before and after their agsenbly into the cases.

They have been known to show leskage when this is mot done; end

this leskage shows up =& "grass" on the osellloscops screen. As
enother precaution, the holes in the cathods plates were carefully
polished after they were punched, and the edges were rounded, In

the case of thin plates, 005" end thianer, they were actually flanged,
80 that the sharp edge pointed in a direction normel io the plate
rather than directly toward the wire. In soue cases of persistent

. sparking, or wheTe many Spurious'ccunta appesred in the counting renge,
.the holes wers enlarged to 1/27 diameter, The one successful counter
nad 1/27 holes.

4 great veriety of mixtures of gases were tested. In all cases,
argon was used as the principal component, end various quench gases
were usSeds Petroleun sther, alcohol and ethylenz exzhibited much
the same propertles, A great change in the bebévior of the counter
resulted from the addition of a spell amount of ethylene dibromide,
This compound has the property of absorbing free eleetrons, and by
so absorbing elecirons in the regions of wesk field wlthin the counier
it was able to diminish the counting réte by 2 fector of about ten.
Even after the mixture was pumped out end repleced, the small trace
of ethylene dibromide remsining in the counter had effect, and the

counting rate waes one-third the normal counting rate. It was not
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possible to find s concentration of this substance which would eliminate
spurious counts without a radical reduction in sensitivity.
Operetion of the counter wag s strong, bubt not criticel, fumection

of the total pressure of gas and the percentage quench gas, but it
was geldom difficult to find s combinstlon which would work, With
& .002 inch dlemeter anode wire, representative filling mixtures are
5% ehtylene or petroleum ether in srgonm, totsl prossure 34 om Hg, and
3% ethylene in argen, total preésure 80 cm Hge Otner combinstions
were tested, ranging in total pressure from 10 cm to 75 cm Hg and in
quench eoncentration from 2% to 15%.

| 4 large number of theories were advanced in explanation of our
difficulties, and very few have survived examination by experiment,
It i8 known that regions of wesk fleld in the counter can accumulate
free electrons and negative ions during the Geigar discharge, and these
electrons can subssquently drift into stronger portions of the field
t0 cause delayed cCounts. 0# the other hend, regions of the cathode
et shich the fleld is large cen exnibdit the so-called Peetow effectld,
.which ia thought to result from excitation of the cathode surface
by photons from the anode avelsnche, and subsequent relesse of an
elecﬁrun from the cathode, to cause a delayed count, This results
in an excitation of the couynter ai high counting rates, which we
observed by reducing the voltage to normal operating value after
spark or glow discharge, and observing that the counting rate reduced
only very alowly; in a2 matter of & minute, If, now, the geomeiry
of the counter is extremely radicsl, that is, if the field takes
on very high values and very lﬁi values st different parts of the
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cathode, it muy be iiposéible to find sucth & quenching mixture thst

the eathode will be guenched for s suitable snode operating voltasge,
whils at the sane time all paris of the gas volume will have sufficieat
field to clear out - stray elections.

It was, as a matter of fact, possible to bulld = lasting
counter using the same parts, provided that the gaametr& was modified
to # less raéical geometry., This itends to vindieate the asthods
used iﬁ.the construction an&lpreparation of parts for the counters,

4bu£ does not explain.shy one bf the four-wire tubes (in contrast
'to alx unsuccessful but spparently identical other attempts) performed
satlsfectorily for meny montis. '

5.8 Sguare Counters with Circular Anodes

.In order to recreate {he conditions of the 4-prong ancée

. parallel plate counter, which ﬁad known sous Suécess, anoée struetures
were made in the shape of circular loops of 4 ail tunsten wire, end
supported by rods passing through holes in the cathode plates, With

the exceptian of the asnodes, the same psrts were used io constrﬁct
these counters, three of which wers zssembled. Plate spacings of 1/2%,
5/8%, and 1/4" mere used, With small plate Spacing it becoses difficult
to held the‘geometrical tolerances clogely emaugh o aveld sparking
between & portion of the anode and the cathode, and to make the plateaux
of the individusl sections overlap to the extent thet they can all |
aperate at the same applied voltage., With reasonablg care, it was |
possible to assemble a counter of ten cells, which exhibited & platean
of about 100 volts {fig, 18) with a filling mixture of 80 cam total

pressure, argon and ¥{ petroleum ether, This counter was never used
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in the spectrometer however, due to the developaent of the seintillation
counter,

5.4 Use of the Multicellular Counter in the Spectrometer

In Operaiion, the wulticellular counter wes placed in an ssseambly
such thet it was surrounded by fourteeu Geiger counters and the entire
assenbly was supported behind the collimetor and surrounded with 4P
of lead for shielding against gamus ray bsckground., The fourteen
countors which surroundsd the wein cownters and which were intended
to reduce the background counting rate dus Lo penetrating cosmic
ray perticles, were connected in anti-coincidence with the wain counter

.so thut an event which ectuated one or more of the proteciive ("anti-
coincidence®) counters would not be registered in the scalar, even
if the main counter were simultensously actu&te@ by the svent,

A block diagram of the electronic circuitiry is shown in figure 17,
The provision for coambining the signels from ths asin and znti-coincidence
counters is indicated., Hultivibretor quench circuits were provided
for all counters in order to preserve thedir life, to give a flatter
counting characterigtic, and te form reliable pulses which could be
used in the anti-coincidence ond scaling circuits. The high voltage
and power Supplies were regulated in order to ainimize changes in

 the sensitivity of the counters and in the operation of the eircuits
due to li?a voltage chenges, For the purpose of'automatic operation, -
the scaler opsrated & printing register in the robot observing mechanism,

226 The Efficiency of Multicellular Counter Tubes for Gamma Rays

The efficiency of = geams-ray counter with thick coaverter

walls has been shown'® to be egqual to the sum of three terms, corresponding

to the photoelectric effect, Compton effect, snd pair production.
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Often oune or two of tuese terms will be negligible coampared io the‘
third, In ezch csse, the term is proportional to the product of the
absorption coefficient for the process to the radistlon, snd the range
of the sleciron secoundariess 1 the effective range of the secondarics
is greater than the thickness of the platesd, then the range is to
be replaced by the thickmess in the expression.

For each process, the eifficiency is an incrsasing function
of £, 1In the case of the photoeslectric process ii is proporiional
to Zé, disregarding absorption edges, while in the case of Compton
conversion it is & slow function resulting {rom & legerithmic factor
in the electron snergy loss by collisionls. For peir production
tns efficiency should.be proportional te¢ Z. The incresse of efficiency
with 2 is confirmed by experiments'® aud it is for this reason thet
we attempted to meke pletes of elements of high Z.

The sfficiency of a counter of a given meterlisl is greatesi
at a given energy if the plate is umede of thickuess eyusl to the
range Gf,theveecondaries of ihe predominant process, provided that the
gania~-1ay absorﬁtion is sumell in this thickness. However, when &
nusber of such plates are placed in tendem, tne last plates heve
.leas radiation than the first because of the zttenuation of the preceding
plates, By reducing the thickness of tae plates by & calculated smount
it should be possible to incresse tne efficiency of the counter by
giving & more equiteble disiribution of radiation zlong the length
of the counter, This was done in some of the later counters designed

for certzin energy ranges, but as has been mentioned, it was iapossible

to meke these particular couniers work satisfactorily.
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It is of intersst to carry out & calculstion of the efficiency
of & gamma-ray counter znd to compare the result with thet which can
be observed, Let us consider a counter using 10 plates of Pb .05 em
in thickness, meesuring gammsz radiation from Goeo, which csn be considered
to be of energy 1.% MeV., 1If we wish to assuse that ell the secondaries
travel forward, we find that since the range is sbout .08 e¢m and the
absorption coefficient 1,2 cm™r, ell of the seconderies should get

out, andé the efficiency per plate is
€, = (1.2) x (.05) = .06,

The ?ffeet of 10 plates, if the abso:ption of the beem by the plates
is teken into account, is o amultlply this efflciency by 7.7, and
the resulting overall sfficiency would be 46%.

The assumption that all the electron secondaries get into”
the sensitive volume is, however, highly optimistic. 1In fact, curves
of Geiger counter efficiencyl7 indicate that a counter with a>thick
Pt cathode should have an efficiency of 1.4% at this energy. Lf
we assume that Pb with thinner walls end higher Z, has the same
efficiency, the total efficiency for 10 plates will be only 10.8%.

A measuremant was made of the cobsolute efficiency of this

60 radiation, This radiziion consists of one 1.1 MeV

coundter using Co
gammy ray and one 1.3 MeV gaunz Tey for every disintegratlon, in

coincidence. The specific activity of a Co° sample is so high that
the self-absorption is negligible. Also there is very litile or no

direction correlation between the two gamme rays, They are therefore

taken &8 two 1.2 MeV gauma rays with no absorption or correlation
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but in perfect coincidence.
For this messurement two counters were used (fig. 18). One
was the ecounter of 10 cells with 4~prong anodes and Pb plates, deseribed
above; the other was of 6 cells, the plates consigting of 100 mesh
brass wire geuze piated with sbout 0.05 cm of Ags The two counters
were shiclded with 2" of Pb end the Pb-plate counter wes protected
with cosmic ray anticoincidence eoéntera. in ithe position shown
in the figure, measurements are msde of the individusl counting
rates and of the coincidence rate, If we sssume all of the counting

60 source, end if we lebel the Pb-plate

to be genuine ancd due only to the Co
counter #l, letting Ny, Ry, and Hyo be the individusl counting rates
and the coincidence rate, and & the (unknown) strength of the source

in disintegrations per second, we may write

where ¢ is the probability (proportional to solid angle and to
efficiency) of counter §l registering an arbitrary gazma ray from

the souree, and similarly with .. With no enguler eorrelation between
the gamza rays, we can write the probability per unit tize of both

counters reglstering the rays of e single disintegration,

Eliminating @y, 7 from these two expressions resulis in

S = Nilp

ege (&
312 ge (8)

Knowing S, we can find the efficiencies of the two counters by counting

with this source at a large distance r and applying eq. (1) with



48

Source
27‘1 Pbﬂ

777 7
7 ;

77

L7, -
7 [ | .
7 |-

G A,

Fige. 18 prerlmental setups to measure absolute
efficiencies of ramma ray counters:; (A) setup for measurement
of absolute source strength (B) oetup for measuremeht of
counter efficiency.



6 = (area of counter) x €1

5 eq. (4)
4T

here €, is the efficiency, which we cen now find,

In the spplication of this method, the individual counting
rates must be corrected for dead time snd for background counting
rate, and the observed Ny, must be corrected for accidental colneidences
and for a background coincidepca r&te, probably due to cosmic ray
showers and the like,

Thie experiment ylelded an efficlency for the Pb-plate counter
of 10.2%, and for the Ag plated counter of zbout 5%. Thus it i3 evident
that sttempts to celculate efficiencles of gamma ray counters are
difficult, requiring more knowledge of the behavior of secondary
electrons than is readlly avsilable.

5.8 2 Check of Counting Statistics

It has been mentioned above that one of the necszssary properties
of a photon counter i8 that of good statistics of counting., This
necessitetes freedom from spurious counts, and constancy bf seneitivity
with time, A very semsitive test of this property is provided in the
%chi~8quared® teatla. For this test, the total count is meassured
a number of times for a glven time interval and with a consiant
source, Different observed values will, of course, be recorded
for these different trials, due to the randomness of distribution
of the pulses, From these observéd values. a quantity 12 is calculsted.
The function g( 12)’ listed in tables, gives the chance of observing
this value or a greater value of X & if the distribution of counter
pulses were perfectly normal. Let x; be the yth measureaent of the

count, in individual pulses, where N such trials are made., If x
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is the expecied value of the count, which can here be teken «s the
arithmetic mean of the R observations, the value of chi-squared is

defined to be
] .
K= 2l
1

The function g(‘xz) is found by entering the teble with the value
of x2 and the numbér of degrees of frecdom. The number of degrees
of freedom is here taken to be B - 1, beczuse the § numbera,xi, rather

than being independent, are connected by the single averaging relation,

B
]E % =8z
1l

As an exaaple of the spplication of this test to a Geigsr
counter, let us examine a porticn of the specirometer sesrch for

the low energy lines of Talaa

, which was counducted by J. R. Brownt®
using the counter with & mil copper plates. The dala sppear in the
following tables

" DAT4 OBSERVED FOR THE PURPOSE OF A CHI-SQUARED TEST OF & COUKTER

Screw Setting Observed Cownt Nominal
Devietion o
%;/16 (%4-115)/16 {xg~115) %/16"
EL.82 118 -2 4
56 119 4 . 18
60 118 , 4 ie
+84 1l4 -1 1
[} & llg ' 4 16
72 114 -1 1
o 76 118 1 i
«80 112 -d 9
«84 12 -3 €]
«88 117 2 4
« 92 118 4 16
+ 96 lzzg 7 48
52.00 | 117 2 a
04 117 2 4
1 1

.08 114 -
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DATA OBSERVED FOR Tk PULPOSE OF 4 CHI-SQUARED TEST OF & COURTER (Cont.)}

Serew Setting Observed Count Hominal
Deviation 0, 8
% /16 (xi-us)/ls (x;-115) /16
52.12 119 4 ié
Sum 187
Average 118,44 1.44

Sines no line appesred in this region of search, it is reasonsble
to0 assume that the counting rate should have remsined constant,
The nominzl deviation was obtained by subirscting 11§ in order to
facilitate use of a device for obtaining the sum of the squares of

the devistions in a simple menner, This becoues

18 ' is

Z (x, = 116.20)% = 37 (5 - 115)% - 16(115 - 116.44)% = 134
1 -1 ,
Since the counting hes been sczled down by 2 fattor of 16, this

factor must be introduced in ithe numerstor in order to assure that
individusl counts have been considered, for scaled-down counts camnot

be expected to follow z Sormsl distribution. We obtain

7 _ 16%184 _
116.24 = 28+4

Entering a teble of the X & distributionls‘, we obtain, for 15 degrees
of freedom, g( Xg) = 0,245, A test on an sdjoining region gave

g( xz) = 0,852, Ia the former case, this means that this run shows
greater deviation than zbout 75% of similar runs (same coun%ing rate
and same number of samplings) using a perfectly random counter, so

no definite information is furnished by ihis test 28 to the randomness

of eounting.
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The randomness of counting in this instance is limiteé by the
fact that the scalar rounds off the totel count to the nearest 186,
since only the register counts can be prinied, Counts stored in the
scaling circuit (lights) are dropped if they are less than 8 in number,
arfd & register count is added if they are 8 or more in mumber. It
can be essily shown thal the r.a.s. error introduced by sﬁch resetiings
15 0,214 Tegister counts, In order to obtsin a fesling for their
possible effect on the zbove test, note that the standard deviation
to be expected for a total of 116,44 reglster counts is 2.7, and since
the error introduced by resetting should sdd in guadraturs, the effect-
on the value of J(g will be negligible, ‘

"In order to see how éenﬁitive this test is to spurious counts,
we may note that & 35?5 ihcrease in xa would result in a reduction
of g 12) ‘to ebout 0,086, ‘.Phia-' might be'expected- if the experiment -
were $0 be repezted with the counter in such a condition that one-third
the boua-fide counts wers accompanied by single spurious counts,
The conclusion is that the copper-plate Geiger counter é@splays
good statistics, 8o that its true efficiency is not apprecisbly
impsired by this considerstion.
5.7 _Proportional Counters

Use of the counters in the proportionsl region was contemplsted
for a time, and was proposed in the hope that this mode of operation
wculd increase the 1life of ihe'counter, since the quenching actioﬁ
in the Geiger reglon is supposed to destroy quench ges and td poison
the csthode surfaces. Accordingly one of the 4;prong angde counters

mentioned above wes connscted as & proportionsl] counter using a
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Jordon-Bell amplifier snd cathode follower preamplifier, and the
pulse height spectrum was studied, This spectrum showed s predominance

of pulses of low vollege which merged with the nolse spectrum of the

amplifier (fig. 19). This was interpreted as resulting froa the fact

that of the eleectrons emitted from the cathode-converter plates. of
the counter, those of low energy predominste, a8 would be expected

in the case of Compton scattering, and a large number of gﬁmma*ray
glectron conversions in the counter result in voltage pulses too
smell to be detected whereas their elecirons would have caused Geiger
ecounts, This fesar wae'ccnfirmed by the fact thit fbf the backgrouﬁd
radiation in the laboratory, the same counter acting as = Geiger counter
hed & much higher couniing rste than as a proportional counter with
the pulse height discriminator set to the top qf the noise spectrum,.
In the case of a counter in which conversion takes place in the gas,
for instsnce the Xenon-filled counter used by G. L. Felt? in recent

neasurements of b/e, this loss of efficiency should not occur, for

there are no plates in which to slow large numbers of secondaries

to the peint shere they cannot czuse counts larger than noise.

It was concluded that the use of proportionel counters at
nuclear energies would introduce such z loss of efficiency or decrease
of stability (because of a possibly unstable discriminator separating
noise from pulses) that it was not & suitable detector for the curved
crystal spectrometer.: |
S48 The Sciﬁtillation Counter

The most satisfactory answer to the detector problem appears

to lie in the scintillation counter in present use with the instrument.
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Fig., 19 Differentisl pulse height spectrum of the
proportional counter
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L block disgrem of the scintillction detector is shown im figure 20.
The following festures are provided:
(1) The scintillating phosphor is a crystal of thellium
activated scdium icdide, s cense material of feirly
high atomic¢ number, providing high absorpiion to nuclsar
gammg radistion,
(2} 7Two phototubes must.simultaneously respond to a light pulse
within the erystasl in order for the pﬁlse 1o be recorded,
This redauces the response 1o phototube noise to a negligible
velue since such noiSe pulses cre not in coincidence.
(3) Pulse height diseriminakors are provided, which allow
pulses of on adjustable band of heights ic be rscorded.
By thi$.means it is possible vo eliminzte large pulses,
such &8 those due %o penetrating coamic ray partieleé
and background radistion of high energy, aand to eliminste
very small pulses, as those dus to asccidental coincidence
of noise pulses in the two phototubes or low snergy
background radiation.
(4) The sealar is so wired that it works in conjunction with
the automatic observing mechanism.
For a amore complete description'of the design and operation
of the scintillation detector, see reference 2l.
.In efficiency, the scintillation detector promises to be from
tares to seven times beiter then Geiger counters, depending on the energy
of the radlation to be measured. It has indefinite lifetime and is

aore reproducible than a Geiger counter. It can operaite over a wide
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range of eunergies with mere changes of the controls.

The present problem with regard to the scintillation counter
is thaet of eldiminating spurious effects such as chaingas of pulse height
and extra counts. The procedure for determining the presence of
extra counts is by the use of the chi-squared test mentioned shove,
Such s test™ failed to show any deviation from randomness in the
. pulses, after certain instebilities and interference effecis were

eliminsted,
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Plate 2

Rear view of scintillation detector assembly for the 2-meter gamma-ray
spoctrometer with the lead shielding partly removed to show the method
of construction.
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OPERATION OF THE SPECTROMETER AND ACCUMULATIOR OF DATA

The design of the curved crystal specirometer is such that
the only practical method of operation is to scan a small region of
angular positions, makiﬁg messurenents of the counting rate as function
of the angular position. If a-gamma rey line is emitted from the
source with wavelength corresponding to an angular position within
the region under investigstion, this line will show up a8 sn increase
in counting rate. Thus if counting rate is& ploited against angulsr
position or screw position, the lines will show up a8 curves, typical
ones of which are shown in figures 13 and 14. |

The procedure for this operation is obvious, The spectrometer
is set to a point on its scele, the counting raia is determined by counting
for an intervel of time, the spectirometer is advanced to a nearby
point, the count is again determined, snd the cycle is repeated until
the region contasining the line has been covered, The spectrometer
is then moved to the other side of center snd the corresponding
region on the other sidé is javestigeted,

The construction of the'sPectrometer is such that backlash

can exist; hence when a position is set it is always approached

from a given directlon. This direction corresponds to increesing
readings on the secrew seasle,

The repetitous nature of the procedure has rendered it possible
to construct a mechenism for sutomatic operation, msking ii unnecessary

for the instrument to be attended continuously. It is thus possible o
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meke waximum use of the life of & radiosctive sample. A block disgram
of the equipment is given in figure 21, Detailed deseription is beyond
the scope of this paper, but the component parts are ihe following:
(1) The Timer controls the timing of the sequence of pperations.
It provides for & given counting interval for each point,
‘0 be chosen by the operator. It also provides for printing
of the accumulated counis and other information during
sub-intervels, in order to provide certain checks on the
‘consistency of counting,
(2) The Screw Set Unit controls the distance through which
the wavelength carrisge moves between points; hence‘ the location
of the points. By the use of a device incorporating a
punched tepe, & prograa can be Carried out, providing
close examination of certain reglons of wavelengths, and
wider gcanning of othere.
The screw set unit operates in conjunection with a sector
wheel on the screw shaft of the spectremeter, in such
& way aB to stop the spectrometer accurately at each
predetermined position,
& subsidiary function of the screw set unit is s provision
for measuring background counting rate at certain intervals
by rotating lead blocks lnto the msin beam of gamus
radiation.
(8) The Printer sccepts snd records three pieces of information:
time, measured in minutes since e certain reference time;

‘serew setting as indicated by s self-synchronous generator

P p—
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Fige 21 Robot Functional Block Diagram
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en the gesr trsim of the spectrometer screw; and scaler
counts, This informstiom is printed at certain sub-
intervals, as has been wentiocned,

Figure 21 shows the meaner in which these units are luoter-
connected and slso thelr connection with units of the scintdllation
couﬁter.

As 2 further check on the operztion of the instrument, a counting
rate meter has been provided, not sﬁown in figure 20, and a Brown
recorder prints this counting rate as z function of time, This device
has, on occasion, revealed faulty pperatian of the scintillation
counter in the form of érratic counting rate or bursis, and electriceal
interference from outside sources, It alse proves convenient in

carrying out preliminary search for gamma-ray lines,
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Plate 3

Driving End of Viave-Length Screw C e. The large black motor,
through a worm gear, drives the wave-length screws (inside the long
carrisge extending to upper left) when rapid motion over long distences
is required. The small vertical motor drives through a friction wheel
which is pressed into contact with the friction disc by an electromagnet.
This is the robot actuated drive. The selsyn to the left of the large
motor transmits the wave-length setting to the robot printer, Above the
large motor can be seen the wave-length drum and Veeder-Hoot counter on
which the wave~length setting of the (upper) precision spectrometer
ascrew is read, The toothed contact wheel with slternate insulating and
conducting segments and the smell gold contact brush riding on its
periphery can be seen, These together with the punched programming

tepe in the robot determine the settings which the robot causes the
spectrometer to make.

General View of
Robot, Observer.Designed to
cause the 2-meter spectro~
meter to follow a predetermined
program of wave=-length settings
and to record automatically
the gamma ray intensities at
these settings over periods
as long as 48 hours. The two
spools for the programming
tape can be seen,
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REDUCTION AND EVALURTION OF THE DATA

It hsas been mentioned above that sufficient dsta is obaserved
to make possiblie the plotting of = curve representing the variation
of counting rate as & function of wavelength ssitlag of the instrument.
Two sets of data sre thus recorded, and each of these is subject
to certsin corrections, some before and others after the curve is
plotted,

The counting rate cérreétions are made before the final plotiting
of the data, This counting rate conbains a background counting due
to residual activity in the laboratory, to gemms radistion induced
by cosmic rey activity, and to ﬁhe failure of the shielding %o eliminate
direct and scattered radiation from the soarce.A For the short region
in the immediate neighborhood of & line, this background may be
. assumed to be & linear function of wavelength position, At long
wavelength settings it is, in fact, slmost constant, while zt short
wavelengths, corresponding to 0.2 #eV or higher energy, it has an
appreciable slope, The background is determined using points off
the spectral line; elther graphically, or by = simple average, or
in sowe cases by least sqﬁaxes fitting to a straight line, according
to the conditions and precision of the counting measurements. The
remeining counting rate is then corrected for decay of the source,
in the cazse of Rn, This is not necessary in the case of Rdlh, since

the RdTh decays by only 1% in about 10 days.
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The counting rate 15 then normslized ia order to make it
possible to match curves, and a minor correction of the order of
0.001 millisngstrom is applied to the nominal settings in order to
account for the fact that the robot mechanism does not set the screw
1o the exact setting indicated by the controls, but exhibits a minute
perioﬁic error, Curves are then ploited, in preparation far the
aatching process to be described.

The seperations of the lines as reflected on the twe sides
of the instrument were determined by & matching method originated
by D. E. Mullerzl. 1f & oumber of observéd linaé were of the same
shape (25 1n the case of gauma ray lines where the naturazl spectral
line breadth is negligible), = prototype was constructed by normalizing
them approximately to the same height, superposing them, and drawing
an average curve through their poinits. A verticael fiducial merk -~
was placed on the prototype esnd it wus then slid over each of the
curves in turn, to obtain & besl fit. The locstion of the fiducisl
mark on the position coordinate of the line-profile wes then recorded,
In this way ibe difference between the positions of the line on the
two sides of the cenier of the instrumént could be most accurstely
determined, without the necessity of locating en exact center of each
line profile. The fiducisl mark was made near the center of syzmetry
of the prototype in order that the smsll periodic screw cﬁrrection
(which we apply to the line profile position as z whole ratﬁar than
10 individual settings) should be closely correct,

If only a very few psirs of profiles, such as cne or two,
were obtained which took the same shupe, the psirs were superposed

and verticel merks were simultaneously placed on them when the best
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fit had been obtained., The difference between a pair of such marks
wad the required difference of two positions of the same line. It
vas found that in a1l cases the line profiles were closely symmetricsl,
s0 that asymmetiry was not a gource of difficulty in the matching
procasss. Asymmelry in the‘éouree window or in the erystal curve
would not casuse difficulty in matching, bub eny ssymmetry due to incorrect
slope of the background correction or due to the presence of a fringe
of Compton scattered (slightly dégraded) radistion would be of a type
which ecould cszuse mismztch, The latier has been showﬁ to be negligiblegz.
The instrument has been designed in such a way that the wsvelength
of radiation in miliiangstross should be closely equsl to readings
on the scele, measured in turns of the screw, OSmell deviatlions from
this rule exist, and the aescessary corrections together with the wmethods
by which they bhave been determined, have been deseribed in previous
paperss. They are the following:
(1) An speriodic error which is = smooth function of position,
(2) Ap error which is roughly a periodic fuuction of the angle
of tge screw shaft, repeating itself once per turn,
(3} & correciion for changes in level of the source table,
which could resuli from impsrfections on the csrriage
tracks or wheels, such as particles of dust,
{4) & constani factor, 1.061,85 expréssing the number of
milliangstroms per turn of the screw,
These corrvections were spplied directly to the differsnce
between the readings on the two sides of zero, in the case of each

gaama ray line, to yield a corrscted value of itwice the wavelength.
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Use of the relation,

E = (12396,44 b 0.174) x 13‘8 o electron-voltsc? gives

the photon energy of the gamnme rédiation, if appropriate units are
used,

The estimate of the error in wavelength measurement is not
& straightforward problem., If we assuue that the above-menﬁioned
corrections account for ell of the systesatic errors, the residual
" error must result froa indeterwinacy in metching the curves, The
precision with which the curves can be brought inte coincidence
has been studied by D. E, ﬁullerlo and & typicel result is the following,
for a line profile of the shape of an isosceles iriengle of height b,
placed on z background b, where h and b are messured in counis per
minute; zné of base width w, where w is expressed in divisions of ‘the
secrew:

p= é;%?zﬁ In {1+ %3

here t is the time in minutes required for counting over the‘tri&ngular
part of the line, sud p~? is the standard deviation in wavelength
setting resulting from & lerge number of trizle et matching this curve
1o another similar Lo it assuming ithat devistions resuli from the statis-
ticsl indeterminecy of counting., For the 510 KeV line of ThOW, one
of the worst cases, with high background end low line height, in
which 21 alnube runs were .aade andé the line was spproximately 10%
of background, ths sezsure of precision is given by p = 8.08 x 10°,

and hence the standard deviction is .0018 turns, Since we sre combining
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wavelength introduced by the matching is ,0018 turns, provided thaat
we regerd the counting statistics as good.

Another very importeant check of the precision of ;he instruzent
is ite reproducibility. Whersever possinle, roecurrent runs were aade
on certein lines of rediction, and reproducibility of their devermina-
tions was checked. Failure to reproduce could be caused by = aumber of
affects, bt the most likely source of trouble is friction in the
majn pivot. It is necessary to give some sttention to this pivoi,
olling it and amsintadning correct sdjustment., Stickiness in the |
pivot presumably resulis in s minute twisting of the shaft which
curries the crystal, snd manifests itself as = shift in the position
of the line on either side. If we picture the source beam as dragging
the crystel with it, then a5 the screw is advanced toward & liﬁa'the
crystel will De pushed in the same direction by the friction, with
the result that the line will sppear late, 1,e. at & higher reading
of the screw dizl. The oppoeite effeect could cecur if the crystel
shaft were dragged by the cone besring attached to the frame of the
spectrometer, bul only if the lower beam were either elastic, or aot
tightly stbached to the vertical shaft, so that the twisiing motion
could be transmitted from ihe lower pert of the shafi to the exysial
at the top.

Exeminetion of the reduced deta, in periicular of the 52,8 KeV
line of Rn, showed that such an effect wes teking place, bui the devia-
' tions were so evenly distributed as to ueke it impossibls to decide
which of the ebovementioned possible effecits might be predominsant.

The deviations are approximetely 0.0%2 milliangstroms, and are quite
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serlous at high energy. _Giling the upper couns of the sain pivot
seened to reduce this effect, buil appropriste sllowance will be made
for it in assigning probazble errors. Since thls ervor is much larger
then error due to matching of the curves, and is lergsr thaﬁ the
screw corrections, it will contribute by far the grestest portion

of the assigned probesble error,



VIII
RESULTS OF MEASURENENT OF THE GAMRA RADIATION

FROI: THE HADIUX DISINTEGRATION SERIES

8.1 The Observed Wavelengths and thelr Probable Errors

Five ssuples of Ra gas (half life 3.8 days) have been used
in the deteraination of the gamma ray wavelengths of the radium
series, In each case it was possible to make messurements continu-
ously for one to two weeks, depending on the sirength of the sample,
The line shrengtha'we?e sufficient to insure good counting statisties;
the 241 XKeV line, the weakest to be measured, rose to about 30%
above the background counting rate while the 53 KeV line provided
the best contrast, with it8 peak 5.5 times as high &8 background
(with & source of 100 millicuries), |

| The data have been reduced in the manner described in Part VII,

and the results of the individuel runs have been presented in Table I.
The wavelength in millisngstroms hes in each case been obtained by
applying the screw correctlons to the observed positions of thé lines.
Many runs were made whose reSultsvdc oot zppear in this teble, In
some cases they were only partly successful beczuse of errati¢ behavior
of the equipment, while in other cases thag simply were inferior
in quslity becsuse they were shorter or because they were measured
through the use of the Geiger counter and their quality wes over—
shadowed by newer runs using the scintillation counter,

The method of assigning probabie errors has proveﬁ to depend
entirely on the internal consistency of the results of the individusl

determinations since we believe we have removed all comparable systematic
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errors., If n measurements Xy are made, all of egusl weight, and
if 5 %; are the devistions of the individusl values from their mean,

then the standard errox®* of & single observation is%

| T |
Sy = fEUMT ca. (1)

while the standard error of the determination (whose value is itsken

to be the mean of x;) is
0%, = ':(;(:)2 , eq. (2)

This value has been obtained in each case for which ssveral
runs were made on a given line, Since the anticipated deviation
due to matchihg the curves with the statisties available at preseat
is very small (sbout 1/19) compared with the standard deviation |
of one observation, we feel just:ifisd in neglecting the deviation
due to the matching of curves, in the sssigument of standard error.
This has the effect of giving all of the runs or a given line equal
weight as long as they have counting statistics shich afford a preecision
of matching corresponding to 0.0035 milliangstroms or better. This
is true in the cese of all runs listed in Table I, since a sufficient
nusber of runs were made on each line to permit discarding of ti:e
inferior runs.,

Thus a standerd deviation for a single observation has been
calculated for runs on cach of the lines. It is assused that the

reproducibility in wavelength of the spectrometer is the same for

* For a normel distribution of errors, the standard error is
related to the probable error through the factor 0,6745, Since we
mey not have a normal distribution, we shall adhere to the use of
standard errors and deviations, and the factor Q,8745 will not appear
in our expressions,
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Havelengths of Observed Gamma Rays of ReB-RaC and KaC=RaC':

Results of Individusl lieasurements (wavelengths in milliangsiroms)

Nominal Energy of
the Line; and Run
Humber

53 Ks¥  #2
#3
i

21 RV 41

294 KoV 42

350 XeV  #4
#3A
A

607 KoV #1
#24
#34
#5

Observead
Wavelength
of Hun

232,880
232.891
232.872

51,252

' 51.258

510228f

42,018
41,995
41..992
41,989

35,241
35.228
35,226

20.366
20.37
20,343
20,346

i.ean-0Observed
Wavelength on
this Line

232,881

51.246.

41.999

35.231

20,365

Standard Brror
of a Singls
tleasurensnd

- 002

0174
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Table 2

Energies and Intensities of CGemma Rays of the Hadium Series

Ellis et al., Present Cbserved Energy, Present Obgerved
Energy, KeV KeV, Together with Relative Imntensiby
Standard Hrror

ReB=-Hal Transition

52.9° 52,231 + 0,002
240,6 241,90 # 0.04 .2
293.7 295,16 + 0.05 .55
349.9 351.857 4 0.081 1

ReC-RaG' Transition
606.7 608.7 0.2 1.6
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&ll wavelengthé, s0 that the stendard error of a siugle observation
should be the same for any wavelength. Therefore the standard error

of an observation has been tzken o be the welghied root-uesn-square
value of the sbovementioned individual standard errors of a measurement
on each individual line. In this manner we have found the standard
error of a messurement of & line of the En source to be ,013 millisng-
stroms., The standard error of a dsterminstion consisting of the mesn of
n measurexents of & line has been taken to be L/ \/-E_ times this vslue.,

The finzl velues of the qusntum energies of these five lines
 are presented in Table 2, together with the stendard errors in energy
as determined fiom the asbovementioned assignedé errors.

8,2 FEstimated Relative Intenégties of the Lines

Approximate comparison of the intensities of two lines can
be made by correcting the relative line heights for (1) decay of the
source between measurements, (2) the relative reflection coefficients
of the crystal for the two energies, and (5) the relative sensitivity
of the detector for the two energies, It was not necessary to teke
into account the absorption of the Al tube, for it is only 3% for
the &% KeV radiation, the worst case.

We have selected for comparison of line inftensities the meazsure- -
ments on the first source, using the Cu-cathode Geiger counter., The
reflection coefficient of the crystal has been shown®S to be propor—
tional to Az, where A 18 the wavelength. A curve has been caleulated
showing the behavior of the efficiency of the Cu counter in the range
of interest, and it is presented in figure 22, We do not attempt to
compare the intensity of the 53 KeV line with the other lines because

of the difficulty of estimeting the relative efficiency of the
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scintillation counter over such a wide range of quantum energy. The
relative intensities are presented in Table 2.
8.3 The Search for Besker Lines

Intensity calcﬁlations predicted that the 766 KeV line of
EaC-RaC! would be about 5% as strong in counting rate as the 607 KeV
line. A4 search was carried out using oane of the standard programaing
tapes on the site of the 766 KeV line, In spite of erratic behavior
of the scintillation counter, a small indicatiom of & line was observed.
It was concluded that po improvement could be gained over the previously
published valué of the energy Ey measuring such & weak line, and the
search was not carried .further.

The other lines of Ral-Ral'! are estimsted to be much wesker
than even the 766 KeV line, so thal the bope of detecting them in
the near future is very small,
8.4 The x-ray Lines of Bi and Po

Exsminstion of the decay scheme of the uranium series discloses
that the zerays of ggiaC?l4 and g Re0'®4 should be present as a
result of internal eonversion‘ of the ganmma rays. We heve found
and been able to identify in published tables®® the following %~ray
lines of ggBlt Ka«, Kacl, Epa K p1s K fo H, and 'I{,ss2 I, In
sddition we have detected snother line, which we believe to be the
K «1 line of 8 4130. Since the published values of the Bl x-ray lines
show precision well within the precision of the curved crystal s;:eetro;
meter, we feel that the best value of the wavelength (in XU Siegbahn)
is obtained by ﬁsing the instruzent to measure the difference in the

wavelengths of the Po and Bi lines, cemparing the Po Koy lize
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with the Bi Kocl line, This has been done, and after serew corrsctions
are applied, there results the following value of the wavelengtih of

the Po Kot.l lines
A= 156,601 * 010 XU (Siegbahn)

845 The Decay Schemg of the RaB-RaC Transition

stern®7 and othsrs have given 2 decay scheme showing the energy
levels of RaC in the RaB-Ral p-decay transition (fig, 28). It will
be seen that =1l of the gamus razys shown in the scheme have been
measured in the present work. The .656 MeV trensition 1s evidently
a non-radistive (completely internslly converted) transition, for
no such gmama ray has been preﬁously reported, and we were unable
to find any in & search conducted by the use of the counting-rate
aeter,

If our measurements are to be compatible with this decay
scheme, the new determinations of the 241 KeV line, the 55 KeV line,
and the 294 KeV line must show closure, Using the energies of the

lines given in Table 2, we find that

(241.90 + .04) +(53.231 + .002)+

- (295-162 + .05) = 0033- 1 .064

80 that the decay scheme is verified within our experimentsl error,
Since we have measured only one line of the RaC-Ral' transition,
this work hss no bearing on the validity of any decay scheme for thet

transition.
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IX
RESULTS OF dFASURFMENT OF THE GAHMA RADIATION

OF THE THORIUM DISIKTEGHATION SERIES

9.1 The Observed Wavelengths and their Probable Errors

A single source of RATh (balf 1life 1.9 yeafs) described in
Part III was used in the measurements of the thoriua éeries:radiatién.
These measurezents were carried out over a period of six months,
with work on other radioisotopes interspersed with them., A4S was
mentioned in Part 111, this source was not well suited to the geometry
of the instrumené; nevertheless it was possible io make measuremenis
of some of the lines of this rich spectrum despite low intensity
and the presence of high 'backg:ouhd. _

The Gats have been reduced and standard errors assigned by’
the methods described in Pert VII and Part VIII. In ell cases except
that of the 726 KeV line, the error of matching profiles is thought
to be assller than the total probable error, so that wiﬁh repeated
measurements on certain of the lines, the errar,;é assigned on the
basis of internal_consisteﬁey. For such runs the standard error of
a single measurement is 0.01L milligngstroms, ia substantial agreement
with the standard error of a measurement listed sbove for the case
of Rn, In the cese of the 726 KeV line, it was only possible to make
two Tuns, both on the positive reading side of the instrument, as
the scigtillation counter was behaving badly. Consequently we have
the possitdlity of =z systematic error due to indeterminscy of the
zero position of the scale, In addition the line was weak, being

superposed on the high background due to the bard radistion of Th(®,
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end it was therefore considered sdvisable to double the experimental
error to be assigned to this wavelength.,

The results of the individual measﬁrements are presented in
Table 8, as well a8 the standerd error of the determination of each
line, The final values of the gquantum energies appesr in Table 4.
9.2 Relative Line Intensities

In order to compare the intensities of two lines it is necessary
to correct for (&) self absorption in the source and absorption in
the pletinum-iridium capsule, (b) change in lins-height resulting
from difference of size of the slit, if any for the two lines, (c} the
different reflection coefficients of the crystal for tha two ensergles,
and (d) the differsnt sensitivities of the scintillation couater
for the two ensrgies, A

A curve has been prepared (fig., 24) giving the attenuation’
factor due to seli-absorption of the source and abserption in the
container. Since almost all of the runs were mede with the use of
a 0.00&“ alit gep, it is possible to obtsin ratios without the correetion
for théAslit gap. If necesssry, the relative line height could be
ﬁaken from the generating function curve, figure 12, For our purpdses
we assume thal ths efficiency of the scintillation counter is propor-
tional to the absorption of the radistion by the Hal seintilleting
crystals A curve has besn preparsd (fig, £5) which gives the sbsorption
in this crystal as a funciion of energy.

The relative intensities of the obeerved lines are given in

Table 4, togebther with their energies,



Table 3
Results of Individual Obssrvations of the Gamma Rays
of the [horium Series. (Wavelengths in Miilims’cmms)

Nominal Energy Observed Yave- liean of A3l Standard Erver of

of Line Length of the Runs on this & Single ieasure=~
_ Run Line mend
238 KeV 51,979 51,971 0,011
| 51,963
243 Ke¥ 51,461 51.455 0.0092
| 51448
276 Ke¥ 44,703 44,6703
510 KeV 24,330 24,292 0,012
24,.283
580 KeV 21.279 21.27
726 ReV 16.98 16.99 C.02

17.00



Table 4

&0

Energies and Intensities of Gamma Rays of the Thorium Series

Elldis ot alog
Bnergy, KeV

237.9

276.5

510,0
58243

Present Observed
Energy, KeV and
3tandard Error

ThB=-ThC Transition

238.52 +

ThC-ThC!' Transition

0,036

728.6 + 0.9

ThCh=ThD Transition

277,308 +
510,30 *

582.57 =

Unassisned

240,92 ¥

-

0.07
0.16
0.3

0.036

Prezent Observed
Relative Intensity

W15

15
ol

ol
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9.8 The Bearch for Wesker Lines

After the six lines reported here hed been measured, attempts
were siade to find certain other lines which were considered promising
on the basis of intensity calculatiocns. .5 seurch was sade for the
617 Kev line of ThC, counting for Zl minutes on esch point, but the
counbing slatistics did xai permiﬁ a definite indication of the line.

Severzl attempis were madé w fiﬁd.the hard (2,62 @eV) line
of ThC", The line is very strong, being emitted in 54% of the disin~
tegratlions., However the reflection. coefficient of the crystal is
so saell st thié short wavelength, and the background radiation is
80 high due to proximity of the asin beam of radiation, that it was
impossible %o obtein & definite indication of the line, Figure 26,
spowing the curve of backgfcﬁnd &t a function of serew reading neer
the center of the instrument, illustrates the difficulties encountered
in nessurement of such a high-energy line. Its position is barely
outside of the design "window® of the collimator.

In addition & search was made, using the couniing rate aeter,
of the entire region from 10 to 100 millisngstroms. This method
of search, used so effectively in the étudy of other radioisotopes,
feiled to show even previously measured lines, 1t showed only the
288 KeV line and passed over the others listed in Table B,

8.4 Ihe Decay Scheme of the TQG"»Thﬁ Transition

The most recent energy level disgram of ThD is givenza in
figure &7, The lines which héve been measurad in the present work
are indicsted, There are no closure relations between the lines

which we have measured,
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233 :
_.2775%) e 5109

.5826 «859

Fig. 27. Decay of ThC"-ThD (H., O, W. Richardson).
Heavy waved lines indicate gamma-ray transitions reported
in the present work.
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The other two lines which were measured occur with different
transitions; the R2E8 KeV line accompsnies the ThB-ThC transition
while the 726 KeV line sccompanies the ThC-ThC! transition.
225_The 241 KeV Line

A study of the literature has fsiled to show previous reports
of & gamna ray of 241 KeV in the thorium series. This line is very
close to the 241 KeV line of RaB, consequently the ides was advanced
thai the Th semple may contein Ha as an impuriiy. However a search
for other lines qf RsB in the Th sample has failed to show the 254 KeV
or 3580 KeV liné of Ra®, ?urtheréare the observed difference between -

the wavelengths of the two 241 KeV lines is 0.25 millisngsiroas,
"more than ten times the probable error of & determination. 8ince
this line 18 approximstely 10% ss strong as the 238 KeV line and ocaly
1% different in energy, it may not bé unreasonzble to sssune hhat“
it was not resolved by the‘beta—ray spectrometers which have made
the previous measurenments of the radistion of the thorium series,
We have as yet been unable to find & place for this line in the deesy

- scheme of the thorium ssries,
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