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High Energy Bombardment Products of Thorium

e ~ W. Wayne Meinke

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

ABSTRACT

Five and possibly six artificial alpha-decay chains collateral to the four
radiocactive decay families have been prepared by bombardmentﬂwith the 184~-inch
cyclotron‘of.the gn%Versiﬁy of California Radiation Laboratory. A number of the_
members of these chains have been studied to characterize their radicactive
prOperties._”A few have aléo been studied to determine the vafiation of their
yield witp particle energy.

The trend in the alpha half=lives of the protactinium isotopes has been
determined by milking experiments to determine the orbital electron capture
decay/alvha decay ratio. Two neutron deficient isotopes of emanation (element 86)
have been discovered in the spallation products of thorium with high energy
particles and a new neutron excess isotope of protactinium has been identified in

low energy bombardments of thorium.
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High Energy Bombardment Products of Thorium

W. Wayne Meinke

Foreward

The presence of_four_charged particle accelerators_on the Berkeley campus
presents many varied possibilities for?nuclear chemical work, Both the 184«~inch
cyclotron and tbe 60=inch cyclotron can”give large yields of nuclear reaction
producﬁs,_ The major‘problems in characterizing these reaction products are chemical
ones involving the application of ordinary analytical procedures to the target
sepérations. )

This dissertation discusses the results of these applications to several rather
unrelated phases of nuclear work. In Chapter 1 both the production by high
energy bombardment and the characterization of five aftificial collateral alpha-
decay chains are discussed. The variations of yield with particle energy for |
several of the parents of these chaiﬁs was studied and presented in Chapter 2,
Chapter 3 presents the results of experiments designed t9 study the trend in alpha
halfflives in the_protactinium isotopes. Chapter /4 discusses some new neutron
deficient isotoges of emanation found in thorium bombardments while Chapter 5
presents evidgnce for a new neutron-excess isotope of»protactiniuﬁ. The Appendices
present for easy reference important information on excitation functions éhd chemical
procedures.

An iéotope chart which includes most of the 1ates£_va1ues for isotopes in the
heavy region is shom on the next page. The values listed are taken primarily

from the Table of Isotopes by G. T, Seaborg and I. Perlman, Rev. Mod. Physo

20, 585 (1948).
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Chapter I
Artificial Collateral Alpha-Decay Chains

I. Introduction

The Berkeley 184~inch cyclotron has opened up many new fields of research
with its full energy beams of 194-Mev deuterons, 388-Mev alpha-particles and, more
recently, 348-Mev protons. These new vistas have not been confined to physical
problems alone, for the chemist has found that the high energies make possible
many reactions previously thought impossible,

Probably the most spectacular of these is the spallation reactions in
which the impinging high energy particles split off or "spall® fragments of many
units of mass and atomic number from the target nucleusoi’2 With this type of
reaction 1t is possible to reach many new isotopes p;eviously thought unattainable
and in addition to produce rather large amounts of known isotopes that were préviously
scarce. It has also been possible to induce fission in elements like bismuth3, lead,
and tantalum4 Wiﬁh these high energy particles, |

This cyclotron furnishes more than enough energy to reach and permit explora-
tion of all (8,xn), (a,xn), and (p,xn) reactions producing isotepes with workable
half-lives. Hence for the first time it has been possibie to completely explore
the neutron deficient side of the stable isotopes, an investigation which is limited
only by the speed with which\chemical procedures can separate the product material,
by the contaminating radicactivity of other isotopes of the element separated, and
the speed and design of equipment used between the end of bombardment and the
counting of the sample.

By bombarding thorium with these high energy deuterons and alpha=particles,

we have artificially produced by (d,xn) and (a,xn) reactions, five and possibly
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six alphamdecay'chainsg596 collateral to the four radicactive decay familieso

223 227

These chains being with the protactinium isotopes Pa™*", Pa =, and Pa226, and

the uranium isotopes U229, U228, and possibly 72?7

s although progenitors have
been produced and identified in some cases.! A large amount of & seventh chain, the
Pa230 « g0 series which has been reportéd by Studier and.Hyd689 is also formed
in these bombardments., All of these chains dkeay by alpha emission into the naﬁural
radiocactive families (or the artificially produced 4n + 1 fami1y9 - 11) although
in some of the heavier members of the chains orbital electron capture may be
favored in the branching decay.

The pmctactinium or uranium parent controls the decay of the other members
of the chain., After chemical separation of these fractions the decay of the alpha~
particles was measured by the use of both standard alpha-particle counting
devices and an alphafparticle pulse analyzer12 equivped with a fast sample~changing
mechanism. Through the use of the Iatter we observed a number of alpha=particle
groups and determined their energies.

These collateral chains have been identified by vhysical or chemical
separation and identification of radiocactive end products of decay which are
common both to the chain and to a radioactive family., In some cases where it has
not been possible to perform these separations, we have based our assignment
on regularities in alpha decay systematics°13m15

In many cases where their half-lives and abundances have permitted, individual

members of the chains have been studied.

IT, Radicactive Collateral Series Found in Bombardments

Soon after 80 Mev deuteron bombardments of thorium, a number of alpha
groups are prominent in the pulse analysis of a protactinium fraction., All of
these groups appear to decay with the 38.3-minute half-life of the protactinium

parent. They are due to the following collateral branch of the 4n + 3 radiocactive
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227 223 219
Pa™ ! ey A oLy Loy AtR15 2y BiRll(aec) oy
38,3 m 2.2 m 0,02s 104 & (Ae0) 2,16 m
71207 (Acon) Z—,—iﬁ PbR07 (stable)

227

The branching which arises from orbital electron capture by Pa is not shown.

The mass type was identified by observation of the characteristic energy and half-
life of the BI*" (Act) alpha-particles, the half-life of the beta emitting T1°/
(4cC"), and the growth of 18.6-day Th227(RdAc) as an orbital-electron=capture
branching decay product of the Pa227o

After the decay of the above series, a second group of alpha-particle emitters

can be resolved. This second series, which decays with the 22=hour half-life of

its protactinium parent, is a collateral branch of the 4n radicactive family as

follows:s .
P28 a5 A gy FR0 o o p4F0 o
22h 209 h - 27° 5 s BXIOML s
208 ‘
11208 (7HCN) |
022(ne) S5 ~2 T % (stane)
60. 5m | |
66% .
PP R(THC!)  3x107Ts
228 224

The branch which arises from orbital electron capture by Pa and Ac is not

shown, The mass type was identified through observation of the characteristic
} 212,
radicactive properties of the Bi  (ThC) and its daughters?.chemical identification

of 31212(Th0)9 the growth of Th228(RdTh) as an orbital-electron-capture branching

decay product of the Pa228

4

, and the growth of Ra~~% (ThX) as a similar product of
2 .
the AGZ .
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The irradiation of thorium with 100 Mev alpha particles resulted in the

observation of the following collateral branch of the artificial /n + 1, neptunium,

radiocactive family shown with P0213 and its decay productss
Y g —— > ®=Rl7 _a
U2 58 min 8,0 min. 30 sec 103 Sec?
Pol3 o T o pRY9 _ B 51209 (stable)
40 2%1070 ged” 3,32 hr, > )

The mass type was identified by observation of the characteristic energy of the

: 229

Pzam-‘3 alpha=particies as well as the gr@wth of 1.5=day Pa as the electron-

capture branching deesay product of U2 2 and the growth of 10,0 day A0225 as the
electron-capture decay product of Th225
Soon after 120-Mev alpha bombardments of thorium the uranium fraction contains

another series of five alrha-emitters, which is apparently a collateral branch

of the Zn familys

228 o 224 a 220 - "o 216
PP e mh L S g s
9 ° BIni ! . very short Ra very sh ord 4 Em very short
P0212(Thcf) a _y, ppR08 (stable)

3x10=7 sec.”

The 9.3 minute half-life of U228 controls the decay rate of the series. The mass
type was identified by observation of the characteristic energy of the P0212(Th09)

228

alpha=particles and the growth of 22-hour Pa as an electron~capture branching

decay prdduct of U228°

Immediately after a 150-Mev deuteron bombardment of thorium; the protactinium
fractién shows a series of alpha-particle emitters whose rate of decay is controlled
by the 1.7-minute half~life of the parent with the subsequent members all too
short-=lived to be isolated and separately studied. Although the mass type has

not yet been identified through knowmn daughters as above, general considerations

with regard to.the method of formation and half-life of the parent substance, and
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the energies of all the members of the series suggest a collateral branch of the

tn + 2 familys

p.226 __a N 222 ¢ 5 218 ok 214, o .
Pa 1.7 mif Ac short’ Fr very short > AL very short -
Bile(RaE) g—ﬁﬂ——i> P021O%§§IE§§-> PRRO6 (stable)

day

Similarly immediately after bombardment, a uranium fraction seems to show a
series of alpha emitters which decay with the one to two minute half-1ife of the
parent., This latter series has not been definitely established but if the existence

of URR7 is proven, it will be a collateral branch of the 4n + 3 familys

R7(9) Sy TR223 219 _g 21 5211 __a 207 41 s
U2 (?) 1-2 min The<3 L» Ra 7 ey Em 5 Jiwﬁ>.Po SxiO“'uggg Pb (stable)

III. Experimental Meﬁhodsr

A variety of techniques must be employed in working with isotopes whose
half=lives range from days to microseconds. Theée techniques range from laborious
chemical separations of one element from all other elements to electronic methods
measuring the time between two successive alpha pulses,

For isotopes that have half-lives of a day or so, chemical procedures must be
used that insure complete separation from even small gquantities of contaminating
activities and there is no time limitation on these proscedures. If; on the other
hand, the desired isotope has a half=l1ife of less than an hour the requisite of
purity may still be.imposed but the chemistry must now also be rapid -~ a factor
of two in speed being preferable to a factor of two in purity. In general, physical
methods must be relied upon to measure and identify isotopes of half-lives of less
than a minute., Counting teéhniques must also be geared to the half-life of the

substance,



UCRL ~483
Page 11

A. Types of Bombardments

The first réquirement is to obtain a good bombardment, i.e., to obtain as
good a product yield as is possible with the beam and target material available.
‘In this work where yield is all importent the internal beam of the cyclotron is used,
except when other arrangements can meet a special need (with consequent lowering of
yield). This internal beam usually gives about one microampere of deuteron and
proton current and about one-tenth of this amount for alvha-particles. The electro-
statically deflected beam (reducing the current available‘by a factor of at least
100) and ﬁhe external beam (reducing the current by a factor of about 50,000)were
unsatisfactory for our work.

In general, foils of thorium metal were bombarded in the internal beam
either for a hglf«life of the activity desired or until a considerable amount of that
activity had built up. The target foils, measuring about 1.5 inches by 0.5 inches,
were clamped into a holder which could be mounted on the probe of the cyclotron and
inserted into the tank to intercept the beam, The energy with which the particles
hit the target ﬁas determined by the radius at which the leading edge of the target

foils were set,

In our first bombardments severaltfivemmil foils Were.stacked on top of each
rither té incregse the réaction yields. ZLater, however, &pgn the suggestion of A.
Ghiorso, a target holder which would enable a target to bé bombarded;on edge was
designed by L. Magnusson. Sketches of this holder are shown in Figs. 1=6. The
holder is put on the end of the 184=inch cyclotron probe in such a way that it
requires the beam to traverse the width of the thorium foil instead of its™ thick-
ness. Hence for the same weight of target material in fﬁil form a factor increase
of at least 10 in yield can be obtained by using this target holder. It was only

by the application of this concept of bombarding a target "on edge" that we were

able to obtain enough yield in many reactions to obtain the data we required.
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It should be mentioned that the parts in Figs. 4 and 5 are replaceable and can
be discarded when they become too active. Since these are the only holder parts,
besides the target itself; that come in contact with the beam, the holder can be
used many times even with the hottest of beams. These parts also can be made to
gi%e a one-quarter, one-half, or three-quarter~-inch clamping base for the targets
‘and have been used to clamp one and one half inch pieces of 25-mil thorium for
bombardment.

Whenvisotopes with long half-lives were desired, 25-mil pieces of thorium
. were used to increase the total yield of the protactinium or uranium. HoweVer if
the time for chemistry had to be short, pieces of thorium five-mil or less were
used to insure rapid golution and a small amount of target bulk to work up.

In some cases, fhorium nitrate powder wrapped in aluminum foil was used as a
target in order to eliminate the solution time. These bombardments in the vacuum
chamber were not successful, however, since the salt outgassed too much and pre-
vented the attainment of a vacuum sufficiently high to proceed with the bombardment.

Saturated thorium nitrate solution was bombarded in the external beam in
hopes of reducing the elapsed time between shutdown and counting of the samples.

The bombardment was no£ successful however since too little acﬁivity was formed
Ly the external beam.

B, Fast Target Set-up., The Jiffy Probe

When we realized that speed was really at a premium for two of our series -=-
the 107mminute Pa226 and the U227 geries of about the same half<life === we began
using the jiffy probe in our bombardments. This probe, a long hollow tube with a
thin concave aluminum end-window, can be inserted into the tank of the cyclotron,
The inside of this tube is kept at atmospherie pressure, the window being strong
enough to withstand the vacuum of the tank. A "rabbit® holding a target is blown

by compressed air to the front of the tube, the target being placéd as close to
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the window as possible., At the énd of bombardment it is possible to remove the
target within a few seconds by blowing it out the rear of the probe tube with
compressed air., Thorium metal targets were bombarded on edge in this setmup,while
thorium nitraté galts were bombarded in a small brass cylinde? that fit on the end
of the rabbit. In the bombardment, the beam current hitﬁing the target is reduced
by a factor of at least 10.

In our early runs; the rabbit was delivered thrgugh a flexible tubing which
ran from the end of the jiffy probe to outside the shieldingp This process, howeﬁer,
raquired at least one~half minute and we found it faster to catch the rabbit at
the end of the probe tube. The rabbit was caught in a lead guitcase" which made
it possible iolcarry the target around with little exposure to radiations

In these runs then, after bombardments the order of a minute were made with
the jiffy probe set-up, the doors of the cyclotron were opened immediately -and the
target blown outjinto the suitcase. This suitcase was then_carried to a Health
Chemistry truck where we made a combined solution and extraction of the térget while
we were being driven up to the chemisﬁry building. There the sample was plated out
and counted. This method took a minimum of 3.3 miﬁutes from shutdowm to pulse
analysis for protactinium chemistry and 4.5 minutes for uranium chemistry.

These fast manual runs were Wearing on personnel and were so inconsistent
that at least ten bombardments had to be made for every pood run on the short half-
1life reactions.

Hence, in conjunction with the Health Chemistry Group, we have planned and
built a pneumatic tube carrier system which will bring a target automatically from
the head of??ejiffy probe to a laboratory-in the Chemistry building. Since this
system is only now being cohpleted and tested, the increased speed it affords will
apply to future work on the short-lived series. The pneumatic tube itself can
bring a carrier from the cyclotron to the Chemistry building in eight seconds; the

rabbit can be blown out of the jiffy probe in about four seconds, making the total
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time elapsed between end of bombardment and the beginning of chemistry about 12
seconds.

New powder target holders designed for use with thevpneumatic system are
sketched in Figs. 7-9 and pictured in Fig. 10. The thorium nitrate to be bombarded
is placed in the front third of the tube, the remaining space being taken up by a
copper slug. The entire cartridge is locked in place on the cartridge clip and
the loading end is locked shut to prevent opening before the cartridge is removed by
special tongs (shown in Figs. 11-13 and pictured in Fig. 14.). Only when the bayonets
of the tongs are inserted in the carﬁridge clip can the cartridge be removeq from
the clip, or the end of the cértridge opened to allow the radioactive contents to
be poured out. These target holders and tongs were designed for this problem by
G, To Saunders of the Health Chemistry group and combine a maximum of safety with
maximum speed and ease of handling. It should be mentioned that the end of the
pneunatic tube system has an auﬁomatic positioning device which will bring the rabbit
to rest in exactly the same position each time. OConsequently, the tongs can be
rapidly inserted at the same angle for every run.

Equipment for carrying the rabbit from the Jiffy probe tube into the pneumatic
tube carrier and for positioning the cartridge at the end of a run was designed by
George Edwards of the cyclotron engineering staff,

N, Co‘Lee'of the Health Chemistry Group has designed a new target holder to
permit bombardment of thin strips of metal on edge in the "jiffyAprobe beam®. This
holder conveniently uses the same clip as the powder cartridge. The metél strip
bombardments will be used if it is found impossible to obtain enough yield of
certain reactions with the salt.

The pneumatic tube coupled with the Jiffy probe will greatly facilitate bom-

226 227

bardments investigating the short-lived series of Pa and U
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C. Target Chemistry

Thorium targets are very active when they are removed from the internal beam
of the 18/=inch cyclotron. Much of this activity comes from fission products of
the thorium which are present in good yield, although there is also some activity
due to high yield spallation products. Hence the first steps in any chemicai separation
must be done véry carefully to_avoid overexposure to the radiation, |

Our first targets were worked up in a hood in a "cave® of lead bricke., This
shielding was satisfactory for most bombardments, since tongs could be used to handle
szpeclally "hot" solutions, but the radioactive spray formed on solution of the
target presented a constant problem., The hood of course did a good job in keeping
the majcrity of this spray under control but there was always the possibility of
some of the spray getting out into the room.

Consequently the Health Chemistry Group designed??ibuilt a lead shielded
"Berkeley Box" in which solution, etc., can be done in an enclosed box shielded
with one inch of léad. Pictures of the box are shown in Figs, 15 and 16, while a
view through the three-inch lead glass window is showm in Fig. 17. It is still
necessary that all manipulation be done manually (since the center tong pictured was
quite useless) but small tongs andllead bricks can be used inside the box to cut down
radiation on the hands. Complete chemical processes from solution through pre-
cipitations and solvent extractions can be done in these boxes. These boxes are
ideal for the first few»Steps in the chemical procedure for cyclotron targets where
the desired product is separated from the bulk of extraneous activity. In these
first processés the time consumed inside a box or outside a box is about the same
and of course the added protection weights the scale heavily in favor of box work.
Once the contaminating activity is reduced to a reasonable level, however, the
chemistry is speeded up if the remainder of the work is done in an open hood. These

remarks of course apply to our bombardments of thorium where the gross target activity



- 50~

FlG. 15 LEAD 'SHIELDEDIBERKELEY BOX

Y . , , 0Z 684



=S

HEALTH Pro 12.1

FIG. 16 LEAD SHIELDED BERKELEY BOX

0Z 685



-15¢ -

| FIG. 17 VIEW THROUGH 3 INCH LEAD
GLASS AND LEAD SHIELDED BERKELEY BOX

0Z 686



UCRL~483
Page 16
was many hundred times greater than the activity of any one isotope we were seeking.

Since we were seeking protactinium half<lives varying from a day to minutes,
the chemistry required varied from bombardment to bombardment. We found that for
bombardments in which we wanted Pa227 or Pa226 a singleAextPaction with a solution of
trifluorothenoylacetone (TTA)L6 in benzene was sufficient to separate these isotobes
from all other alpha emitters, Admittedly zirconium and hafnium and probably
columbium fission products are also extracted but these are all Geiger activities
and do not affesct the alcha counting. For protactinium samples that had to be
followed for more than six hours however it was necessary for good resolution in
rulse analyses, to separate the protactinium from these Geiger activities by di=isopropyl
ketone extraction.

In general the chemistry for short half-life targets (see Appendix II,
Procedure 91-2) involves solution of the thorium metal in concentrated nitric acid
to which a few drops of 0.2 M ammonium fluosilicate has been added tc speed up the
solution (see Appendix IT, Procedure 90=/)., This solution is diluted to about 4 o
scid and extracted with an equal volume of TTA~benzene solution. The phases are
separated and aliquots of the organio jayer are plated out on platinum.

For longer half-life targets the more complicated procedure given invAppendix
ity Procedure 91-1 was used. This procedure invelved precipitation of the prgé
tactinium on MnOZB solution of this precipitate with hydroxylamineand further
precipitation on MnO, if needed to reduce the volume, di-isopropyl ketone extraction
of the protactinium from acid solubion, washing to separaté émall amounts of fission
products which might have come through, and firally TTA~benzene extraction of the
protactinium and plating of this organic layer to give Weightless p&ateso The MnO2
precipitations insure that the protactinium is absoluteiy pure radioactively from
228 '

all other activities., For the characterization of the Pa series however it was
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necessary/to eliminate the zirconium and columbium fission products by di=isopropyl
ketone.extraction which when combined with the TTAmbenzene extraction provided
enough purity for alpha counting. For Geiger counting of protactinium isotopes the
entire procedure as listed gbove must be used.

For uranium alpha emitters, the procedure used by}Newtqn17 involving ether
extraction of the uranium from 10 I ammonium nitrate solutions was used. Crane's
procedure (see Appendix II, Procedure 92-1) would be necessary for absolute Gelger
purity, but it was found satisfactory for our experiments to just ether extract
and wash the ether with several portioﬁs of saturated ammonium nitrate solutions
before finally washing into water and plating.

When the jiffy probe and thorium nitrate targets are used to speed up the
chemistry the salt is dissolved directly in a mixture of the extracting medium
and the organic extracting agent, allowing the stirring for solution to also
serve as the stirring for extractiona
D, Milking of Daughter Activities

Once the parent of the chains has been isolated chemically the daughter
menbers rapldly grow into equilibrium with it and all of the activities decay with
the half=1ife of the parent. These daughter activities can, however, be studied
separately by reﬁovingvthem in some manner from the parent achtivity (i.e, milking).

This separation from the parent can be accomplished chemically or by some

physical means which exploits the peculiar properties of different elements or

of alpha emission in general.

1. Chemical Milkings A very satisfactory method of separating the
daughters == if the half=life of the daughters is long enough to permit such work--
is by making actual chemical separations. Wherever possible in our work we have

chemically separated the daughters to definitely prove their atomic number.
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Protactinium daughters of uranium isotopes have been separated by the same
TTA=benzene exbractions used for separations from, target materialso

Tracer thorium was separated by zirconium phoéphate precipitations wbich are
quite specific for carryinglfh*ﬁ'from other elements in the heavy regioﬁo Since =
this phosphate precipitate was much too buiky to pulse analyse, it was metathesized
Pirst to the fluoride (using lanthanum as carrier for the thorium) and then to the ‘
lanthanum hydroxide which was finally dissolved in hydrochloric acid and plated as
lanthanmum chloride (see Appendix II, Procedure 90~3).

Actinium was separated by lanthanum fluoride-hydroxide precipitation éycles (from
a solution containing barium as a holdback for radium)salong with zirconium phosphate
scavenges to remove the thorium (a modification of Procedure 89-2, Appendix II)a.

Bismuth can be separated by precipitations Qf lead sulfide, thé precipitate
being dissolved in hot concentrated hydrochloric acid apd then reprecipitated., The
lead is finally separated from the bismuth by sulfate precipitatiohs (see Appendix

II, Procedure 83-3),

2. Miikings by Flaming Several elements in the heavy region are volatile
when flamédol He@ée.in our work it was possible to rid.the sample of emanation
isotopes (and if these isotopes had had a reasonable half-life it would have been
possible to collect fhem as described in'Procedure 86-1, Appendix II) by merely
heating the platinum plate in a flame. Francium also con be at least nartlally flamed
off a plate sinée the =1 state apﬁears to disproportionate into the metal and a
higher state, The metal sublimes off the plateé'the higher state &composing back
into the -l state and the process repeating itself. Certain states of astatine
can also be flamed off plates and when collected may even appear to act like a gas.

In none of our studies did Qe collect the above eléménts directly after flaming.
We looked 1nsﬁead for the indrect effect of growth of the remalnlng sample with a
given half=life ‘as the 1sotope that had been flamed off grew back into equilibrium

P
with the parent.
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3. Recoil Milkings A third and very powerful method of separating daughters
18

from the parent activities tekes advantage of the recoil imparted to an isotope
by the emission of an alpha=particle.. If an electric field is imposed between a
sample p&ate‘and.another plate; these recoil daughter atoms will be collected on the
negative plates On this collector plate then there éan ge'none of the first members
of the series present on the original plate élthough there may be varying amounts
of subsequent members of the series. Similarly if a double recoil transfer is made,
collecting a recoil fraction from the first recoil plate, neither the first nor
second members of the seories can be present., This procedure can be extended to
triple recoils, etc., if enough activity is available initially. One should remember
that if the half=-life of an intermeéiate isotope in the series is very short:
(seconds or less) it will decay -immediately into the next series member. The yield
of this recoil eollection is of course noé-lOO% but more 1ike 10%. If enough
activity is availables however, this progedure is very useful in establishing half-
lives and mass,éssignments° _ | l
An-adapﬁion'of this method developed by A. Ghiorsp has madé possibie;hélfé
life aeterminétions ranging from 30 seconds to about 20 milliseeondso' Basiéall&,
the apparatus consists of a 13=inch diameter rotating metal disec which is wired
electrically to act as the collector for recoil fragmentss.a‘sample holder which
positions the sample face dom over the outer rim of the diécs and an alpha counting
chamber which can be positioned along the outer rim of ﬁhe disc. The disc is
rotated ét a known speedslunder thé parent sample. Recolling daughter activities
are collected along the rim of the disc and are counted by the slit window of the
alpha chamber, By positioning the chamber at different degrees of are from the
source, counts of different intensities are registered. By plotting the activity at a
certain angle against that angle, we obtain a logarithmic decay curve from which

the half=-1ife ecan be calculated,
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A much more flexible modification of this apparatus has been designed and is
being built. It will have three counting chambers which can be moved alongbthe
perivhery of the disc. When these three chambers are correctly positioned, a half-
life can be obtained from only one run., This will be an important consideration
since short-lived parents like the P3226, U2273 and U328 geries decay too much
~during a set of runs to obtain much useful data with the old set-up. Even with
the longer-lived series, the background on the turntable builds up very rapidly
and at the end of four runs this background makes the values quite uncertain.

A further application of the recoil principle can be made with any alpha
counting chamber., A very active sample is inserted into a regular alpha chamber
and allowed to remain until its daughters are in equilibrium with the chamber.
Some of the recoil fragments collect on the chamber and, if the oriéinal source
is removed rapidly, the decay 6f these recoil fragments can be followed. This
method can also be applied to the pulse analyzer and will be deseribed later.

E., Alpha Counting

In these collgteral chain experiments alpha particles were ccunted-iﬁ an .
ordinary argon jonization chamber. fbe pulses were fed into én amplifier and
registered through,a secale of 512 coﬁnting ciréuito Counting losses through coine
éidence.for:this counting set=up appear: to be negligible even at fairly high ;
counting rateso'i o |

To minimize manual counting over long periods of time, we used a recording
irafficounter®, This was so arranged that the alpha or Geiger scaling circuit.
could gctuate the counting mechanism to registér the counts from a sample. Furthermore
the stamping times were variable and could be set from intervals as short as 0,05
minutes to 64 minutes. This mechanism made possible many of our medium short

half-life determinations and also freed us from routine counting of a single sample.
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In this work we were primarily interested in alpha emitters. When Geiger
counting was required, however, the equipment described in Chapter 2 was used.

. F., Alvha-Pulse Analysis

A few scattered pleces of our data were obtained from alpha and Geiger counting
but most of our resulits were made possible by the A8-channel, differential alpha-
pilse analyzerol2 Furthermore, the part of the pulse analyzer which made it
possible to obtain so much déta in a short amount of time was the fast sample-changing
mechanism designed by A, Ghlorso and shown in Fig. 18, With this mechanism, samples
were introduced fifst into a small air lock (éhown with a circular cap in the front
of the picture)vwhich.could be evacuated and filled with the counting gas mixture
without disturbing the main counting volume of the gas mixture. This small lock
reduced the time required for insertion of a sample igto the chamber and counting
it. In‘additicn it was possible to leave the top of the lock open when extra speed
was required and merely to rely on the flow of counting gas out of the chamber to
displace the air from the sample., The resolution of the instruﬁent was under-
standably poorer in the latter case but was sufficient for some experiments,

Samples were placed on a turn table which could be turned manually from beneath.
With the lock open, the table is free to turn to any position., When closed, however,
the lock is sealed against the table, keeping the bulk of the chamber at the
required gas pressure whilé the lock can be at alr, vacuum, or pressure.

The pulse analyzer itself has 48 electronic channels, each of which counts
all alpha pulses within a certain energy range. Since these ranges are continuous,
when a plot is made of number of counts per channel against channel number a picture
is obtained of the alpha spectrum between two particﬁlar predeterminea energy values.
Such a picture for the UZBO series is shown in Fig. 19, where the energy scale is

indicated and the different isotopes in the series are shown with their alpha energies.
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The energy limits of the 48 channels can be varied electronically to glve
either a general picture of a wide energy region or a more detailed picture of
some of the fine points of the spectrum.

The pulse analyzer was used to sort out the different series since by checking
the decay of certain peaks we were able to determine half-lives of the isotopes.
Furthermore, pulse analysis furnished a check on our chemistry_since it indicated
whether there were any alpha emitting isotopes present besides those of the
element separated and its daughters,

A1l the energies of the alpha emitting isotopes of the collateral ¢hains were
determined by alpha pulse analyses, standardization of the instrument being made
by calibration against natural radiocactive series, the energies of which have been
determined very accurately with a magnetic alpha~-ray spectrograph., The alpha energles
reported for the chains probably have a maximum error of Z 50 Kev and a minimm
error of : 10 Kev, depending upon the ease of resolution of the alvha peaks. All
energiesvgiven in this feport are particle energies and not disintegration energies -~
i.e., the energy carried off by recoil of the atom has not been added.

Collimation was usually required for pulse analysis of samples of these col-
lateral chains %o prevent 1oss’of counts from long range alpha particles of very
short half«life, The collimators used were sieve-like discs of brass with sbout
one-sixteenth-inch diameter holes and the following thicknessess #1 = ~12 mils,

#2 = ~22.5 mils, #3 =~ 33 mils. This collimator is placed over the sample in
the chamber, preventing counting of any alpha particles except those coming up
through the holes of the collimator. This then insures that parent and daughter
alphas will not be counted in coincidenee as one very high energy alpha pulse and
hence be reglstered as a coincidence loss., Most of the pulse analysis diagrams
included in this chapter were taken with collimation. This collimation reduces the

geometry of counting to sbout 10%.
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One unususl effest observed in counting well-collimated samples was that the
first peak of a series was definitely lower than the rest. The explanation apparently
was that atoms were being recoiled through the collimator inte the chamber proper
and hence had a higher geometry for subsequent disintegratioﬁs of the daughter
activities. A thin coating of Zapon over the collimator corrected this.

A few limitations of pulse analysis should be mentioned here. Since thin,
almost weightless plates of sampleé are required it is almost mandatory that carrier-—
free chemistry be done. Thick samples cause poor resolution of the alpha peaks and
often make identification of mixtures of peaks impossible. There is a limit to
the amount of Geiger activity that can be tolerated before resolution of the alrha
peaks is affected. The regolution becomes poor whenever the Geliger activity reaches
the level of from 105 = 106.ccunts per minute of scft electbrons. TheAtolerance for
hard beta particles is higher. In our bombardments additidnal chemistry could always
. separate the protactinium from this excess Geiger contamination.

A modificatioh of recoil techniques mentioned previously is applicable here.
The parent plate is suspended face down in the lock over the catcher plate which
rests on the turntable. The lock is evacuated, allowing recoil gtoms from the
upper plate to be collected on the catcher plate. By bringng the lock up to counting
gas pressure, opening ip)and rotating the turntabie)the recoll plate cahi be pulse
analyzed s few seconds after the end of the collection period.

G. Very Short Half-Life Determinations

We have meﬁtioned previously that the rotating disc method could be aﬁplied
to determinations of half-lives down to about 20 milliseconds. Below this, however,
some electronic measuring set-up is required, Studier and Hyde8 mention g simple
electronic device used in their measurement of the 0,019 second Emzi'8 half=life,

Our requirements were much more stringent than theirs, however, since we expected

half-lives from the millisecond range down to half a microsecond. In addition; we
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would have to distinguish between members of several series,

An’appéraEUS which we hoped would meet our.requirements was designed and
built by R. Dor? and A. Ghiorso. The time scale of this apparatus was divided up
electronically into three equal segmgnts with a counting dial for each segment.
An alpha pulée would trigger the circuit and if another pulse followed within the
first segment of time it was recorded on‘the first dialy the second segment, the
second dial, etc. The apparatus was so designed that it could only trigger the
circuit for a certain segment of the pulse analyzer spectrum and record only when
pulses occurred in agother segment of the spectrum. In other words it could be
set to trigger on one peak of a series and record on another. The time scale of
the apparatus could be varied and when set so that the second interval had half
the counts of the first etec., indicated the ﬁalfwlife of the parent. Background
correction of cburse had fo be made for random counts which were not related as
parent=daughter, A few preliminary values have been obtained with this apparatus
but their accuracy can definitely be improved.

IV. Experimental Regﬁ;ts

This section lists the results of our experiments with the collateral series
and briefly describes the meaﬁs by which we obtained our values. Half-life. and
energy values in parentheses in the tables have been estimated from alpha systematics
curves of alpha energy versus half-life for the same kind of nuclei (i.e., even=

even, even-odd, etc.). (See Figs. 54=57 at end of Chapter.)

A. The Pazg6 Series

| This series, along with the =30 series, constitutes a collateral branch of

the uranium or 4n + 1 family° Fig. 20 shows a block diagram of this family.

Since this series is always found with considerable Pa?7 series present, it has been
hard to obtain good, definitive,pﬁlse analyses. Fig. 21 presents our best pulse

analysis to date, the other peaks being isotopes of the Pa227 series showing through.
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In the matter of about 10 minutes all evidences of P3226 decayed'out ofithe sample
leaving a pure sample of Pa227 a5 shown by Fig. 22. If the Pa??7 series alpha :
groups are extrapolated back to the time of the first pulse analysis (which inci-
dentelly was 3.3 minutes after shutdown), and these values subtracted from the curve

226

in Fig. 21, a new curve showing alphas due only to Pa series is obtained (Fig. 23).

A summary of data for this_series is presented in Table 1. The radiocactive

210

properties of RaE and Po are the accepted values taken from the iiterature.

Table 1

Pa226 Collateral Series Data

Isotope Type of o Half-Life Energy of Radiation
_ Radiation _ v %%ev)
P4226 a 1,78 = 0,15 min. 6.81
A¢222 a (pred 30 sec) ‘ 6,96
Frl8 a (pred 5 x 1072 sec) 7.35
At2L4 a (pred 2 x 1076 sec) 8,78
31*%®mar) 8" 5.0 days 1.17
Po=10 a . | 140 days 5,298
PpR06 Stable
1. ggffé Our early experiments assigned the 38.3 minute protactinium

isotope (now assigned to Pa227) to this isotope, since we thought we found a few

=10 in a bismuth fraction chemically milked from the protactinium isotope.

counts of Po
The polonium proved to be contamination however, and othe#milking experiments indicated
the correct assignment for the 38.3 minute isotope. Apparently then Pa?26 had g
considerably shorter half-life than 38 minutes.

Our shortest time for chemically separating a protactinium fraction from a

thorivm metal target bombarded on the regular probe with the internal beam was
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Fig. 22. Alpha=pulse analysis curves showing the decay of the Ph226 series?

leaving the P3227 series, Pulse analysis made on the protactinium fraction
of a 1.5 minute bombardment of thorium nitrate in the jiffy probe with 150
Mev deuterons. Tﬁe counts indicated were for 0.5 minute intervals and were
started at the following times after shutdowns

Az 303 minutes

Bz 6,0 minutes

(o]
1]

10,5 minutes

A #3 collimator was used.
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16 minutes from shutdown to counter. This however was relatively slow and the
only activity found was Pa227 and daughters.
We next tried bombarding one mil thorium metal foil in the jiffy probe set~
up with full energy deuterons and after many bombardments were able to establish
the existence of a short-lived protactinium series that decayed out in a few minutes.
However the best chemistry time was six minutes from shutdown to counter and always

at the first count the Pa227

‘activity was overwhelming.
We even tried bombarding a saturated solution of thorium nitrate in the external
deuteron beam of the cyclotron. This did speed up the separation time by a minute

=21 activity, let alone P3226°

or so but the beam proved too weak to give much Pa

Finally the Jiffy probe "rabbit" was modified so that powders could be
bombarded in it and we tried bombarding thorium nitrate with deuberons. Seweral
bombardments at full energy indicated that we had shortened our time from shutdown
to counting to about 4.5 minutes but the yields were still low and the ratio:of
P3227/?a226 was still unfgvorablee

Several months elapsed before aﬁy more bombardments for this isotope were
made and in the meantime we began to understand a iittle more about the excitation
function of the (d,xn) reactions (see Chapter 2) - although we still d4id not
realize that the peak yield of their excitation function rises a factor of 20 above
the yield'atifull energy.

Thorium nitrate in the jiffy probe was bombarded with 150-Mev deuterons in
our subsequent work on this isotope. Two bombardments were sufficient to give us
the pulse analyses shown gbove, with our chemistry time cut down to 3.3 minutes
from shutdoﬁn to the beginning of pulse analysis. By following the decay of the
longest range alpha peak (assumed to be AtRL4 from systematics) we obtained a half~

+
life of 1,78 = 0,15 minutes for the fhzzé (Fig. 24). In this 1.5 minute bombardment
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of thorium nitrate in the jiffy probe we obtained about 106 alpha counts per minute

226

of the Pa™"", extrapolated to shutdowm.

Since in the pulse analysis we were unable to detect any alpha peaks of Thzzé
and daughters along with the'Pa227g once the Pa*20 had decayed out, we can set a

limit of £ 1 for the K/u branching ratio of Pa226,

2. Other Hembers of the ?a226 Series It was not possible in the two final
bombardments mentioned above to obtain any data other than the halfwlife of the
Pa226 and the alpha energies of the series members. The assignment of mass numbers
to these daughter isotopes was made purely on the basis of alpha energy systematics
(see discussion and figures at the end of this chapter)., It can be seen that these
systematics are a powerful tool in assigning masses now that suf%iciently good alrha
data has been collected.

When the pneumatic tube-~jiffy probe combination is ready fof operation and
can bring jiffy probe targets into the laboratory within 12 seconds, we hope to

shorten our 3.3 minute chemistry by at least a minute and also be able to do many

experiments in one 'day. We should be able to determine the half=lives of the

214
Ac and Fr by the rotating disc recoil method and possibly the At = half=-

life by electronics. We also hope to be able to build up enough activity to be
able to milk for the Bi210 and PoRi0 daughters to definitely establish the mass
assignment of the series.
227 :

B, The Pg Series

This series ig collateral to the actinium or /n + 3 family-and is shown in
the block diagram of Fig. 25. Its five alpha peaks dominate pulse analyses of
protactinium f:actions for from five to six hours after thorium bombardments with

80 to 125 Mev deuterons and corresponding energies of protons or alpha-particles.

A pulse analysis curve of the five alpha peaks is shown in Fig. 26,

+
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Then we first encountered this series it looked much like the 30,9 minute

v

Th226 and daughters on the pulse analysis, and since it actually decayed with a

half-life of about 30 minutes this similarity was even more marked, However the
fact that the first pesk of this series was much higher than the other two peaks,
was unexplainable if the series was considered to be Th226 contamination. We .
proved that this was a new series however by showing that thorium could not come
through our chemistry. Furthermore when we pulse analyzed simultaneously a sample
of U230 series and this other series we found that the curves did not completely
superimpose (Figs 27). These results indicate that the energies of the long range
groups of each series are not identical and hence the series are different.

7 seriese.

Further work established definitely that the series was the Pa22
. About six hours after shutdowm the series gives way to the ?5228 and Pazz9 alpha
peaks as shown in Fig, 28, Since the UZBO series present from PazBO decay is always
growing in, the sample shown in part C of thg figure was freshly separated from
daughters before pulse analysis. Our latest data on thelmembers ofrthis series

are presented in Table 2, The radioactive properties of AcC and AcC" are the ac-

cepted values taken from the literature.7
Table 2
Pa**7 Collateral Series Data

Isotope Type of Radiation‘ Half-<Life Energy of Radiation';
- . . (Mev) -
Py2R7 a(~ 85%) - 38,3 t 0.3 min, 6046
K(~15%) |

AcR23 « (99%) 2.2 2 0.1 min. 6464,

Prat? « 0.02 sec & 10% 7.30

AtR15 a 1074 sec % 20% 8,00

21211 (acc) a (99.7%) 2.16 min 6,619

71207 (acc) 8- 476 min 1.47

P07 Stable
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Fig. 27 Alpha=pulse analysis curves showing the results of simultaneously
counting samples of pure Pa??7 geries (A) and pure 1230 geries (B) to

give C,
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Fig. 28, Alpha-pulse analysis curves showing the decay of the Pac27 series,

leaving the Pa228 and thzg alpha groups., Pulse analysis made on the pro-
tactinium fraction of a 20-minute bombardment of thorium metal with 60-
Mev deuterons. The pulse analyses were made on three different samples;
A and B without collimation and C with a #3 collimator. The counts lasted
about eight minutes and started at the following times after shutdowns:

A: 1 hour

B: 7 hours

Cs 9 hours
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1. ggégz Since it is possible to obtain this isotope in very high yield
and since it is the only protactinium isotope in evidence for a period of five or
six hours after bombardment, we have been able to do some rather amazing experiments
witﬁ it and its daughters. Half life determinations from following the gross alpha
counts of the series gave a value of 38.3 - 0.3 minutes. The counts of successive
samples were registered by a Mtrafficounter" on ticker tape. Later they were nor-
malized to the “hottestﬂ counting sample and plotted as in Fig. 29,

By chémically milking a sample of thorium (including ThZBO as tracer to
determine chemical yield) from a known amount of Pa227 we were able to determine
thé branching ratio of this isotope. The Pa227 which had been previously separated
from thorium was allowed t9 decay in TTA-benzene solution for A0 minutgs and then
the daughters ﬁashed from the organic layer with nitric acid. WThis zeid was washed
three times with fresh TTA~benzene solution to extract the protactinium which had
washed out of the original organic layer, correction being made for the tiﬁe this
protactinium decays while in contact with the milking solution.

The Pa227 was allowed to decay only one half-life to reduce the amount of
‘Th228 present from the large orbital electron branching decay of Pa228° With this
milking time, pulse analysis showed twice as much Th227 present as Th228 (the
original bombardment being made with 60 Mev deuterons). Enough of the 18,6 day
Th227 was present in the milked sample to indicate a K/u ratio of 0.18 with an
error of = 0,02, .

Further evidence that the The27 came from the 38.3 minute protactinium
isotope was given when successive milkings for thorium of the protactinium sample
indicated that the parent of the Th227 was decaying with about a 35 minute half-
life,

By a double recoil experiment collecting and pulse analyszing Byt alpha

particles from the series, it was possible to observe their 6.62 Mev energy and

2,16 minute decay,
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Furthermore it was possible by a triple recoil experiment to collect enough

of the T1207 daughter to follow its 4,76 minute decay (Fig. 30), and even to take

a rough absorption curve to check its energy.

The absolute cross sections and relative yields for this isotope are discussed

in:Chapter 2 of this report.
227

2. AgRR3 Recoil atoms collected from Pa series plates decayed with a

half-life of about 2.5 minutes., This value however was a combination of the
half-life of the already know 2,16 minute Bi*l' and Ac®?3. Since their half-lives
are so close together it is impossible to resolve one curve from the other.

Another method of attack was more successful. Recoils were collected from a

227

a large plate of the Pa series for 10 minutes to insure equilibrium between

the sample plate and the collector plate. The collector was then removed and

successive one-minute recoil samples taken from it for a period of about 10 minutes.

Biz‘l‘l9 the only alpha activity present on the second recoll plates, was followed

for.about two minutes for each sample, all the counting of successive second recoils
being done on one alpha counter and the counts recorded with a trafficounter. The
decays of the Bi?ll were extrapolated back through the best 2.16 minute line to

the time of separation of this second recoil from its AcR23 parent. These extrapolated

values are plotted in Fig. 31 where the time scale denotes minutes after removal of

~ry '
the first recoil plate from its :az“‘ parent. Statistics on some of the Bicl

points is rather bad but it can be seen that the extrapolated wvalues are in reasonable

R2 '
agreement, The half-life of Ac 3 by this method is 2.2 & 0.1 minutes. The only

ile

assumption made was that the efficiency of recoil for the B atoms was the same

during the ten minutes of the experiment. This assumption appears reasonable since
field conditions, etc., were invarient.
Data on the branching ratio of this isotope were also obtained from recoil

9

experiments. A very large sample of PaR7 and déughterg'(pmobably about 107 alpha
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counts or more per minute) was used as a parent for a ten minute recoil growthe

This recoil sample was allowed to decay for about 15 days and finally pulse analyzed
to determine the amount of Ra223 present. This pulse analysis was not too straight-
forward singce in the Ra223 peak ﬁheré was also some contribution from Ra224 and
Aezzs, A correction can be made for the latter two however by counting the Pol2
and PoRl3 peaks. Singe these alpha peaks do not have a short-1ived alpha parent
but come instead from B1212 and B1213 respectively, both beta emitters, there is no
coincidence loss in their counting and they are a true indication of the amount

225

of Razz4 and Ac present in the sample. (The Po?12 must be corrected for the

branching of the Bi?12 however,) This then gives the amount of AGZZB decaying by
orbital electron capture to Ra223o
The amount of AcRR> decaying by alvha emission was estimated in the following

manner. Recoil samples were grown for a period of seﬁeral seconds from the parent
PaR27 sample and then followed.down in an alpha counter for decay. The A0223 and
Bi211 equilibrium decay line was then extrapolated back to the end of the recoil
growth time and these values nlotted. Three such samples were taken and the best
38,3 minute line drawn through them. A point on the line at the middle of the
growth period of the large recoil sample gave an indicatioh of the amount of activity
that was récoiling over at that time. It was then assumed that 1/7 of this gross

alpha recoil activity was due to AeRR3 alpha particles; if the AGZZB is recoiled
over there are four alphas contributing, if the Fr2l? recoils over there is only
the one Bi~'" alpha and similarly for the At and the Bi*‘l, The efficiency
of recoils was assumed constant over the time of the experiment and independent
of the alpha energy of the parent atom.

A comparison of the number of atoms decaying by alpha emission and the number by

orbital electron capture shows that the K/a branching ratio for Ae?R3 35 0,01,
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3, g;ﬁ}i From alpha systematics we expected a short_halfqlife for this
isotopes The electronic determination gave a value of about 20 milliseconds, within

10% or S0

To check both this value and the principle of the rotating disc recoil method,
we mounted a sample of about 4L x 106 alpha counts per minute of the'Pa227 above the
disec and rotated it at a speed of one revolution per second. Apparently about one
half to one percent of the recoils were collected on the disc, enough to determine
that the half-life of this francium isotope was approximately 20 milliseconds. The
three points obtained are shown in Fig. 32.

o é@%&i The half~life of this isotope has been determined electronically
to be about 1074 seconds, within about 20%.

It is interesting to note that the energy we obtain for the At215 alpha=-

particles is several hundred kilovelts less than the 8.4 Mev wvalue reportedl9

215

7 .
for At~ as formed by the beta-particle branching decay of Po*ld(Ach).

C. The Pa’~° Series

This series, collateral to the thorium or 4n family, is the longest-lived
(22 hours) of the new chains we have found. It is shown in block diagram in Fig.
33, This series is produced in somewhat lower yield than the PaZBO - 7230 series
in thorium bombardments and hence samples will always contain the two serles.
Since the Pa230 is a beta emitter, however, pure samples for alpha-pulse analysis

229

of the P3228 (and the Pa which is also present) can be obtained immediately after

chemical purification. But within an hour or so after purification; the *30
series grows in, obscuring the remaining members of the Pa228 series in pulse analysis.
Consequently the pulse analysis of Pa228 (Fig. 34) also includes Ps~<7 but does
not include any of the Pa228 daughters. Fig. 35 indicates the decay of a protactinium
fraction, with varying amounts of U230 series grown in in A, B, and C.
The data for this series are summarized in Table 3. The radioactive proper-

ties for ThC, ThC*®, and ThC® are the accepted values taken from the literature.’
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Fig. 35. Alpha-pulse analysis curves showing the decay of the protactinium
fraction from thorium bombardment with varying amounts of 0230 series grown
into -the samples. The fractions are from a six hour bombardment of thorium
metal with 60-Mev deuterons., -

Sample A was counted for 13 minutes; 3.6 days after shutdown and
90 minutes after cheﬁical separation from daughters.
| Sample B was counted for 25 minutes, 7.27 days after shutdown
and 28 minutes after chemical separation from daughters.
Sample C was counted for 114 minutes, 10.62 days after shutdown

and 2 hours, 20 minutes, after chemical separation from daughters.
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Tgble 3
Pa*<® Collateral Series Data
Isotope Type of Radiation Half-Life Energy of Radiation
- (tev)
-~ semrarany
Ps? al ~2%) 22 £1 nr. 6°o9§75%§
K(~98%) _ 5,85(25%
Ac?R4 a(~10%) 2,9 £ 0.2 nr. 6017
K(~ 90%)

Fro20 a 27.5 1.5 sec. 6069
At216 a 3x107% sec10 7.79

210 a,'gz%i‘ ' 6,081(27%)
Bi~+<(Thc) p=(64 60,5 min 6,042(70%)

2.20

208 - '
T1T (THC") B 301 min 1.72
POZiZ(ThC“) a 3 % 10£7 sec 8,776
P08 Stable

228 “ . 228 .

1. Pa In the measurement of the half-life of Pa there arises

_29

a problem of resolution of pulse analysis curves since the 1.5 day Pa is always

found with Pa228 to a greater or less extent. Even when a bombardment is planned

228

for maximm Pa yield and mintmm Pa<2? yield there will not be a difference of

more than 20 or so between the two isotopes and by the time the P6228

229

has decayed

through one or two half-=lives the Ps will become appreciable and affect the

decay curve. Fig, 36A shows such a maximized bombardment.
228

Since the energies of the Pa and Pa229 are quite close together (6.09 and

' 22 | :

5.85 for the two groups of Pg 8 and 5.69 for'Pa229} good resolution of consecutive
pulse analyses ig difficult and inaccurate. There is always a question as to just
how much tail of the P3228 peak to subtract in the resolution., A preliminary value

of 22 hours was obtained from rough resolutions of several successive pulse analyses

taken over a period of two half-lives of the Pagzg° This method however gives no
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2
Fig. 36. Alpha-pulse analysis curves showing the decay of Pa =8 and Pa229

peaks against a fixed amount of longulived'Pa231 tracer. All samples were
counted immediately after separation from their daughters.
Sample A was counfed for 13.1 minutes, 10 hours after shutdown.
Sample B was counted for 8,0 minutes, 3,05 days after shutdown.
Sample C was counted for 17 minutes, 9,05 days after shutdown.
The protactinium fraction was from an 80-Mev deuteron

bombardment of thorium metal.
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method for estiméting the error or observing trends in the half=-1ife measurements
and it was consequently disear@ed in favor of a better method.

This other method consisted of c:oun’c.:mgr the entire J group of p_eaks reprgsenting
the Pa228 and Pa229 from pulse analysis and obtaining the ratio of these counts
to long=lived Pa231 tracer added at the beginning of the experiment. These counts
were taken at about 12 hour intervals and the ratios plotted to represent the decay
of the peaks., New samples which had been freshly separated from their daughters
ﬁere used for each point, making fhe use of tracer Pa231 imperstive. This chemical
separation was necessary to ¢lean out Pa?30 - UzBO series alpﬁas,which tend to
obscure the Pa228 and Pa229 peakse

Figure 37 fepresents the total decay of the group of peaks while Fig, 36
shows a pulse analysis at the beginning, in the middle and at the end of the set
of samples., From the group of pulse analyses obtained, several different types of.
resolutions were made before we finally arrived at the value of 22 i1 hours. The
dotted line resolutioh indicated in Fig, 37 resolved the Pa229 from Fig, 366 (nine
day sample) and through this plotted value drew a 1.5 day line. This P52??
1iné was then subtracted from the original points and a 21.8 hour 1line obitained.

Another method resolved the P3228 from the first sample and from the next to
" the last sample. WA line connecting these points gives a 22.7 hour Tine. It is
difficult to obtaiin more points for this curve since when the alpha peaks of the
two lsotopes approach the same size, the error in resolution is greatest.

Still another method resoived the Pa229 from the 5.5 day sample, drew a 1.5
day line through this point and subtracted this line from the experimental points
tq obtain a line of half-life 22,0 hours,

| Examining the resolved line in Fig. 37 we see that the first two points are

231

slightly low (possibly due to the very small amount of Pa present and subsequent

errors in its counting -~~-- a small uncorrected background could cause this). If



1

ACTIVITY

22 | HOUR

EXPERIMENTAL
CURVE

| lll

Ll

|

il

|

TIME (DAYS)

.

Fig. 37. Deternination of the Pa?28 half-life by
resolution of the pulse analysis curves shown in part in
Fig. 36.






UCRL~A83
Page 35

these points are arbitrarily raised to fall more in line with the next three points
the best line through the points now becomes about 21.6 hours.

“Hence it can be seen that although various resolutions of our experimental
pilse analysis points give different values for the half-life of Pa?28, all of these

hours
values are consistent with a half-life of 22 - 1/for this isotope,

Chemical milkings of 1,9 year Th228 from the decay of a known amount of.Pa228

228

prove the mass assignment of this isotope., An aliquot of the original Pa solution

was pulse analyzed to determine the amount of Pa2?8 present, and ThR30 tracer added
to determineg chemical yield, The sample was allowed to decay for six days before
éhorium separation by Proccdure 90-3 of Appendix IT. The plates of the finagl thorium
separation were pulse analyzed to determine the améunt of ThZZS and Ttho present.
The value cbtained for the K/a ratio for this isotope is 53 = 5%.

Chemical milkings of a lead-bismuth fraction from an equilibrium mixture of
the Pa228 geries indicated the presence of a long range alpha which decayed with
two half-lives, one of approximately one hour and one of about 10 hours. After
this long range alpha was identified as PoRl by pulse analysis the gross alpha
decay of the sample was followed in an ordinary alpha counter. The two half=-lives

212

with vhich the alphas were decaying were due to the 60.5 minute Bi™ “(ThC) from

212(ThB) from the branching

the main line of decay of the series and the 10,6 hour Pb
decays of the series. Further milkings of a bismuth fréction alone showed a one

hour decay of the alphas.
2 Aezzé

The energies and half-1ife of this.isotope were determined by milking
chemically an actinium=thorium fraction from an equilibrium mixture of Pa?8 and its
daughters. Tanthamm fluoride-hydroxide cycles were used in this chemical separation
with barium carrier to hold back the radium., The lanthanum chloride was finally

plated and flamed, giving a good plate for pulse analysis,
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The half=life value obbtained in this waysgereed with the value of 2.9 L 0.2

£216

hours found by following the decay of the A peak from pulse analysis curves

of a recoil sample. The decay obtained with the recoil sample is shown in Fig, 38.
By pulse analyzing recoil samples from Pa228 we were able to determine the

numberlof A@zz& alpha disintegrations present and later the amount of the orbital

electron capture daughter R3224 present after complete decay of the AcR24, Although

resolution of the pulse analysis curves was rather difficult we did obtain a value

224 of 1

for the K/a branching ratio of Ac 0%t 2 (tw de%erminations gave 8075}and

11.6), The assumption that a negligible amount of Ra= 2
from ' 228
due to the recoil /' the 1.9 year Th from the original parent sample appears

is present in the sample

to be a good one.

This isotope has a long enough half-life that considerably more could be done
with it in the way of characterizing its radiations, ete. _

3. zgfig The energy of this isotope was obtained from the actinium-thorium

224 parent in

sample mentioned above since francium was in equilibrium with the Ac
this sample.

A half-life of 27.5 - 1.5 seconds was found from recoll experiments. From
a large sample of Pa228 we collected recoil samples for short periods of time
and followed these samples for gross decay on an alpha counter. From this gross
decay we were agble to resolve the half-life for this isotope (see Fig. 39), In
these experiments the contribution of the Ra222 which was present in low abundance
from the U220 geries was negligible.

o éﬁg}é The half<life for this isotopég as measured on the elestronie
set=up for short half-lives, was found to be about three or four hundred microseconds.
It is interesting to note the check between the energy of these Atzlé alpha-particles
and the energy reported by Karlik and Bernerﬁzo for At216 as formed by the beta-
particle branching decay of Po‘?‘lé(ThA)° There does seem to be good reason t§ doubt

the beta instability of ThA however {see Perlman, Ghiorso and Seaborgls for a
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discussion of this point).

D. The U2/ Series

Although it has eluded us to date, this series figures heavily in our plans
for the future. Bombardments of thorium nitrate salt in the jiffy probe and 4.5
minute éhemistry from shutdomn to counting have served only to give us a brief
glimpse of what we think to be this serieéo

Figeo 40 shows a block diagram of this series which is collateral to the
actinium or 4n + 3 family. In Fig, 41 is shown the best evidence we have so far
that there is a uranium series shorter lived than the 9.3 minute 0228 series. The
dotted line represents a pulse analysis of the sample taken about 10 minutes afﬁer
the solid Iine but exfrapolated back along the 9.3 minute decay of U228 so as to
accurately represent the 28 activity at the time of the solid curve., It san be
seen that there is some difference between the two curves due possibly to the effect
of one alphé group abbvg *:,he“Th?'?ZP peak, two groups above the Ra?zo peak, one group
above the Em216 peak, and one group above the T peak. This positioning of the
peaks is what we would expect from alpha systematics for this series. With the
new pneumatic tube-jiffy probe set-up we should be able to find and characterize
the members of this series.

A summary of the predicted values for this series is listed in Table 4. The

1
values for POZI have been obtained from the literature,

Table 4
y2R7 Collatersl Series Data

JIsotope  Type of Radiation Half-Life Energy of Radiation( Mev)
gR27 a (pred 30 sec) (pred 6.9)

Th<23 a (pred 0.1 sec) (pred 7.5)

Ra?LY ) a (pred 5 x 1073 sec) (pred 7.9)

Em215 a (pred 5 x 1076 sec) (pred 8.6)
Pottl(4eCty) g _ 5 x 107 sec 7o 434

0
P%z 7 Stable






92

Pa
91

90Th

c
89A

Ra
88

Fr
87

Em
86

1
85A

Po
84

~_Bi
83

Pb
82

Tl
81

ARTIFICIAL COLLATERAL
RADIOACTIVE SERIES

PRODUCED

BY

Th?%% (a, 9n) U7 (2)

223
Th
Th*®% (d, 7n) Pa??’
a 223
’ / Ac
219 a 223
: Ra / Ac X
a 219 a
/ Fr /
R 215 ,a/ 219
F Em An
a 215 a.
/ At /
21 a 215
AcC' / AcA
a 21l a
yd ace NPT 4
STABLE LU
207 -« 211
Pb I£] / AcB
~
207
Accll

227

Rd Ac

231 g

Pa \ﬁ
23]

uy

~ACTINIUM
(4n + 3)

FAMILY

FIG. 40

235

tAI&SN Y



¥4

!

H

R,
t

T T | — - |
1,227 :
U SERIES (?)
(DlF»FERENCE BETWEEN CURVES)
75 ]
| 227(7)
w U
- .
- P°21l+Th223(?)
E .
=
x s —
g Em2|5(?)
219(7)
» a
h _
2
=)
O
O
25 —
2 3 4 5 6 7 8
CHANNEL NUMBER ,
» S 1 L — 1 |
- T 70 8.00 9.00

ENERGY (MEV)

Fige Zl. Alpha-pulse analysis curve of the 1227 series (2)
from a two minute bombardment of thorium nitrate with 160-Hev.
alpha particles in the jiffy probe. This curve represents
a one minute count of the wranium fraction, the count being
started 4.5 minutgs after shutdown. The dotted line represents
the amount of U?2° series present during this count. A #3
collimator was used.

#



UCRL-433
Page 38

E. The U228;§eries

This series, a collateral branch of the thérium or 4n family, is shown in
block diagram in Fig. 42. 1t becomes evident in a uranium fraction immediately after
an alpha bombardment of thorium and is most easily followed by its long range alpha
peak of P0212° Our early experiments tended to assign to it a shorter half-life
than 9,3 minutes because of difficulties in resolution with the pulse analyzer.
With careful and fast chemical separations, however, we were able to obtain a good
clean puise anglysis curve of the series as shown in Fig., 43. As this series
decays, its place is taken over by the 58 minute U229 series as shown in Fig. 44.

A summary of data for the igotopes in this geries is given in Table 5.
The radicactive properties of ThC'! are the accepted values from the literature7.

Table 5

U228 Collateral Series Data

Isotope Type of Radiation Half=Life Energy of Radiation
Nev)

yR28 a 9.3 % 0.5 min 6,72
Th<<4 @ (pred. 0.1 sec) 7.20

RHZZO a (pred 5 x 1073 sec) 7.49

En a (pred 2 x 10™ sec) 8,07
Pole(ThGﬂ) a 3 x 10”7 sec 8,776

pr208 Stable |

1. g§§§ The half-life of this isotope was determined by following the
2
decay of the Th 2 and Razgo peaks resolved from pulse analyses curves. The value
+
obtained is 9.3 = 0.5 minutes as shown in Fig. 45. By following the decay of the
212

Po peak we obtained a value which was slightly smaller, but appeared to be more

affected by straggiing of the alphas in the pulse analysis peak,
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Pig, 44 Alpha=pulse analysis curves showing the decay of the 0228 series, 1eaving
the T°% series. Pulse analysis made on the uranium fraction of a seven=minute,
120-Mev alpha particle bombardment of thorium metal.

Sample A waé counted for two minutes, starting 21 minutes after shutdown.
Sample B wés counted for two minutes, starting 36 minutes after shutdown.
Sample C was counted for four minutes, starting 65 minutes after

shutdown,

A #3 collimator with Zapon covering was used for collimation.
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Since this chain decays directly into a stable lead isotopeys the longest-

¢

_ lived member of the entire chain being the parent, the only way in which we can

positively identifiy the series chemically is by branching decays of its memberse

' We have been able to chenically milk Pa228 from the decay products of a large amount

of this series, after first having taken spe;ial precautions torremove by TTA-
benzene extractions alerazzg formed in the original bombardmentf

The chemistry used involved separation of the uranium fraction from a 10-
minute thorium metal bombardment by ether extraction from saturated ammonium nitrate
solution, washing of the ether with three portions of saturated ammonium hitrate,
and finally waching the uranium back into pure water., This water was then made 6 X
in nitric acid and was extracted three times with double volumes of TTA-benzene
solutions to eliminate any small traces of Pa228 which might have come through the

231 was then added to check chemical yield and a small

ether extraction. Tracer Pa

oot of . ot 2
aliquot of the water taken for pulse analysis and determination of the activity.
After standing 20 minutes the solution was again stirred with a TTA-benzene solution,

228 '
this time to extract the daughter Pa ', and the organic layer was plated and
counted.
The results of this milking experiment are very poor and were never repeated

although the experimeht is not too difficult a one. The pulse analysis of the
228 -

U sample was poor in resolution and indefinite in geometry (since a #3 collimator

was used and its geometry was not accurately known). The protactinium plate gave

228
only about 0.4 counts per minute of Pa with 73% recovery of the tracer. The

ratio of K/o reported in the table as 0.25 may be very much in error and is presented

only as evidence that there is some orbital electron branching. This milking experi- .

ment will definitely be repeated.
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2, Other members of the U228 Series None of the other members of this series

have been investigated for half-lives, The alpha energies were all determined by
pulse analyses, We intend to investigate thesé short half-lives with the rotating
disc and electronic messuring devices.

¥, The U229 Series

After the Uzzsrseries has decayed out of a uranium sample from an alpha
bombardment of thorium,this 53 minute series dominates the pulse analyses for a
matter of several hourg until it gives way to the U230 series, This U229 series
is shown in block diagram in Fig. 46. On pulse analysis we obtain a sample with
three poorly resolved short range peaks and the two longer range ones as shown
in Fig. 47. The presence and decay of the series can be determined by observing
the Pois long range alpha peak., Within a few hours this series in turn gives way
to the U%BG series as shown in Fig. 48, A summary of isotope data for the U229 series
is given in Table 6. The radioactive properties of PGZIB and P1R09 afe the accepted
literature values,

Table 6

o]
U2?% Gollateral Series Data

Isotope : Type of Radiation Half-Life Energy of Radiation
‘ . ' — ’ {Mev)

U229 a 58 ﬁlB min é042

Th?22 a | 8.0 % 0.5 min 657

RaR?t a 31 L 1.5 sec 6oL

En?t7 a 107 sec © 10 7,74

P921 | a 4e2 x 1076 sec 8.336

PpR0% Bm 3.32 hr | 0,70
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Fig. 48. Alpha-pulse analysis curves showing the decay of the 72%9 series,
leaving the 1230 series. Pulse analysis made on the uranium fraction of a
Z,Swnll:‘i.rmte,9 120-Mev aipha-particle bombardment of thorium metal.

Sample A was counted for 7 minutes; starting one hour after shu.‘l;down°
Sample B was counted for 10./ minutes, starting four hours after shutdown.
Sample C was counted for 10 minutes, starting eight hours after shutdown.

No collimation was used.
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1, U2 By following the decay of the alpha counts in the U229, Tn?R5
and Ra221 peaks (as well as the decay of whatever grows into these peaks) on pulse
analysis curves we were able to obtain g half-life for this isotope of 58 ps 3
minutes, The decay points and resolution for these peaks are shown in Fig. 49.

In checking the branching ratio of this isotope we patterned our chenistry
after that used for R28 although time was not such a factor here. To eliminate
any influence of P20 decay into Pa®2 in the milking, the target was allowed to
stand for one hour after shutdowm. It was then worked ub for the uranium fraction,
purified as uwsval with three ammorium nitrate washes, and then subjected to further
purification from protactinium by four washes of TTA<benzene solutions. The sample
was then allowed to deéay for 3.5 hours, at the end of which time the protactinium
was separated with TTA-benzene, and the Pa.231 tracer and Pa229 daﬁghter pulse
analyzed. Pulse analysis of aliquﬁts at the beginning of the milking decay determined
the amount of U229 present originally. The value for K/a of about 5 (if the K/a
ratio of Pa??? ig 100) is a fair valueg the limiting factor being the determination
of the initial amount of U229 in the sample.

2 ggéfi By following the decay of the.Po213 peak on pulse analysis of
several recoil samples grown for a short time from a large amount of URZ9, we were able
to determine the halfnlife of this isotope t6 be 8.0 z 0.5 minutes as shown in Fig. 5C.

The branching ratio of this isotope was found by a method similar to that
used for Ac?R3, A resoil sample was grown for 3.5 hours from a plate of the U229
series. The short-lived activities were allowed to decay out bﬁ letting the
sample stand for 9.5 days and then pﬁlse analyzing it to determine the amount of
A3225 and series present (from thevofbital electron capture branching of Th225)o
The amount of Th®?5 daughter activity recoiling off the U%?” plate was determined

by several short recoil experiments in the same manner as for A@2239

™~
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The sample of U2293 however, was not as active as is desirable for this type
of experiment since it was separated from a poor bombardment. Comsequently only O.4
cqunts per minute of Ac?<d were found on the recoil plate. Tt would seem then that
our value of 0,12 for the K/a branching ratio of this isotope might be considerably
in error., This milking experiment would bear'repeating when a good alpha bombardment
can be obtained from the 184-inch cyclotron.

3o ngfi Two -types of recoil experiments were made to obtain the 30 Z2
second half-life of this isotope. By using the rotating disc method we obtained a
half-life value of 31.7 seconds (Fig. 51). These points have been corrected for.
the decay of the parent during the time of the experiment and also for the 25%
contamination of 38 second Rac<< present fron the U230 series.

The other method involvas manual transferense of the recoil sample to an
alpha counter and following of its decay long enough to resolve any long-lived tail
and obtain the required half-life. Fig. 52 shows the result of a run by this method

Ra222 contamina-

in which the indicated halﬁ«life ha; not yet been corrected for the 10%
tion present. Only a few representsative points have beén put on the graph, Acéually
counts were taken every 0,05 minutes and recorded on a trafficounter. With such a -
relatively Tow counbing rate and such a short interval between counts, the statis=-
tical fluctuations are considerable, as can be seen from the figure. To minimize
these fluctuations we have plotted these data on an integral curve in Fig. 53.

(This is the same method used by Studier and Hyde in the evaluation of their R3222
dataso). Each count was corrected for background and these values summed up to a
timet . The summed values of counfs were plotted against t and the value which they
approached was taken as Aw o In the integral curve, then, we plotted the differance
between this A, (the total number of counts observed on complete decay) and Ay

(the total number of counts observed to a certain time %), A plot of this value

o ) ) o 6 ] o= ) o ks
on g logarithmic scale sgainst time determines a hslf-life of 30 < 2 seconds for

the activity. It can be seen that the statistical variations in the data have been
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greatly reduced. By this method it is also possible to eliminate the usual
differential plotting error introduced in counting a sample for an appreciable
part of its half-life.

Lo EEEZZ By electronic measurements the half-life for this isotope has

been determined to be one millisecond within about 10%.

V. Discussion of Results

A study of alpha systematics curves shows the regularity of the energies
and half-lives of these collateral series alpha emitters and also serves to point
out irregularities which may be the result of experimental error. With thé kind
permission of Professor I. Perlman, I am including four of the systematics curves
which are published in the paper by Perlman, Ghiorso and Seaborg on "Systematics
of AlphawRadioactivity“ls° Fig. 54 shows a plot of alprha disintegration energy
(including the enérgy of recoil) against mass number for the known alpha emitters.
Fig, 55 shows a plot\of half~life against alpha disintegration energy for even=-
even nuclel; TFig. 56 for even~odd nucleis and Fig, 57 for odd-even and odd-odd
Vnucleia (Even-odd ‘denotes an even number of protons and an odd number of neutrons,
etco)

Predicted values which are included in the preceeding tables of experimental
results were obtained from the above curves. If the particle energy was observed,
the disintegration energy was calculated from it and the half-iife read off the suitable
curve., When both’energy and half-life were predicted, the energy was first predicted
from Fig. 54, and then used to predict the half=1ife,

No mnambiguous Geiger counting has been done on any of these series. In our
first bombardments our chemistry was not clean enough to give good Geiger results,
It would now be possible, however, using Procedures 91-1 and 92-1 in Appendix II,
to obtain pure protactinium and uranium fractions free from any contaminating
Geiger éctiﬁityo There undoubtedly are gamma rays associated with some of the

/
isotopes of these collateral series and their presence should be investigated now
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Fige 54. Alpha%energy VS, mass number. Relationships of the Heavy Nuc;ides.

(From Perlman, Ghiorso and Seaborg, Phys. Rev. January 1, 1950, in press.)
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Fig. 55,;j Half-1ife vs. energy relationship for the even=even nuclides.
(Roman numerals indicate short-range groups in fine structure and "M the
ground state transition).

(From Perlman, Ghiorso, and Seaborg, Phys. Rev. January 1, 1950,

in press).
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Fig. 56, Half=life vs. energy relationship of the even=-odd nuclides.
{Roman numerals indicate short-range groups in fine structure and "O" the
ground state transition).
(From Perlman, Ghiorso, and Seaborg, Phys. Rev. Janﬁary 1, 1950, in

press.)
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Fig. 57. Half=life vs. energy relationship for the odd-even and odd-odd
nuclides. (Roman numerals indiééte short=range groups in fine structure and
"O¥ the ground state transition).

(From Perlman; Ghiorso, and Seaborg, Phys., Rev. January 1, 1950,

in press.)
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that clean chemistry has been worked out,

Aside from the fact that this work with the collateral series has resulted in
either partial or complete identification and characterization of 18 new isotopes, it
has also added important new concepts to our understanding of the heavy elements and
alpha radicactivity in partiCulafo The applications of the properties of these is;topes
to alpha decay systematics and calculations are lucidly covered in the above mentioned
article by Perlman, Ghiorso and Seaborg015 Suffice it to say here that with these
collateral serises we have for the first time been able to explore the neﬁtron de~
ficient side of staﬁiliﬁy in the heavy element region and to extend the alpha
systematics ihto this region, |

At the beginning of this work it was believed that the neutron deficient isotopes
in the heavy region, as in the lighter regions, would decay to stability through one
or more orbital electron capture steps, We see now, however, that alhtough some of
the isotopes above francium with slight neutron excesses do have a large amount of
orbital electron capture branching, as this neutron excess becomes larger the isotopes
decay primarily by alpha emission. Hence it is our belief that the large yield of
isotopes such as At211 in high energy bombardments of thorium is due in part to forma-

s ) . 223
ticn of parents such as Ps

which have such a short half-life to alpha emission
that they decay immediately down through a series of very short-lived alpha emitters
to their daughters, such as 7.5 hour AL,

One further importance of these collateral series should be mentioned,

279 an isotope ideally suited for

Through their discovery we have obtained Pa2
excitation function work., With Pa?R’ we have been shle to explore the variations
of yield with energy for several reactlions in which it is produced. This work

ig discussed in Chapter 2.
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Excitation Functions

I. Introduction

The investigation of excitation functions may be instigated by a desire
to verify current ideas of the course of nuclear reactions or merely by a
desire to cbtain information which will sllow one to maximize the yield of a
particular isotope in a bombardment. The former was the main goal of many
carefitl investigations using low energy accelerators and measuring precisely
both the yields and energies involved., - This work has led to a better underm
standing of low energy nuclear resctions.

There has been, however, a great need for some general survey work on the
many reactions that are possible with the high energy particles avallable or
soon to be available at several sites. Excitation functions of a few light
element reactions with high energy particles have been reported, ~2 but those
of heavy elements have not been investigated except for one determination by
E. L. Kelly on the Bi®0%(q,2n)At%M reaction using an electrostatically deflected
beam of 388Mev alpha-particles. =3

While working on the collateral series 556 found in bombardments of thorium
\%ith deuterons and alvha~particles (and more recently protons) from the 184=
inch eyelotron of the University of California Radistion Laboratory, we became
interested in determiningpthrouéh excitation functions, the energies for maximum
yield of certain isotopeéo By the summer of 1948 & few yield values had been
determined and it appeared that only for (a,xn) reactions was there any very
pronounced peak in the excitation functions where six or more neubrons were
knocked out., For deuteron reactions it appeared that in this region of the
periodic table the nucleus had become very transparent and was giving the type

of excitation function mentioned by Serbex>24 for high energy reactions, with
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go‘sharply defined peak and only very slowly varying y;‘i.elde_:° In addition, it
was noticed that there was a definite trend to lower absolute yields as more
neutrons were knocked out in the initial reaction.

Then the availability of 348-lev protbns became certain, it was decided
that exnitation functions should be determined for several reactions of thorium
and uranium with these high energy particles. The crude equipment that had been
used previously was discarded and an entirely new set-up was designed to give
- exeitation functions for all three of the partiecles that would be available on
the 184~inch cyclotron in the spring of 1949; 348-Mev protons, 19 -Mev deuterons,
and 388-Mev glpha~-particles.

The ensuing paper is based on the results of our thorium and uranium foil
bombardments made to determine the excitation functions of the simpler reactions
encountered. |

IT. Expe:imenﬁal Methods

| In determining excitation functions there are several methods (or variations
of methods) which can be used, The most popﬁlar’9 pefhapsg is the stacked=~foil
technique in which the carefully weighed target foils, either alone or with
intermediate absorber foils of aluminum or copper, cut down the beam to léW
energy values. A variation of this method can be applied éa a thick target by
sucecessively milling off thin layers, weighing theue layers and determining the
amount of yield per unit mass in each layer. With the area (milled out) and
the weight of the material known, the range-energy relationships can be applied
and a regular excitation function determined,

‘When experimental conditions such as small cross seétiong low beam intensity,
or poor beam energy definition make the above methods impractical, it is possible

to obtain an excitation function by making bombardments at various radii in the
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;nternal beam of a cyclotron, since the radii and energies are interrelated, This
type of bombardment actually does duplicate the conditions used in trying to maximize
the yield of one isotope over otheﬁisotopes in the characterization of a particular
isotope. There is no straggling to contend with and the energy spread of the
incident beam has not been exsggerated by passage through a great amount of extraneous
materialo Tﬁe principal objection to this method is the fact that in g cyclotron

it is very difficult to duplicate conditions of beam current and beam position;
congsequently conditions of consecutive bombardments may vary considerably. In

such bombgrdments, therefore, some‘reaction whose excitation function has béen
previously determined by the stacked foil technicue should be determined coinci-
dentally as a moniter to correct for these beam fluectuations,

In several of our early bombardments with the 184-inch cyclotron a rough
atbempt was made to check Fhe variation of yield with energy of a few of the pro-
ﬁactinidm isotopes by interposing copper absorbers between seversl target foilsoi
It was a few months later, however, before it was decided to look for the
Th232(d3?n)?2227 vreaction using 20 foils scattered through a stack of copﬁer
ebsorbers.

A. Recoil Method

When the target foils are backed up with aluminum foil during a bombardment,
thé recoll fragments from the initial reaction collect on the aluminum., Since the
thorium target foils were scarce at the time we thought it desirable to use this
method, which does not require solution of the target. With this method moreover,
it is possible to use the same target foils many times.

In this first attempt a one-inch stack (enough to completely stop the deuteron
beam) of 1-1/2-inch squares of copper and thorium was used. The thickness of the
copper squares was varied to produce the desired reduction iﬁ beam energy. The
targets consisted of one-mil thorium foils backed up with 1/2-mil alumimum foils.

The thorium targetb fbils were not worked up chemically but instead the recoil fragments
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that had collected on the aluminum were counted directly for gross alpha activity.
As was expected the 38.3-minute P3227 dominated the decay of many of the samples
and was evident in all of them. .

The bombardmentvwas made in the electrostatically deflected beam of the 184~
inch eyclotron in order that a good percentage of the beam could hit the middle
of the target. After bombardment the entire piece of aluminum foil was counted in
an alpha counter. Since most of the foils were much too active to count immediately
after bombardment, they were allowed to decay until countable. Several counts
were taken over a period of three hours for 16 of the samples while four samples
were followed continﬁally for ca. nine hours to oﬁtain good resolution of the

long lived tail and the 38,3-minute line.

The results indicate, as would be expected, that the recoil excitation curve
of a particular reaction is not the same as the regular excitation funetion since
a factor for the efficiency of recoil for the reaction at a given energy also enters

into the determination.

B, Direct»Method

When we found that the recoil method was giving us a different type of
function than we wanted, it became necessary to work directly with our targets,
It is possible in reactions such as Clz(d,n)N13 and A127(d,cnp)Na24 to count the
target foils directly at such times as tq.minimize other activities present and
thus obtéin a satisfactory excitation function., When elements higher in the
periodic table are bombarded (especially with high energy particles), chemistry
is usually required.to separate the variety of products formed. Thorium targets
present the additional problem of a high alpha background due to the thorium metal
itself (ga. 18,000 alpha ¢/m from a one-inch square of two-mil thoriume a thick
source of ThR32 alpha-particles). For this reason it is impossible to count

thorium target foils directly in an alpha chamber, .
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In Wefk wiﬁh the Berkeley 184~=inch cyclotron there are three types of
charged particle beams which can be used for bombardment purposes, the intgrnal
beam, the external besm, and the electrostatically deflected beam. The internal
beam is used when a target can be inserted into the tank of the eyqlotfon and
intercept the beam at any desired radius. The beam hits the target on its edge
only, With the big cyclotrom it is usuelly possible to obtain an internal beam .
current of about 1/2 to l-microampere of deuterons or protons, and about one=tenth
of this value for alpha-particles.

The external beam affords some distinet sdvantages over the internsl beam.
(1) It can be brought out of the tank through thin aluminum windows and led into
an external Wcave® for use in experiments. (2) TIts energy definition is good
(1/2 to 1% spread). (3) It can be collimated to any desired shape and is very
adaptable %o experiments. (4) It can be made to intercept the center of a target
foil. (5) It does not require that the targets be in a vacuum and hence the number
of possgible bombardments is greatly increased. The proton and deuteron beam
current is, however, only gs. 3 x 1070 micrgamperggwhidhg except in rare éases, is
not enough to be very useful for chemical determinations of reactions with cross
Scetions of 107 barns or less.

There is, however, the third possibility in bombarding with the big cyclotron,
namely the elegtrostatically deflected beam, When this beam is used the target
is placed an inch or so beyond the 82-inch maximum radius of the internal beam.
As an internal beam pulse reaches its maximum orbit an electrostatic field is
applied to the deflector. The particles are bent in the orbit of the electro-
static field as well as the magnetic field and are essentially pulled in from their
maximum orbit., When the particles pass the end of the 120° are of the deflectof
they again move in an orbit similar to their maximum orbit but with a center dis-

placed so that the beam can now intercept the middle of a target at a radius of
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about 83 inches. By’adjusting the amount of electrostatic field applied to the
deflector the particles can be maximized on & certain portion of the target. " The
current of the electrostatically deflected beam is less than that of the internal
beam by a factor of 50 or more for some bombardment arrangements but often there
is still enough activity produced to give significant results,

Target preparation for excitation function experiments varies with the
type of beam used in the bombardment. When stacked foils are used, range=energy
calculations are necessary to determine the energy at a pérticular foile These
range-energy data were obtained ftom W. A. Aron, B, G. Huffman, and F. C. Williams
of the Theoretical Physics Group here at the U, C. Radiation Laboratoxyo25

1, Internsal beam targelss In this type of stacked foil bombardment, the

foils.of copper and target material were securely clamped together in a target
holder and the leading edge sawed off with a bané saw to insure that each foil was
flush with every other‘foil° This precaubtion was very important. The thickness
of each foil (mg/émz) was calculated by weighing the foils ana measufing their
area (approx. 1-1/2% x 3/i%), After bombardment, the féils were separated, the
desired product removed chemically and counted.

Another type of internal beam target we have used iﬁ this work is the thin
target bombarded at different beam radii. These targets should be so positioned
as to obtaln an accurate measure of the radius of the beam at the leading edge of
the foil. The target thickness should be only a few percent of the total range
of the incident particles; usually foils of five-mil thickness or less are satis-
factory. (See Table 7 for the range (in inches) of beam particles at various
energies in aluminum, copper and lead.)

2. Externsl beanm targetss For this type of bombardment the target foil

is securely suspended behind the beam collimator. If the full energy beam is not
wanted, absorbers must be used to decrease the energy to a desired valus., Radiation -

hazards of the target are minimized since the gross induced achtivity is usually very
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Table 7

“Epproximate Thicknesses of Common Absorbers
Necessary to stop Various Energy Beam Particles

o Al Cu Pb
Alphs Energy (iev) (inches) . (inches) (inches)
588 1.370 0,500 0,550
350 1142 0,417 0,461
300 0,908 0,318 0.354
250 0,630 06231 0.259
200 0.421. 0,156 0,176
150 0,252 0,094 0,108
100 0,122 0,046 0,054,
50 0,036 0,014 0,017
Deuteron Energy (Mev)
194 2.73 0,993 1,095
175 2.27 0,829 0,923
50 1.733 0,632 0,710
128 1,254 0.459 0,515
100 0. 840 0,310 0,354
75 0.504, 0,187 0.215
50 0o224, 0,092 0,108
25 0,072 0,028 0.034
Proton Energy {Mev)
342 12,05 fio 31 Lo58
300 9045 3,39 3,61
250 6,98 2051 2,69
200 4o 79 1,725 1,860
150 2293 1,056 1.148
3.c0 1.437 0.523 0,576
5’0 001320 00155 00175
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low, Whiie this type of bombardment is more versatile than the othervtwo, it does
require that the reaction concerned have a sufficiently high cross section and
sultable half«life to give measurable activity.

3. Electrostatically deflected beam targets: The previously mentioned

bombardment for recoilg with this beam showed that beyond the calculated "zero"
energy foil in a particular stack of foils there was a considerable Wbackground"
off activity which seemed to be produced by beam particles coming in from the side
and hitting the rear foils in the stack. Because of this high ®zero energy back-
ground” we considered the apparatus used inadequate for definite excitafion func~
tion studies and started thinking about a design which would be satisfactory

for use with alphéwparticlesg deuterons, and the new high energy protons which
were to be available within a few months.

"It is necessary that this design meet several requirements. The apparatus
should be capable of mounting a 4~1/2 inch stack of copper absorbers (enough
copper to completely stop the 348-Mev proton beam as well as the other particle
beams). The absorbers should be rigidly held in place to provide reproducibility
of position and results., The target materlal should be so placed between the
absorbers as to cbtain the maximum émount of beam for the minimum amount of target
foil usedé it should also be readily removable from the bulk of copper absorbers,
(and incidentally the bulk of the hazardous activity sfter bombardment); Most
important of all, enough absorber should be imposed on the beam side of the target
foils to reduce the beam coming in from the side of the stack by a considerable
amount over the previougs experiments. h

The following apparatus was designed with these requisites in mind and with
many helpful suggestioné from Herman P. Robinson and A. Ghiorso of this laboratory.
In this apparatus, which is shown in exploded assembly in Fig. 58 and pictured
in Figs. 59 and 6 C, the energy is reduced by 2-1/2" x 3% eopper sheets of various

thicknesses with sides milled paréllel to within 0.2 mil and the thickness
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(in mg/en”) determined by weighing. The five-mil target materisl is in the form of
3/l inch-diameter metal dises and is held in a mask of five-mil copper, about
3/ of an inch from the beam side edge and midway between top and bottom of the eop-
per absorbers. (Small pieces of scotch tape on each side suffice“to sacure the
dise to the mask.) fhe amount of copper on the beam side of the target materisl
lowers the background due to particles coming in from the side 6f thé abgorber
stack to sbout one~hundredth (or less in some cases) the maximum activity of the
excitation curve. A support ledge is provided on the beam side of the absorber
stack to permit the addition of more absorber if it becomes necessary to lower
this background even more. |

A 1-1/2 inch thick copper collimator is placed in front of the absorber
stack for deuteron and alpha-particle bombardments. Its 3/4 inch collimating
hole is lined up directly with the target disc holes in the masks. Admittedly,
to be most effective, the collimation should present a much smaller area than the
targets. In many experiments, however, we were working with rather small amounts
of activity and could not afford to reduce the beam size. In addition, the target
size was somewhat limited by our efforts to reduce the extraneous beam coming in |
from the side, Actually the main purpose of the collimation was to enable us to
wotain a good bombardment with the electrostatically deflected beam., In proton
bombardments we luckily were able to obtain reproducibly good resultsiwith this
beam without a collimator, but with alpﬂamparticles the use of the collimator
increased the yield by a factor of 20, It was impossible to obtain a deuteron
bombardment of any kind without the collimator. The latter, being grounded,
allows the beam current to be maximized on the target foils themselves rather than
just anywhere on the block of absorbers, - This insures that the-target foils are
hit by the beam Thot spot® rather than by scattered radiation from the edge of

the beam,
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The absorbers and collimator are locked in the insulating tray by the
chamfr corners, the absorbers being kept from lateral motion by the copper stud
through their lower portion.

When the apparatus is assembled, the copper current-reading contact rests
upon the absorber stack which is insulated from the rest of the apparatus by the
"Dilectine® insulator tray and by pileces of mica between it and the absorber shield
which is grounded to the absorber supvort. The shield is necessary to electrically
§hield the absorber stack from the external electrostatic fields which would influence
the current readings. The absorber shield is kept in position by two screws on
sach end of the absorber support. In ocur experiments it was imperative that the
shield be_as close to the absorber stack as possible since it is difficult for the
deflector system to throw the beam iﬁ much farther than the ga. 1 inch of absorber
and shield.,

Since the gbsorber shield is imposed all around the target foils it has
a weighed front window whose thickness is included in range energy calculations.

This entire apparatus fits on the standard eyclotron probe head set-up.

Immediately after bombardment the four centering screws are loosened, the
absorber shield lifted off with a pair of tongs by a small hook which is not shown
in the drawing, the bolt on the absorber stack loosened, a small rod slipped through
the tab holes iq the masks,and the masks 1ifted free. Back at the laboratory the
discs are punched out of the masks and are ready for chemistry.

To maximize the beam on the target, it is possible to vary the radius of
the probg)and the voltage on the deflector. Furthermore the entire tray of absorbers
can be raised or lowered to position the targets vertically in the beam. This adjust-
ment is made by loosening the wing nuts holding the absorber support as shown in

the insert in the drawing.
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Shop drawings of the parts of the abparatus are given in Figs. 61~§6
inclusive. The tolerances required for the absorbers and masks are inﬁi;éfedo
Absorbers of many different thicknesses.were made up to enable us to determiné
simultaneously as many as 16 points (with a minimum interval of five Mev) on an
excitation curve for protons, deuterons, or alpha=particles.

Even with the electrostatically deflected beam a considerable amount of
activity is obtained in a bombardment of 3//4 inch discs of five-mil thorium in the
above apparatus. For a half-life proton bombardment of an isotope of 38,3-minute
half-1ife, we obtained ca. 1.5 x 106 alvha disintegrations/minute for a cross section
of about 10™ barns.

Co Chemistry

Even though the new apparatus had apparently solved the problem of beam
particles coming in from the side there remained the very real problem of deter-
mining the chemical yield of the elements separated.

Protactinium is an excellent product to remove chemically in this excita-

=27 and its daughters are the only

tion function work since the 38.3-minute Pa
alpha activity in evidence in the protactinium fraction for a matter of at least
five hours after shutdowm. Moreover, on extraction with a solution‘ofgtrifluoro-
thanoylacetone(TTA) 16 51 bonzene the majority of the protactiniuﬁb élean from
other alpha contamination, is removed from the solution of target maf_erial°

When allowed to stand for any length of time at a near neutral-pﬂ)pmbtactinium

231 as tracer leaves

goes into a non-extractable colloidal state and hence the use of Pa
mich to be desiredo It was found, however, that a single TTA-benzene extraction
after solution of the targeﬁ foil could give consistent results on a number of
folils if the processes were carried out simultaneously on each foily; the same
amount of reagents being added, all samples being stirred at the same time, dic.

To facilitate this mass production basis for the chemistry a ®bicycle

rack® type of stand was built (Fig, 67 ). Small laboratory stirrers (with glass
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stirring_rods) and open top 40 ml separatory funnels were clamped to the 12 cross
bars. This set-up is pictured in Fig. 68 .

In the chemical procedure 26 (Appendix II, Procedure 91-2) the thorium
dises are dissolved in 125 ml Phillips bheakers with 10 ml of concentrated nitric
acid and one drop of 0.2 M ammonium fluogilicate. The solution is heated gently on
a hot plate until the reaction starts. Ten ml of water is added and the solution
poured into separatory funnels (40 ml eentrifuge cones with stopcocks sealed to
the bottom)o Ten ml of 0.4 M TTA~benzene solution is added and the mixture stirred

]

for 5 mimites. The agueous and organic layers are collected in separate tubes

v

and about half of the organic layer (containing the protactinium) is plated on
platinum plates, flamed; and eounted for gross alpha counts.

Figure 69 pictures the set-up used to simultaneously plate as many as
16 samples. Heat from the hot plates and heat lamps was adjusted to evaporate
the bengene rapidly but without spattering. The platinum plates were placed on
1/4~inch washers to raise them above.the surface of the hot plate and thus allow
loading of ag much as one ml of the TTA-benzene solution at a time. By using
individual transfer pipettes (with rubber medicine dropper bulbs) for each
sample it was possible to evaporate sbout 6 ml of the organic solution 6n each
of 16 plates and Plame these plates within 45 minutes. We encountered no cross
contamination between samplesin using this plating technique,

In order to determine purity of the samples, at least two counts were
taken of each plate within an interval of about 40 or 80 minutes to compare the
decay of the gross alpha activity with the 38,3-minute half-life of P3227o If
necessary, alpha-pulse analyses were made to check any further question of purity.
Additional pulse analyses made several weeks after shutdown give an idea of the
amount of 17 day Pa230 (growing 20,8 day U230 and daughters) present in the samples.

The chemlesl yields of the runs reported in this paper are consistent

within themselves to within 5 or 10% but the absolute chemieal yield has in most
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cases been left undetermined. It has been possible to start counting the plates

from a run ofvlé foils, as early as one hour and 50 minutes after shutdown.
Protactinium procedures have proven very adaptable to a mass production

scale. By comparison, uranium procedures, which are required to separate fhe

products of (ayxn) reactions on thorium, do not give satisfactory results when

done on such a scale.

17 and others, involving ether extraction

The procedure, used by Newton
of the uranium from 10 M ammonium nitrate solutions is satisfactory for bombard-
ments of thorium in which the uranium isotopes are formed in relatively high
yields. In these cases we used the following procedure. The thorium foils are
dissolved in concentrated nitric acid with the addition of a few drops of 0.2 M
ammonium fluosilicate (heating gently on a hot plate until the reaction starts).

This solution ié evaporated to thorium nitrate crystals, care being taken not to
decompose the arystals with excess heat into the difficultly soluble Th02° The

salts are taken up in 1 N nitric acid saturated with ammonium nitrate and transferred
"to the open topped éeparatOﬁy funnels, An equal volume of‘ethyi ether is added.

The mixture is stirred for 5 minutes and the aqueoué layer drawn off. The ether

is washed two or three times with a lightly acidic solution saturated with ammonium
alirate and then biatedo | “

When done‘simultaneously on 16 samples with enough speed to catch a one-
hour half=life, this chemistry did not give very good yields of the uranium
(a maximum of 10%). The plates of the ether solution were rather thick (from
salting impurities eted) and did not,pulse analyse well, Since pulse analyses were
required for each sampls, it was not possible to obtain good yield values for
.the exqitation CUrves, o |

As the energy of thg bombarding particles is increased, moreover, the

yield of astatine and polonium isotopes from the spallatién process =1 becomes
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very pronounced and the astatine,in particular, solvent extracts into the ether in
fairly high yield, This chemical contamination at high bombarding energies makes
it very difficult to obtain a complete curve for the (0 ,xn) reactions unless much
more involved chemical procedures are used.

‘The prozedure used by Crane 26 (Appendix II, Procedure 92-1) has proven
satisfactory in removing all extraneous activities from a uranium fractioﬁo The
yiel@ has been found to be rather low (less than 10%) however, unless much time is
spent in recovering lost yield by remexﬁPQEtions and re-precipitations.

i This procedure as adapted to our work required that immediately after
shutdown, the thorium metal foils be dissolved in concentrated nitric acid con-
taining a few drops of 0.2 M ammonium fluosilicate, to which known amounts of g233
tracer had besn added for chemical yield determinations, (Heat ié required to
iniiiaﬁe solution.) The solution is then diluted with an equal volume of water
and transferred to open topped separatory funnels. There an equal volume of 0.4 g'

"TTA-benzene solution is added and the mixture stirred for five minutes. The organic
layer is discarded and the TTA-benzene extractions repeated three more times to

a230 formed in the bombardment both from

insure fairly complete separation of the P
deuteron contamination of the alpha=particle beam and from the (a,p5n) reaction.
Sinue this prctacﬁﬁnium separation can be completed in about 1=1/2 hours after
shutdown, only 1/40 of the U23O atoms present at the ead of that time come from
the beta decay of Pazsos if the PaZBO/ﬁZBO atom ratio at end of bombardment is 100.
The @eid solutions from these similtaneocus separations are then set aside
and worked up‘aﬁ our leisure. The actual uranium separation was performed on
each sample individually and required between 1«<1/2 and 2 hours per sample for
completion., The solutions from the protactinium extractions were evaporated

to thorium nitrate crystals, redissolved in 1 M nitric acid and saturated with

ammonium nitrate. The uranium was extracted with one pass of ether, washed three
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times with a slightly acidic solution of saturated ammonium nitrate and finally
washed into water. This carrier-free solution of uranium in water was then
further purified by precipitating out the uranium on lanthanum hydroxide, dis=-
solving the precipitate in acid, and scavenging with a ZrO(IOB)2 precipitatea
(It is very easy to lose yield in this scavenge step. See Appendix II for @ther
remarksoj The lagthanum hydroxide was again precipitated and then dissolved in
1 N nitric acid. The solubion was salted and the uranium extracted from the lan=-
thanum with ether, After three washes with salted solutions, the ether was plated.
These‘plates were finally pulse analyzed to determine the chemical yield of the
UzBB tracer added at the beginning of the procedure and thence to determine the
yieid of 7230 from the bombardment.

D. Gounting and Pulse Analysis

In measuring the activity for our excitation functions, we counted alpha
emitters in an ordinary argon ionization chamber whose pulses were fed into a
scéle of 512 comnting eircuit. Tests have indicated that the counter gives
negl@gible coincidences even up to a counting rate of several hundred thousand
counts per minute. (The validity of these tests however is in question,) The
counting arrangement gives a geometry of about 50%. When only gross counts were
taken of a set of samples, at least two rounds of counts were always taken to
make sure that the activity decayed with the correct balf-life,

When there was some question of the purity of the samples obtained in the
bombardments, thevaere subjected to alpha-pulse analysis with a Achhannél
differential pulse analytser,12 This procedure was especially imporﬁan% in de=
termining the UQBO and daughter content of the protactinium samples several weeks
after shutdown (UZBO coming from the beta decay of Pa230>° In many cases of the
PaZBO excitation functions, pulse analysis of every sample would have been too -
time consuming and tedious since most of the samples were relatively slow counting.

Hengce only a few representative samples were pulse analyzed to determine the
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U23_.° content as well as the contamination of astatine and other impurities that
mgde up the total gross alpha count. Usually one pulse analysis of a sample at
full energy, one at the peak of the curve,and one below the threshold for a given
excitation function were enoughAto indicate the trend of contamination present.
In general, it was found that near the peak of the curve the sample was almost 100%
7?30 series, while at full energy and Eelow the threshold, contamination of 20%
or more was usually found, These contamination percentages were interpolated
roughiy through the intermediate energies to the pure UZBO samples at the reaction
peak to obtain contamination correction values for gll samples of the curve.

Geiger counting, when required, was done on an end-window type counter,
apprOXi@ately 4 inches long and 1 inch in diameter., The miea window over one end
is a@9u€ 3 mg/ém? thick. The tubes are filled to a pressure of 9 cm argon and 1
cn ethyl alcohol, These tubes operate at about 1200 volts and have a plateau of
abqut 200 volts. The output pulses‘are fed into a scaling circuit of 643 the
counting efficiencies of the tubes are 100%. The Geiger counts presented in the
acgompanying exeitation functions were made on the bottom shelf (ghelf five-about
2.9 inches below the windbw) of a standard five shelf geometry set-up. Coincidence
corrections of 1.2% per thousand were made on all countsq
E., Cglibration of Sample Piscs and Absorbers

A1l weighings of sample disecs and foils were wade on a regular analytical
type chainomatic balance, which weighs to tenths of a milligram. A1l weights of
target foils listed are probably good only te 0.3 mgo

The absorbers were machined parallel to within 0,2 mil and were then
calibrated by weighing on the énalytical balance. Absorbers that were too heavy
for this balance were weighed on a rough assay balance.

All areas were carefully measured with calipers and the thicknesses in

mg/ém? found by dividing the weight by the area.
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F. Caiculation of Yields

A11 of the yields plotted in the following graphs and listed in the tables
have been extrapolated to the end of bombardment and corrected for the number of
membefs‘in“the series counted in gross alpha decays. The yields are given as
disintegrations per minute of the activity (¢xcept Ffor Geiger activity~which is
given as counts per minute on the fifth shelf), and are corrected to 0.4 gm thorium,
0.7 gm uranium, 0.1 gm aluminum, or 0,04 gm polystyrene. Where more than one run-
of a certain reaction has been made, the reaction that is considered most accurate
or most consistent is taken as a standard and the yields of the other runs are
noxmaiiied‘to it to mske as smooth a curve through all the points as possible, In
one case,(the (d,7n) reaction on thovium) a mistake in tabulating the absorbers,
apparsntly made, caused the peak of one run to shift 12 Mev to the high energy end.
In this case, insertion of a hypothetical absorber in the stack for the calculations,
normglized the energies to the other runs to give a smooth curve.

" Where the points of inflection of curves (peaks, thresholds, etc.) fall at
low energy values, the sensitivity of the energy values to absorber values may
cause considerable spreading out of these points (e.g. the threshold of a reaction
may fall beyond the ®calculated zero energyﬁ and hence not be shown on the curve).
T ﬁuéh 5838 1t has beenh found convenient to plot yields directly against mg/bmg’
of absorber ingtead of converbting the absorber values to energy units.

In proton bombardments, yielé values have been corrected for the reduction
in beam intensity caused by absorption on pasging through the 4.3 inch stack of
copper and target foils. These correction factors have been obtained from V.
Peterson of the Radiation Laboratory who has experimentally measured the number of
particles entering and leaving copper blocks of knowm thickness. His resulis are
shown in Fig.70 ., As indicated in the figure the points are known to within only
about 20% but since thig correction term is so important in the proton bémbardments

it wag thoughl best to use the values available., A more accurate set=up is now
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being tested by Peterson and R. Phillips for better measurements of these values.
i To our knowledge no measurements have been made of this nuclear absorption
for deuterons or alpha particles. Since their ranges are mich less (ggo one inch
and 1/2-inch of copper respectively) than protons, the correction factor is probably
not greater than 20% and may be considerably less. No correction has been made for
this effect invthe deuteron and alpha=particle bombardments presented in this paper.
' The actual experimental yields, corrected as mentioned above, are tabulated
in the tables (not the normalized vslues). In addition, the calculated proton
energy at the front and back of the target foll is listed to indicate the energy
interval covered by the target foil, Tﬁe thickness (measured by weighing) of the
3/4 inch diameter discs of target material is given in mg/c:mzo Finally, the total
amount of absorber between the front and the back of each target foil is listed,
These 1attef values are included since ﬁhey and the experimental yield values are
the basic data of these experiments and could be used with other modified range-
energy relationships and a variety of spread of the cyclotron heam to give modified
forms of the exeitation function curves presented here,
In general, the yields given are not corrected for the chemical yield,
which is unknown, In only two reactions have the absolute cross sections been
determined and then only roughly., The tricky chemistry of protactinium, due to
:possible colloid formation, makes the use of protactinium tracer a rather unreliable
means of determining’chemical yield unless the average of many runs is takeno
in the two cases in whichvthe cross section has been determined~- the
(p,6n) and (d,7n) reaction on thorium=-- the current measurements wWwers made by
V. Peterson by using a Faraday cup to collect all the particles that had passed
through the 'plece of target materisl bombarded in the external cyclotron beam,

From these determinations, the values for the cross sections for the (p,3n) and

(d,4n) reactions could be obtained since the Pa227 is essentially an internal
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230 227

monitor for the Pa reactions, In the determinations of Pa in the external
beam however Barely enough activity was obtained to make definitive measurements-
(only a few thousand counts per minute at shutdown from a half-life bombardment
of 5-mi1‘thorium at full energy), Hence this methpd would not be feasible for
the other reactions of thorium or uranium reported in the following sections,

The amownt of UQBD_in a protactinium sample was determined by alpha-pulse
gnalysis of_the sample as mentioned above, From this,UzBo value and the elapsed
ﬁimeusince uranium separation, the amount of the PR30 isotope present oriéinally

230 32 )

(ass?ming 10% beta branching of the Pa as reported by Studier and Bruehlman

can be ealculated by the standard growth equations

— A — At
A%l - /V;, —= :( < At > )

230
where N, = mumber of U 3 atoms, Ngj = number of Pa?30 atoms initially present,

2309 and A = disintegration constant

t = time, A, = disintegration constant of Pa
of TR30_ (taking the half-life of Pa230 as 17 days and that of U230 as 20.8 days). ©
A number of values for disintegrations of 7?30 growing from 1010 atoms of
PaZBO after various periods of time have been calculated from the above formula
and are presented in Table & . These values can be plotted on logarithmic or
cross section graph paper to facilitate interpolation of values not iistedo of

course for a different number of PaZBO atoms present initially, a simple propor-

tion will indicate the dis/min of U230 formed.



Amount of U230 formed from the B~ decay of
(assuming 10% B~ branching of Pa

%

1/2 hr
1 hr

2 hr

8 hr
16 hr
1.5 day
2 day

3 day .

a/n UZBO
19.68
39.4

78,8

312

619

9C5
1,332x10°

1748100

2.513510°

Table 8

X

4 day

5 day

7.5 day
10 day
20 day
30 day
40 day
50 day
78 day
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%9%? Atoms Pa

230

a/n 20

3,24%10°
3,91x10°
5,30x10°
6.48x10°
8,98x10°
9.31x10°
8,59x10°
7o bl 0P

4o15%10°

\
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IIT. Range-Energy Calculations

Invexcitation'functicn\work it is necessary to have some basis for assign-
ing energies to the target foils. In our work we have used rangeaenérgy relationships
calculated by the Theoretical Physies Group here at the Radlation Laboratory and
publis@gd in grgphical form in UCRL=121 Revised, ®Collection of Range vs. Energy
-and Rate of Energy Loss vs. Energy Curves for Heavy Particles in Varioug
Media®, by W. A. Aron, B. G. Hoffman and F. C. Williams (2nd Edition November 1948).
?art»of_the introduction to that report should be included here, % The rate of
energymlossrgiven by the curves is generally obtained from the theoretical formula
giyen by Bethe andjlivingstoneg Rev, of Mod. Phys. 9, 263 (1937). A few of the
curves at low energies are based on experimental measurements., The range values
are determined by numerical integration of the reciprocal of the rate of energy
loss with respect to the energy, with low energy values being based on experimental
values rather than theoretical.

®The results given here are tentative pending better determination of the
average ionizaﬁioﬁ potentials, I,used in the calculation. The value of I
used was 11,5 Z ev. Recent experiments indicate a considerably lower value.%

Ingtead of the actual curves given in the report above, however, we used
the calculated ranges from which the curves were drawr. These values were obtained
from the Theoretical Physics Group in tabular form and are presented in Tables
9 = 17 4inclusive. (Values for Tables 10 and 11 were uncluded in UCRL 121,
Second Revision by Aron, Huffman and Williams) In making the energy calculations
for the exwitation functionsg a certain value wms taken as the range of the full

energy particles from the 184~inch eyclotron (Table 18 ). From this value was
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fable 9
<#g;;;/;;?Protons in Carbon
Energy (Mev) R {mg[cm?f
0 o -
1 2,76
2 8,1130
3 15,9838
L 26,2925
5 33,8359
6 53,5739
7 70,3867
8 39,2378
9 110,106
10 132,935
12 184.374
14 243,321
16 309.577
18 382,973
20 463,358
. 30 965,798
yAR 1626.67
50 2436.03
60 3385,80
70 469,08
80 5679.79
90 7012.42
100 8461.97
150 ' 17311.9
200 28545.0
250 4167105
300 5655304

350 72860,7
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Table 10
Range of Protons in Copper
Energy(Mev) R (mg/em®) Ry SSmR(mg/cmz) AR(mg/cn?
A 46066
5 68,48
é 91..70 97158,3
'8 146,95 97103.05
10 R13.45 9703655
12 290,71 , 96959,29
14 378,36 96871,64 97,72
16 476,08 96773.92 107.53
18 583,61 96666639 117.10
20 700,71 96549029 126,46
22 - 827,17 96/422,83 135064,
: 24 962081 9628‘702 1440 63
26 1107.44 961426 153,47
23 1260.91 95989.1 162,19
30 1423.1 95826,9 425
35 1865.6 9538404 49461
40 2359,7 94890.3 541,00
45 2903,7 ' 9434603 502.2
50 3495,.9 93754.1 639.1
55 4135,0 93115,0 63477
60 481907 924300 3 72901
65 55/8.8 91701.2 77224,
70 . 632102 9092808 81407
75 7135.9 9011401 85£.9
80 7991.8 89258,2 896. 3
85 88388.1 88361.9 935.7
90 9823,8 8742602 4.2
95 10798 86452 1012
100 11810 85440 2134
110 - 13944 83306 e
120 16220 8100 213
130 18633 78617 2540,
140 21177 76073 ~670
150 23847 73403 2792
160 26639 70611 ' 2909
170 29548 . 67702 3023
180 32571 64679 3132
190 35703 61547 3238
200 38941 58309 8536
225 LTLTT L9713 912/
250 56601 L0649 9667
275 66263 30982 10169
300 76437 20813 10633
325 87070 10180 /a9y, 20 11065

350 - 93135
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350

Table 11
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Range of Protons in Lead and Thorium

75 90
25,05
4908 '
81,668

151,522
238,252
340,863
458,034
589,509
734,831
' 893,608
1065,496
125C.186
14457, 401
1656,8389
1878,418
21131.770
2745.594
3449.935
£220,965
5056,942
5955,836
6915,820
7935,206
9012,419
10145,991
11334.53
12576.73
13871.33
15217.16
166173,06
19551
22676
25982
29461
33107
26912
40873
L4981
4923/,
53625
65173
TTL99
90526

104206
118487
133325

Ry, (mg/cnR)

83,353
154,648
243.167
347,895
467483
601,671

749,991

912,043
1087.477
1275.977
1477.261
1691,071
1917,170
2155,336
2802.236
3521,107
4308, 044
5161.267
6078,705
7058.493
8098,909
9198, 345

10355,303

11568, 36

12836,19

1/157.50

15531,09

16955479

19954

2314/,

26518

30069

33790

37673

41716

45909

50250

54731

66523

79098

9239%,

106356
12093%
136075

ARew, (mg/ sz)

1750434
188,500
201,284
R13.810-
226,099
238,166
646,900
718,871
786,937
853,223
917.438
979,738
1040.416
1099,436
1156,958
1213,06
1267.83
1321,31
1373.59
1424670
2993
3190
3374
3551
3721
3883
4043
4193
4343
4481
11792
12575
13296
13962
14575
15144,

Aﬂih/hRCu

),)’[0 -

1,498
1.491
1,484
1,478
1.473
1o468
1,462
1.455
1.447

C1.441

1.436
10431
1.427
1.423
1:420
1.417
1.415
1.412
1.410
1.408
10405
1.402
1.398
1.396
19 394
1.391
1.390
1.387
1,386
1,384
1.381
1.378
1.375
1.373
1.371
1,369

2P py
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200
225

275
300
325
350
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.. Range of Protons in Lead and Uranium

790
25,05
18»908"

' 810 668
151,522
2380252
340,863
458,034
589,509
734,331
893,608
1065,496
125C,186
1’-':!»[%70401
1656,889
1878.418
2111,.770
2745.59,
3449.935
4220,965
5056,942
5955.836
6915,820
79350206
9012.419
10145.991
11334.53
12576.73
13871633
15217.16
16613,06
19551
22676
25982
20461
33107
36912
40873
44981
49234
53625
65178
71499
90526

104206
118487
133325

Table 12 Page 69
Ryy{mg/cm?) ARy (mg/en)
83 ] 630
1554163
24,3.977
349,053
21-690246
603,675 ‘
752,489 o
9150081 1750018
109,099 187,129
1280,228 201954
1482.182 514525
16960’704 R 2260 852
1923.556 . 238,96
2811.571 791 .26
35320837 789,56
4322.395 856,07
5178¢ 460 920049
6098,955 983,05
/0824007 1043.88
81250889 1103 10
9228,987 160,81
10389,799 121:7010
11606,90 1 272“05
12878,95 152571
14204.66 137817
15582083 1[“2904/;‘
17012 027 3008 ‘
20020 3201
29221 3385
30169 3734
33903 389
357799 405’6
41855 42@7
46062 4,355
50417 5497
24914 11830
667/2,4 12617
79361 . 13340
121334 15195
136529

ARyy/MRgy,

10523
1,512
1,503
1,496
1.489
1,483
1.478
1.473
1.467
10460
1,451
1,446
1.440
1.436
1.432
1.428
10425
1.422
1.419
1.417
1.415
1412
1.410
10406
1.403
1.401
1,399
1395
10394
1.392
10390
1.389
1.386
1,383
1,380
1.378
1.375
1.373
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Table 13

Range of Deuterons in Aluminum

Banerey (Mev) R{ng/en® E5QﬁR§mg[cm22 ARgmggcm22

0.2 0.1

0. l";. C. 503

0.6 0,917

0.8 1.42

1 2,03

2 6.90

3 13.38

% 2.6 165104 9.6

5 3.2 1641.8 P

6 12,0 1631,0 {?°é

7 51,6 1613.4 7

8 69.0 1604.0 15°§

9 8.2 1538, 8 Y
10 100.6 157244, 1o
11 118.,0 1555,0 aoe
12 138.2 1534,,8 202
13 158.4 151406 202
1, 130.0 1493.0 z.
15 202.6 1470, 4 2f°8
16 226,/ 144.6.6 22°8
17 251,2 1421.8 2
18 277.6 1395.4 27°§
19 304.3 1368, 2 e
20 333.4 1339.6 25
21 362.8 1310.2 g°4
22 393,2 1279,8 31°é
23 125.0 1248.0 3L
2 4530 1215,0 33.0
25 152.2 1180, 8 342
2% 527.4, 1145.6 222
27 563.6 1109.4 2002
28 6012 1071.8 37,
20 678.6 99%. 4 Tk
34 845.6 827.7, 167.0.
35 11029 644, 18304
12 1229 L4, ggz
L6 1443 230 5

50 1673 o
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Table 14
Range of Deuterons in Copper
Energy(Mev) Rgmg(cmgz Ry 9/,~R (mg/cmR) AR (mg/cm®
8 93,32 22314.7 90,1
12 183.4 22224,.6 110°5
16 293,9 2211/..1 13300
20 LR26,9 21981.1 154°5
R4, . 58104 21826,6 175°3
28 756.7 21651.3 195°5
32 952,2 21455.8 214'» H
36 1167 21241 234°
40 1401 21007 2573
48 1926 . 20482 289
52 z215 20193 307
56 2522 19886 32,
60 2846 19562 885
70 3731 18677 988
80 L719 17689 1038
20 ' 5307 16601 1185
100 6992 15416 1078
110 8270 14138 1369
130 11100 11308 1540
140 12640 9678 1630
150 14270 8138 ' 1710
160 15980 6428 1800
170 17730 4628 1870
180 19650 2758 1;50
190 21600 308 2000

200 23620
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Range of Deuterons in Lead and Thorium
Energy(Mev) RFb(mg/émZD RTh(mg/cmz) ARTh(mg/bmz) ARy, /ARy,
0.1 o L77
0.2 0 4,60
0.03 0814
0.5 © 1,699 :
0,7 2,761 o 2,818
1 4,850 40950
1.5 9,629 2,828
2 15,682 16,001
2.5 22,94 23641
3 31.05 31.69
3.5 20,07 40,90
4 50627 51.31
5 73028 71#079
6 - 99.69 101,75
7 129,78 132,46
8 163,19 166,56
11,9941 302,894 309,14 6. 1.602
15.9921 /776,268 486,09 239022 1.574
19,9901 . 681,389 . 695,45 239,05 ‘ 1.547
23,9881 915,615 934,50 268,2/, - 1.529
27,9861 1178,43 1202.74 296049 1.517
31,9842 1468.93 1/99.23 323,95 1,508
3509822 17860 33 1823018 350°7O 10499
39,9802 2129,94 2173.88 376,81 1,490
43,9782 299,13 2550,69 402,37 1.479
51,9762 2893.37 2953,06 12741 1.479
51,9743 3312.14 3380.47 451,98 1.473
55,9723 3754.98 3832645 476,09 1.468
59,9703 L2245 4308054 1293,16 1.462
69,9654, 5488, 47 560170 14,37.02 1,453
79,9604 6896, 45 7038.72 1573,10 1.445
89,9555 843775 8611.82 1705.6  1.439
99,9505 10108.9 10317.4 1834.0 1.435
109,946 11905.8 121.51.4 1958,6 1.431
119.941 1382405 14110,.0 2079.8 1414
129.936 1586206 16189.8 2197.8 1.427
139.931 18015.9 18387.6 2312,7 1,418
149,926 20281.,9 20700, 3 242429 1.418
159,921 22657,8 23125.2 28305 Ios08
169,916 25141.0 2565947 | 2621.2 1412
179,911 27728,9 28300,.9 , 274660 o 1,408

189,906  ° 30419.3 31046.9 » . : 110
199,901 33209,7 33894.8 2847 9 | .41,



Table 16

Range of Alphas in Copper

Rgmgfggél

5009
9.52.
14,91
21,23
28,44,
36.52
4543 -
55,16
65068
87,95
14263
208.9
28506
372.6
46947
57605
692.8
- 818, 4
95301
1096.7
1249.2
14310
1850
2340,
2881
3469
4104,
4784
5508

6275

7084
7934
8824
975/
10720
11730

11192.3
11170,0
11115.2
11049.1
10972.4
10885, 4
10788.3
10681,5
10565.2
10439.6
10304.9
10161
10009
9848
9408
8918
8377
7789
7154
6474,
5750
£983
4174,
3324
RL34
1504
538

o=
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AR(mg[cng

22.3
54,8
66,1
76,7
87.0
97.1
106.8
116.3
125.6
13467
143.6
152.5
160_0 8
440
490
541
588
635
680
724
767
809
8502
890
930
966
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Table 17

Range of Alphas in Lead and Thorium

Energy (Vev) Rpy, (mg/en?) Ry, (mg/cm?) ARTh(mg/ em?)
.1 o142
W2 «6337
3 »8213
o5 1.1470
.7 1.462
1.0 .1.933
1.5 2080/,
2,0 : 3.745
3,0 6.060
5 12,461
7 21,017
10 370524
12 50,976 52,028
14 66,329
16 ‘ 81.086
18 96,974
20 113,975 116,326
22 132,069
24 151,239
26 171,463
28 192,741
30 215,041
32 238,332
34 262,596 268,013
36 287,823 293,761
33 314,003 320,481
40 341,124 348,161 -
42 369.178 376,794
Ll 398,155 406,369
46 28,0471 436,873
48 4584845 468,311
50 4906541 500,661
55 573,574 585,407

60 662,156 © 675,816
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Table 17 (contid)

Range of Alvhas in Lead and Thorium

Energy(Mev) Rpy, (mg/ em?) Ry, (mg/cm?) ARTh(mg/ em®)
65 756,096 771,69
70 855,299 8720942 101.251
75 1 959.633 979,481 106,537
80 1069,168 © 1091.225 111,744
85 1183. 681 1203.100 116,875
90 1303.151 1330035 121,935
i 95 1427,513 1456.963 126,928
100 1556.706 1588, 221 131,858
110 1829, 36 1867,10 R78,28
120 2120.66 216461 297031
130 24,30.22 2480, 36 - 316,95
140 2757,66 ~281/4,,55 - 33419
150 3102.65 166,66~ 352,11
140 346487 3536. 35 369,69
170 | 3857,51 3937.09 400,64
180 1239,76 1327.23 390.24
190 465180 L7477 420254
200 5079,90 5184,.70 436,93.
218,497 5966, 85 6029.95 905025
238,360 6866.64 7008, 30 918435
258,22/ 7879,06 8041, 61 - 1033.31
278.087 8949, 01 9133.63 +1092.02
207,950 100748 10282.6 1148.97
317,814 11255.2 \11487.4 v 12048
33677 12423.9 1276.5 . 1259.1
?33’230 1377446 14058, 8 . %géz°g
377. 404 15111, 54234 364,
3 154230 171409

397,267 164976 16837,9



UCRL =483
Page 76

Table 18 _ _
Interpolated Range of Maximum Energy Particles
in Copper from the 184-inch Cyclotron

Partiéles ‘Energy Range (mg/en” Cu)
Protons 348 - 97,250
Deuﬁerons 194 22,418
Alphas 388 11,258

subtracted the thickness (mg/émz) of absorbers interposed in the beam., Finally

the energy at the middle of the target foil was obtained and plotted. It is ad~-
mitted that the accuracy of these range values is not as great as indicated by the
number of significant figures included in the tables., However it is believed that
more precise results are obtained by using the tabular values indicated rather than
rounding off the last deecimal places until every figure is significant,

In the work presented herein the materials interposed in the beam include
copper, thorium, uranium, aluminum and poljstyrene foils. The alpha, deuteron, and
prqton beams of the 184 inch cyclotron were used. Range values were available
for all three particles in copper and aluminum and for protons in carbon (assuming
that carbon atoms alone are responsible for the stopping power of the poly-
styrene). |

To obtain values for thorium and uranium, however, it was necessary to
extrapolate the values given for lead by some means or other. It can be shown that
when the range in mg/cm2 times the ratio Z/A is plotted vs Z for a particular
element-at a given energy the resultant curve is fairly linear and can be used for
extrapolation and interpolation between known values of the ranges. Sihee, however,
only four actual points are available from aluminum to lead inclusive it is hard

to tell just how to extrapolate. Hence the method of extrapolation we used assumed
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that near lead the value of Range times Z/A is a constant. While this assumption
is not strictly true it should give the range in the thorium and uranium to within
at least 2%. Since in each of the experiments'the amount’ of target foil was never
more than 16% of the total foil thickness for alpha bombardments, about 8% for
deuteron bombardments and about 1.8% for proton bombardments, the overall error
through the absorber stack is rather small,

For each bombardment the energy calculations were kept in terms 6f either
copper or aluminqmg the former being used in most cases. To find the amount of
copper equivalent to a certain amount of thorium, the ratio of differential range
between.two adjacent energy values of thorium to that same interval value for copper
was calculated (AR in Tables), The amount of thorium (mg/cmz) was then divided by
this figure to obtain the equivalent amount of copper. |

This same method ﬁas used whenever mg/cm2 of one absorber had-to;be changed
into equivalent mg/cm2 of another absorber, |

In the tables are listed the theoretical ranges of various energy particles,
as well as the AR values (differences in range between two adjacent energy values).
In calculations of excitation function energies, the sum of absorberlﬁalues must
be subtracted from the assumed maximum range of the particles in order to determine
the range and hence the energy of the particles at a particular foil. Té facilitate
this process a colum has been included in the tables giving [ﬁ(max) - E:]' momen
(where R(max) is the value given in Table 18 ) enabling direct conversion of the
amount of absorber already inserted in the beam into energy values. In the tables
Iipvolving the heavy elementsg}the ranges of lead are the calculated values of
Aron et.al., while the ranges given for thorium and uranium have been interpolated
as mentioned above. A factor of 1,0206 was used to multiply range in lead to give

range in thoriumg a factor of 1,0R40 was used for uranium ranges. The ratio of
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ARTE/ZRCu“and the ééme ratio for uranium are used to find the amount of copper
equlvalent to a given amount of the heavy metal, o o j

Tables 10 11 and 12 give the range of protons in copper,thovlum and
uranium respectlvely, Tables 13914 and15 give the ranges of deuterons in alumlnum,
copper and thorium respectivelys while Tables 15 and 37 give the'ranges of aipha
particles in copper and thorium respectively,

In planning these excitation function experiments we assumed a most
probable méximum value of the beam energy for each of the three particles., By
1inear interpolation of the range-energy tables a range value for this energy was
obtained which by definition was then called the maximum range of the particles,
These energies and ranges are listed in Table 18 o

The 184 inch cylotron is not however a precision instrument in its energy
definition, probably having a spread of up to 3% in its full energy internal beam
and 1/2 to 1% in the éxiernal beam., If the full energy beam wefefspread evenly
over these intervals, by the time the energy of the partlcles had been. reduced the
1nd1catéd amounfgfgﬂggéczgggads would be magnified as shown in Table 19 ., |

In reallty of course the 31tuat10n is not ag bad as thls table would seem
to:indlcate since the beam spread probably has a dlstrlbutlonvmuchvllke that shown
in Figure 71, where the maximmm values-mentioned above- and in Table iSlare
those for poiﬁt A in the figure.

When the electrostatically deflected beam is used the energies selécﬁed
are probably more homogeneous than with the plain intermal beam since the field

of the cyclotron acts as a crude velocity selector and only a portion of the total

area of the deflected beam is allowed to hit the target,
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Table 19

Spread of Particles of Given Initial Spreads at Various Energies

~

External Beanm

Initial Beam Spread _lev Approximate Spread (Mev)
- 52,8 22.8 -0 (22.8)
. O 60 b Je . 6a '
348-346 Mev(~1/2%) 120 120 = ﬁéfa gB.,gg
: 180 180 - 177.1  (2.9)
| | 31,2 71,2 = O (31.2)
34834405 Nev(~ 17) a0 ggo”fle %2)
- 180 180 - 175 (53

Internal Bean

Initial Beam Spread Mev Approximate Spread(Mev)
38,6 38,6 = O (38.6)
6 - 6 o
348"'343 Mev (~ 1“'1/ 2%) 128 lgg - ﬁO%B g(];;’g?g))
180 180 - 172,7 (7.3)
348-338 Mev (~3%) 5702 57,2 = 0 (57, 3
60 60 - 1402 (4508
120 120 = 99,5 §2065)
180 180 - 165.2 14.8)
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E. L. Kelley has uséd the value of 388 lMev for the peak'energy (point C,
Figure 71 )‘of the initial distribution of the alpha-particle beam and has roughly
matched the peak on a Bizog(a92n)At211 excitation curve taken with the electro-
statically deflected beam of the 184=~inch cyclotronz3 with a curve of the same
reaction taken very carefully with the 39 Mev external alpﬁa beam of the 60 inch
Berkeley cyclotron 028

In Kelley's experiments however the half width of the peak for the electro-
’statécally defiected beam determination is about 500 mg/cm? of aluminum compared
to about 116 mg/émz of aluminum on the 60 inch cyclotron. Hence it can be seen
that there are definite factors causing increasing spread of the beam in the
large cyclotron.

There are two principal effects tending to spread out a sharp peak in an
excitation function performed with stacked foils on the 184~inch cyclotron. First
there is the initial energy distribution of the electrostatically deflected beam
(which as mentioned above may be somewhat less than that for the internal beam).

A possible distribution for the internal beam is listed very roughly for the various
particle beams in Table 20 , where A and B refer to points in Figure 71 .
Table 20

Possible Initial Energy Spread of Internal Cyclotron Beam

Particles Energy Spread(Mev)
A B
Protons 348 334
Deuterons 194 188
Alphas 388 376

These distributions are probably not much more than guesses. Probably the best way
to determine the energy distribution is to take a reaction with a known execitation
function at low energies, bombard with minimum errors in calibration and yield,

and find what initial distribution (corrected for straggling) could give the
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observed peak‘broadeniggo_

One other effect must be considered in this caleulation,-——the straggling
of the particle beams. This effect can be calculated and the correction applied
to any curve obtained from stacked foil bombardment -~ although this correction
may be quite involved. Such a calculation has been made by W. Aron of the Theo-
retical Physies Group of the Radiation Laboratory, indicating the straggling of
protons by passage through copper. The values presented in Table 21 are the
squares of the "widths" of the Gaussian distribumioﬁ of the distance in copper travel-
ed by particles (starting at 350 Mev) which have lost the same amount of energy.
The values were obtained by Aron by using formula (790) in Bethe's article (Rev.
qu. Phys. 9, 283 (1937)). Similar values for deuteromsand alpha=particles
can be obtained by applying formula (795a) of Bethe's to the values given in Table
21 o To obtain the "width" of energy corresponding to this range straggling, mule-
tiply phe square root of the value from the table by the differential value dE/dX
included in Tables 22, 23 and 24 » It is seen that at 100 Mev this energy "width"
is about 4.3 Mev vhile at 50 Mev it has increased to aboult 7.3 Mev.

While trying to establish an absolute energy scale for proton and deuteron -
reactions we decided to malke an excitation function bombardment on some target
material whose cross sections and excitation curve were known accurately from
low energy bombardments. A literature search for this type of target material
resulted in a considerable list of excitation functions. Appendix I includes
most of these thin target excitation functions reported in the literature up to

Vay 1948,



Range Straggling of 350 Mev Protons on Copper
(Prom Calculations by W. Aron)

Energy (Mev)

4

8
12
14
20
30
40
50
60
70
80
.90

Table 21

(R-F)" ;
(mg/%m"igé

8,032x105
8,032 *
3,032
8,032
8,031
8.029
8,022
8,012
70996
7.972
7.939
7.896

Energy (Mev)

100

160
180
200

225

250

275
300
325
350

UCRL~483
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(R-R) 2oy
(mg/cm2)2
7.842x105
7.693 -
7.483
70204
6,846
60405
5,726
40899
3,917
26774
1.470

0
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Table <2

Rate of Energy Loss for Protons in Copper

Energy(Mev) ~dE/dx.103 Energy(Mev -dE/d%,103
(Mev /mgem=2) (Mev/mgem=<)
5 46.08. 80 54706
6 40s46 82.5 5,579
7 36,18 g5 5.458
8 32,81 87.5 50344
9 30,07 90 5.235
10 27,80 92.5 5,132
11 25,88 "G5 5,03/
12 24,.24, 9745 40941
13 22,82 100 4o 852
14 21,57 105 ' 4,685
15 20,46 110 4.533
16 19.48 115 40393
17 18,60 120 4e261,
18 17,80 125 holl5
19 : 17.08 130 40034
20 16.42 135 3,931
21 15,81 120. 3.835
22 15026 MS 30745
23 14075 150 30661
2/, 14027 155 3,582
25 13083 16C. 3,507
26 13042 165 3.437
27 13,03 170 3,371
28 12,67 175 30308
29 - 12.33 180 34249
30 12,02 18 3,193
32,5 11020 190 3,139
35 10,67 195 3,088
3705 10.12 200 30040
40 9,629 212.5 24928
42.5 9,192 225 2,829
45 8,798 237.5 2,740
7145 84442 250 2,659
50 8,119 262.5 2,586
52,5 7082/, 275 2,519
55 7,552 287.5 2,458
5705 70302 300 2,402
60 7.072 312.5 2,351
62.5 60857 25 - 2,303
65 6,659 3375 2,259
67.5 6e473 350 2,218
70 6,300 36245 2,180
72.5 6,137 375 2,145
75 5,985 387.5 2,112

775 5,841 400 2,081
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Table 23 Page 84
Rate of Energy Loss for Deuterons in Copper
_ ~dE/dx sqﬁ/dx
Energy (Mev) (Mev/mgem™R) Energy(Uev) {Mev/mgem=R)
12 40046x10™% 80 ' 9.629x1072
16 30281 A : 90 - - 8,798
20 20780 ' . 100 T 80119
2L 26424 110 - 7.552
28 2,157 120 7,072
32 1.948 130 66659 .
36 1,780 140 6,300
40 1.642 150 5,985
Ll, 1,526 160 54,706
48 1427 170 50,458
52 1.342 180 . 5,235
56 1.267 190 50034
60 1.202 200 40852
70 1,067 .
Table 24
Rate of Energy Loss for Alphas in Copper
Energy(Mev) (Mev7%gég§é) Energy(Mgzl (Mevgmggﬁmzz
A 5,086x10~1 63,56 70792
5 4e516 71,51 7.120
6 Lo 068 79045 6.568
7 3,707 8740 60,104
8 30412 95634 5,708
9 3.164 103.29 5,368
10 20954 111.23 : 5,068
11 2,773 119,2 4. 808x1072
12 2,615 139,0 L2268
13 2,476 ' 158,9 3.852
14— 20353 . 178a8 . ’ 30 519
15 Re243 198,.6 3,248 -
16 20144 218.5 ' © 3,021
17 2,055 238,4 _ 2,829
18 1,975 258,2 R 0664
19 1.902 278,1 26520
20 1.834 298,0 26394
23.84 1.618 317.8 2,282
31.78 1.312 3377 2,183
39,73 - 1.112 357.5 2,094
47.67 9.696x1072 37704 2,014

55,62 8,623 397.3 1.941
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: Requisite for a reaction was a relatively glentiful target material, available

%n foil form, which requires a minimum of chemistry before counting (preferably no
chemistry)q It was also necessary that the reaction approach some transition
(preferably a peak) in the energy interval used. The A127(d9ap)Na24 reaction was
the first one checked. This reaction has been explored quite exhaustively by
Glaﬁbgzg on the MIT cyclotron but unfortunately the 14.5 Mev available from
that cyclotrpn was not enough to peak the reaction (see Fig. 72 ). Since the
other factors were favorable however this reaction was run in the hopes that the
threshold values observed with the 184-inch cyclotron might have some meaning in
@erms of the absolute energy. The Clz(dgn)ng reaction has been studied through
its peak by Newson 30 (see Fig. 73 ).

These two reactions were therefore studied with the 18/-inch electrostatically
deflected beam in an attempt to establish definite energy relationships between
the high and low energy Eombardments, This attempt has proven rather unsuccessful
although the curves do serve to establish the general validity of our éther
results.

Furthermore it should be possible to obtain a peak for the (p93n) reaction
very easily and perhaps even to get just the threshold for the (p,6n) reaction
with the 32 Mev protons of the Berkeley linear accelerator, When these values
are established with a beam whose energy variation carn be made ~ 0.2 Mev the

interpretation of the curves made with the large cyclotron may be facilitated.
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Fige 72. ©Excitation function for the A127(d,ap)Na24
reaction as determined by E. T. Clarke, Phys. Rev.
7L, 187 (1947).
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Fig, 73. Excitation function for the C12(d,n)N13
reaction as determined by H. W, Tewson, Phys. Rev.
51, 620 (1937).
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IV, _Experimental Excitation Function Determinationsg

Using the above methods and caleculations we have obtained excitation functions
for the (d37n) and (d,4n) reactions on thorium, the (d,ap) reaction on aluminum
and the (d,n) reaction on carbon (as polystyrene)s the (p,6n) and (p,3n) reactions
on thorium, and the (p,a8n) and (p,a5n) reactions on uranium; as well as the
(¢,p%n) and (a,p5n) reactions en thorium and some rough values for the
(a,6n) and (a,8n) reactions on thorium. These mactions will be discussed individually
in this seetion.
A, Deuterons

1. Th232(4,7m)Pa*?’  The results obtained for this reaction with the recoil

method are shown in Fig.74 o The yield distribution is very spread out and gives
a false impression of the true_excitation function, It is interesting however to
compare this curve with Fig. 75 to note how the efficiency of recoil at different
energies has affected the shape of the execitation funection.

No attempts were made to determine excitation functions for deuterons in the
internal beam since the inch or more of copper that the deuteron beam must traverse
becomes very unwieldly when clamped in a target holder. Consequently the first
yield values obtained with deuterons, aside from the recoils, were a group of
absolute cross section values obtained with the help of V. Peterson using the
collimated external deuteron beam to bombard 5-mil foils of thorium. The current
passing through the target was collected and measured with a Faraday Cup. ,Pazsl
tfacer was used to determine the chemicél yield, pulse analyses being used to

231

obtain the amount of Pa present in the samples., Values of these absolute cross

sections from several experiments are shown in Table 25 .
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Fig. 74. Recoil excitation function for the ﬁ1232(a,7n)Pa227' reaction.
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Table 25

Absolute Cross Section Values Obtained From
the Th?32(d, )P Reaction

Energy (Mev) Run Absolute o~ (barns)
194 I | 2,31 x 103
19, I 2,38 % 107
194 - II 3.28 x 1073
13406 I - 5,96 x 107
81.1 IT 11,70 x 107
48,2 II 0,78 x 102

Question of the accuracy of these values lies principally in the chemistry.
Protactinium has such weird chemistry and tends to go into the colloidal state so

=31 tracer solution

readily that one is never quite sure just how non~colloidal the Pa
is. Since extraction procedures are used to separate the protactinium, it is
absolutely essential that the Pa”3l tracer be 1OQ% extractable and also be in the
same state as the»Pa227‘formed in bombardment, i.e., the two tracers must exchange.
The tracer Pa231 was stored in a TTA-bengzene solution and wdshed into concentrated
nitric acid a few hours before use by diluting the TTA solution with at least a
teﬂ-fold volume of benzene. In each case the Pa?3l tracer was added to the beaker
containing the meﬁal targef before solution so that the chemical loss was determined
from the initial step.

The values presentéd in Table 25 are probably good to within 15% or better,
except for the values for 48.2 and 194 Mev from Run II, which are only upper |

limits since the observed activity included some contamination that interfered

with the pulse analyses.
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Wpeﬁ ;he new apparatus for use with the electrostatically deflected beam
wasvcompleted we checked the general éhape of the (d,7n) curve for thorium by
takiné many more points than the four previously obtained. A summary of the results
of three of these bombardments is giveh in Table 26 amd Fig. 75 . In each run
the beam was collimated through the 3/ inch collimater permitting maximizing of
~ the beam on the target foil rather than just somevwhere on the large block of
absorber area. Run I was rather a poor bombardment as the yields will indicate,
while Run IT and Run III were more comparable. As mentioned previously, the
yield values are given for a 0.4 gm sample of thorium at shutdown. The yields of
Runs I and II were normalized to ﬁhose for Run III by multiplication by 16,75
and 1l.41 respectively. The energies of Run II wére normalized to the othér two
rung by inserting 900 mg/bmg of copper absorber in the calculations on the low
energy side of the ®90 Mev? foil. The duration of éach bombardment wass Run I,
38 minutesy Run II, 1 hour and 35 minutes; and Run TII, 1 hour and 44 minutes,

We can see that the reaction yield rises to a very definite peak which is 8
timés the yield‘value at full energy. The peak energy is 51 Mev on the plotted
energy scale while the threshoid value is about 30 Mev. The peak ®half width®
ié'aboutvlg Mev., Froﬁ Table 25 and Fig.75 we obtain a value of about 1.8x10™2
barns for the absolute eross section for thé reaction at the peak of its exci-
tation function.

Fig., 76 shows the peak of this reaction on an enlarged energy scale while
in Fig.77 the same points are plotted on a log scale to show the variaﬁion of
the low yield points,

2. Th?32(3.4n)Pa?30  In Fig.78 and Table 27 we see the companion curves

and values to the ones just presented. The same plates that were counted for the
yields above were allowed to decay for saveral weeks and then counted (along

with a few alpha pulse analyses) for the 7230 present, From this, the amount of
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Fi%. 76. Enlarged peak of the excitation function for the Th232(d,7n)P5227 reaction,
- (Ta

ble 26). Circles represent Run IIY; crosses, Run II. Run II activity and energies
normalized to Run III, ,
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Tahle 26 Page 89
. Experimental Yields for the ThR32(d ,70)Pa”27 Reaction
Energy(Mev Target Foi1  Total absorber in Yield of Pal?7 (104 a dis/min
Front Back [(mg/ecm?Th) beam{mg/cn> Cu) at_end of bombardment)
; Front Back Run I Run IT ‘Bun IIT
193,3 192,7 152.7 *5L04 259,.7 ’ 49,9
191.1 190.6 138.4 591 .2 68993 38,7 :
191.0 190.5 140.7 61301 T12.9 3.63
16407 164ol 140.5 5589,9 5689,7 L0333
135.7 135.0 140.9 104327 10531.5 6627 .
130.3 129.5 160.8 11269,7 1138R.4 89,7
127.5 126,8 137.0 11699,3 1i795.3 80.7
11107 11009 13906 13912:’5 1400909 hat :
106.,5 105.7 151.9 14583.9 14689.9 8,39
102,1 101l.3 151.4 1514777 1525362 8,68
- 96,5 95,7 142.5 15828,1 15927,.3 10,16
9465 93,5 158.6 16071.9 161820 16044
92,8 92,0 138.6 16272,8 16366,0 9,87
¢1.0 0.2 138.3 1655408 16580,8 118,2
84,0 87,1 152,6 16814.8 16920,6 10,04
8400 33,1 141.6 17250,0 17348,0 10,16
7965 78,5 139.6 17738.9 17835.4 10,70
75.9 T4heQ 142.6 18092,.3 18190,6 179.8
7503 74e3 138.9 18155,9 182515 10.833
7262 71le3 13409 18458,.5 18551.2 12.42 _
71,9 70.9 140.9 18491.1 18538.2 162,2
69,2 63,0 158.4 18749.9 189858,.6 187.2
65,3 el 153.3 19095.5 19200. 4 ‘ 210,
6,67 63,6 14061 19147.5 19243.6 248,
63,1 62,0 14267 19287.5 19335,1 13,83
62,9 61.7 157.8 19306,0 1941369 223,
6009 5908 138a6 ’ 1948005 1957503 2550 :
60,5 59:3 151.3 19518.5 19621 .4 247,
58,5 57:2 15442 19680.9 19786.4 215, :
53,0 56,8 136,2 19726.9 190819,5 286,
55.9 54e7 136.2 19890,7 19983,0 ' o 301,
55,9 54,6 151,1 19891.,0 19993.7 165.3
53,8 52.6 137.4 20054.9 201/7.8 366,
5302 52,0 138.4 20099,2 20193,3 85,4,
53,0 51,7 141.6 20115.6 20211.7 2365
51,7 50,4 134.7 20218.0 20308,8 411,
51,0 49,6 153.7 2026465 20368.7 /1e3 ‘
49.6 48.1 154.7 2037064 2047560 ' 369,
48,6 L7.2 143.6 20440.6 20537,7 16.40
A7.R2 L5.8 140,0 20534.7 20630,1 ' - 314,
46,2 Ahe8 140.0 20607,9 20702.3 6,12
43,7 2.1 150.1 207746 20875.5 ‘ 1,558
41,0 3964 14364 20945,1 2104164 Q720
310 142‘00 - = ) 2050
30,8 28,9 142.7 21512,6 21606.6 Q.400
10.6 5,0 153.1 222567 22350,1 Q.067
0 19,5 22925, 4 23015.1 0,276

0 ' ' ©.30
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V Table 27 Fage 90
“Experimental Yields for the Th232(d,4n)52230 Reaction '
Energy (Mev) Target Foil Toctal gbsorber in Yield of Pa?30 (B dis/min,

' ' mg/cnTh beam (mg/cm® Cu) - _at end of bombardment
Front_ Back : Front Back Run I Run IT Run III
19303 19207 15207 15104 25907 5A5°
19101 19006 13804 59102 68903 7160 :
191,0 190.5  140.7 . C613.1. - T1R.9 41,5
164.7 1641 140.5 558909 5689.7 51,6
135,7 135.0 10,9 10432.7 10531.5 71.2
130.3 129.5.  160.8 11269,.7 11382.4 : o 363,
127.5 126.8 137.0 1169993 11795.3 1256,

- 11l.7  116G.9 139.6 13912.5 14009,9 w ’
C106.5 105.7  151.9 14583.9  14689.9 83.5
102.1 101.3 151,.4 151477 15253,2 87.6
- 9605 9507 - 14205 1582801 1592703 10909
9465 93+5 158.6 16071.9 16182,0 v 1450,
92,8 92,0 138.6 16272.8 16369,.0 110.1
91.0 - 90.2 138,.3 16484.8 16530.8 . 1816.
‘83,0 87,1 152,6 1681408 16920,.6 106,.0
84,0 83.1 141.6 " 17250,0 17348,0 118.0
7965 78.5 139.6 17738.9 178354 12762
7509 7409 14296 : 18092 0'3 1819006 ) ’ 1785.
7563 The3 138.9 18155.9 182515 107.0
72,2 71,3 134.9 18458.5 18551.2 141.3
71,9 70,9 14G.9 18491.1 18588,2 2520,
69,2 68,0 158, 18749.9 18858.6 : 1922.
65,3  6hol 15343 19095.5 1920004 ' _ - 2200,
64o7  63.6  1L0:1 19147.5  19243.6 3280,
63.1. 62, 142.7. 19287.5  19385.1 14503
62,9 61,7 157.8 19306.0 19413.9 ' 2240,
60.9 59,8 138,6 19480,5 195753 ' 374
60,5 59.3 151.3 19518.5 19621.4 2260,
58,5 57.2 154.2 - 19680,.9 19786.4 4152, .
58,0 56,8 136,2 19726.9 19819.5 2540.
5509 54e7 136,2 $19890,7 19983,0 : ' : 2530,
55,9 54e 6 151,.1 19891,0  19993.7 : 4728, '
53,8 52.6  137.4 20054.9 . 20147.8 ' ~ 2950,
S 53,2 52,0 138.4 20099,2  20193.3 5347,
53,0 51,7 1/1.6 20115.6 20211.7 205.1 '
CB1l,.7 5064 1347 20218.0 20308,8 3370,
51,0  49.6 153.7 2026405 20368,7 5294
49.6 48,1 15407 20370.4 20475,0 ' 3470.
48,6 4702 143.6 . 20440.6 20537.7 5971,
£T.2 4508 140.0 . 20534,7 20630.1 : 3960.
. 4602 bl 140.0 . 20607.9 20702, 3 6103,
4£367 4Re1 150.1 2077406 20875.5 6793,
41,0 3964 143.4 20945.1 21041.4 8395,
31, 142.0 - ' - 5670,
30,8 28,9 142,7 21512.6 21606,6 2629,
10,6 560 153.1 R2256,7 . 22350.1 136.8
0 149.5 22925, 4 23015.1 : 5.5
0

15.2
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$3239 (dis/min at end of bombardment) was calculated., Runs I and II were normalized
to Run III by factors of 16,75 and 0.9 respectively. The same energy normalization
as for the (d27n) reaction was used for Run II,
. Unfortunately the peak was not outlined by the three runs made on this

reaction, but it does seem to come at about 25 Mev. This value is undoubtedly
. low since the threshecld should be around 20 Mev. The energy scale at these low
values however is quite sensitive tb small errors in calibration and hence is
quite un‘reliable° J

If we assume that the point at 23 Mev is near the peak, the ratio of peak
values for the (d,4n)/(d,7n) reactions is about 9. Run III which was taken as
the standard for the curves, was 10/ minutes or 2.7 half-lives of Pa*2! long. After

correction for this factor has been made we find that the ratio of total dis/min

of g;ﬁga;;;ffz‘fgzggﬁ’in.iheﬁbembardment_is_A{é for a lower limit) or higher if the
peak of Fig.78 1is higher than the 23 Mev point. | |
The data for these (d,xn) reactions on thorium are summarized in Table 28 = .
| Table 28

Summary of Data from Th232(d,4n)Pa?30 and Th232(d97n)Pa227
Excitation Functlon Curves

_ (da4n) (d,7n)

Maximum deuteron energy used in cglceulation 194, Hev 194 Mev
Threshold energy : - 30 Mev
Peak energy - 51 Mev
"Distance® between peak and threshold e 21 Mev
Peak ®half width® e ’ 18 Mev
Yield at peak(dis/miny v 2 7.5%103 B A1x105 o
Factor in yield between peak and Zz 12 | 8

maximum energy
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] 3o A127(541D7N324 In an attempt to better define the energy of the deuteron

beam in the low energy range after it has passed through considerable copper absorber,
we obtained an excitation curve for this reaction, shown in Fig. 79 and Table 29 .

(An excitation functionAfor thig reaction using)high energy particles has been
reported by Helmholz and Peterson. 31 ) After an 38 minute bombardment the discs
of aluminum were allowed to stand for about 24 houré to allow shorter lived activities
to decay out completel?. The samples were then counted on shelf 5 of a standard
Qeiger counter set-up for the 14.8 hour Nalh activity. The counts were taken at
three successive times each interval greater than one half 1life of the activity. '
These counts were extrapolated back to the end of bombardment and corrected to 0.1

gm of aluminum,v |

i The excitation function becomes very sensitive to small changes in absorber
thickness at very low energy and consequently does not show a threshold. However

the curve can be considered a fairly good representation of the true excitation
function since one would expect the peak of the reaction to come at around 20 Mev

29

or so, with the threshold coming as Clarke has reported at around 12.5 HMev.
No correction has been made for nuclear absorption in this curve; correction would
probgbly bring up the dip at 50 Mev but would serve to make the peak even more
pronounced. Hence the peak in this reaction is at about 20 Mev and rises at least
a factor of two above the value at full energy. Beyﬂﬁd'the peak the curve returns
to a gradually varying function that decreases slowly as higher energles are
approached.

A very good comparison of the curve determined by Clarke (see Fig.72 ) at
low energies and our curve with the 18/ inch cyclotron energies can be made by
plotting both curves on a mg/cm® scale. The energy values determined by Clarke

were converted into mg/cm2 values with the help of Table 13 . The two plots are

made in Fig. 80, Caleulations for curve B transformed all absorber values
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Energy(Mev)
Front Back
191.1 190.9
12707 12705
92,0 91,6
73,6 T3.2
50.5 50.0
50,0 4905
6.2 45.6
£5.6  44e9
41,3 0.6
40,6 40,0
35,9 35.2
35:2 345
34e5  33.8
33.8 33,0
33.0 32,3
3203  3le5
31.5 30,7
30,7 29,8
29,8 29.1
29,1 28,3
28.3 27.5
- 27,5 2646
26,6 25,8
24.0 23.1
23.1 22,1
22,1 21.0
21.0 20.0
20,0 18,9
18,9 17.7
17.7 16,5
14,0 12,5 .

12,5 11.0
11,0 9.1
901 668

0

0

0

0

0

0

Table 29
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Experimental Yields for the A127(d,ap)Na~* Reaction

Target Foil Total absorber in
mg/em? Al bean (mg/cm? Cu)
Front Back
32.8 5907 629,6
3267 11639.6 11678.6
367 16368.1 164074
3267 18317.7 18357.1
32,7 20295.0 20334.9
mg/cm® AL
32,6 0 3002
32,7 22104 - 25401
3267 2541 286, 8
32,8 £80,0 5128
3164 512.8 5402
32,6 739.6 7722
32.7 77202 804,.9
31.7 8049 - 836.6
31.3 836,6 867.9
31.7 867.9 899.6
31.5 899,6 931,1
32,6 931.1 963,77
31.6 963,7 995.3
3267 995.3 1028.0
31.3 1028.0 1059.3
32,6 1059,3 1091.1
31.8 1091.9 1123,7
31,6 1123,.7 1155.3
31.6 121465 12461
31.3 12461 1277.4
31.6 1277.4 1309.0
31.6 1309.0 1340.6
31.4 1340.6 1372.0
31,7 1372.,0 1403.7
31.7 1403.7 143544
31.6 1492.3 1523.9
31.6 1523.9 1555.5
32.5 155565 1588.0
32.8 1588,0 1620.8
32,6 1676.6 1709.2
31.6 17092 1740.8
31.7 1740.8 1772.5
31.7 1856,1 1887.8
31.8 1887.8 1919.6
31.4 2003.2 203406

Yield of Na4 (102 B~ ¢/min
shelf 5 at end of bombardment

Run I

257,
252,
24
207,
197,

198,
212,
211,
226,
232,
260,
265,
277,
278,
284,
283 [
292,
206,
298,
317,
303,
315,
313,
311 o
311,
308,
305,
291,
27 ko
260,
217,
201,
180.
161,
10”0 8
97.2
8oty
5264
47,6
3604
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ﬁb equivalent copper absorber values down to 50 Mev and then aluminum was used
as the absorber for calculating purposes. Hence the zero absorber in B is actually
at 50 Mev,

The height of curve A is purely arbitrary since from Clarke'’s work it was
not knpwn how far the function was from a pesk at its final 14.5 Mev point. It
Wouid be interesting to check this reaction on a more powerful cyclotron to determine
this peak energy more closely. The Berkeley 60-inch cyclotron might put out
enough energy to do the trick.

By comparing the two curves (especially the slope of the leading edge of the
curves) in Fig. 80 we can see just how much effect the straggling and initiai
energy distribution of the beam have in spreading out the energy of the particles
which cause reactions in this low energy region. -

Lo Clzggﬂn)Nl3 Fig. 81 and Table 30 show the results of placing poly-
styrene.foils in the electrostatically deflected bgam during a 1 hour and 45
minute bombardﬁent and counting the 10 minute N3 activity produced. (Curve A
in the figure has been plotted from data by Newson -0 (see Fig. 73.) Unfortunately
the N13 is not the only astivity present. Decays must be followed on all samples
and the 10 minute line resolved out from a large amount of 20-minute Cll formed from
the Clz(d,dn)cll reaction., Because of this resolution problem the excitation func=-
tion 1ls not as accurate as the one for Naz4 but does give an idea of the tremendous
spreading of a peak aﬁ 3 Mev by the beam of the 184-inch cyclotron.

5. Th232(dﬁ7n)Pa227AM41%ZKd«QD)Na246 and CH2(3, n)N+> Having been able %o

obtain excitation functions for these reactions in separate bombardments it was
desirable to obtain excitation functions for all three from the same bombardment,
thus eliminating effects of minor beam changes etc. Fig. 82 and Table 30 present
the resulbs of this one hour and 45 minute bombardment., The carbon was counted
firstvand followed for two hours after shutdown. By this time it had decayed into

enough of the 20 minute cil to permit resolution of the curves, There still
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Table 30
Exgcrlmental Yields for Algq(d§ap)Na24 '

32(a,™)PaR27, and C12(d,n)N13 Reactions
(o mg a1’ equal to 50,0 NMev Incident Protons)

Total absorber in beam Na24(10° g~ P27 (103 ¢ Poly (103 B~
Target, foil (mg/cm? A1) c¢/min dis/min ¢/min

me/cn Foil Front Back end bbdtl end bbdt.) end bbdt.)

3268 A1 0,0 2,8 51,3

14.8 Poly 8.8 26.5 ' e
15467 Th 26,5 112,3 ' 3693.

32,7 Al 112,3 145,0 54,69

13,5 Poly 145.0 161.2 . -
140.0 Th 161.2 : 238,8 3137,

3267 AL 4300 L6267 Lhyo?

1406 POly 4.6207 48003 : 2o 62,,

3267 Al 539,1 571,.8 Lo’

3267 Al 628,5 661.2 49,7

1460 Poly 661.2 678,0 10,53

32,6 . Al 735,0 767,6 5204,

3207 Al 825.1 357.8 5765

15.4 Poly 857.8 76,3 18,21
142,0 Th 936.5 1011.5 25,0

32,7 Al 10115 104 Lv0? 78.7 :

15.4 Poly 1044e2 1062,7 31,0
32,8 Al 1120.5 1153.3 71,2 _

31,4 Al 1213.2 124406 72,0

14e5 Poly 1244.6 1262,0 - 3304

32,6 Al 1346.5 1379,1 73.6 _

32,7 . Al 1438.3 1471.0 Lok »

17.6 Poly 1471L.0 1489,1 VARR:

31,7 A1 1575.0 . 1606,7 52,0 ‘

13,8 Poly 1606.7 1623,2 104.1

31,3 Al 1623,2 1654.5 4203 '

13.2 Poly 1654.5 1670.4 122,0

31.7 Al 167004 1702.1 3408

13.3 Poly 1702.1 1718.0 125,9

31,5 Al 1718,0 1749.5 274,

13,1 Poly 1749.5 1765.2 113.4

3266 Al i765.2 1797,.8 20.4

VAV Poly 1797.3 1815,.1 120,1

31,6 Al 1815.1 1846, 16,4,

13.5 Poly 18;6.7 1862,9 ' 105.9
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1ds fer Al 27(& ap)Nacs, -
and G12(d,n)N13 Reactions

(O mg Al equal to 50,0 Mev Tneident Protons)

Total absorbar i
(mg/cm? A1)

n beam

mg / c Foil Front Back
32,7 Al 1862.9 1895,6
14.8 Poly 1895.6 1913.3
3163 Al 1913.3 1944,.6
17.8 Poly 1944.6 1962,.8
32,6 Al 1962.8 1995.4
130 3 ?013’ 1995 o[!‘ 20_11 ° Z&-
31.8 Al 2011.4 2043,.2
13.1 Poiy 2043.2 2053,9
31,6 Al - 2058,9 2090,5
13.1 Poly 2090.5 210662
1.6 Al 2106,2 2137.8
i3,0 Poly 2137.8 2153,.4
31.3 Al 2153, 4 2184.9
135.5 Th 2184.7 225466
31,6 Al 225406 2286,2
1.6 Al 237 .7 2403.3
3164 Al 259404, 2625,.8
31.7 Al 2817,3 2849.0
317 Al 3463.3 3495, 0

Nal4(103 g~

¢/min

end bbdt.)

P52 7 (103

dis/min
end bbdtd)

11.80
9,30
7,82
5,98
575
50,58
50,82
5053
5,01
o766

bod3
Lol

3.00

Poily(10° B

o/mih
_end brdt)

75.6
66,6
4508
27.7
18,18

9.73



UCRL =483
Page 97

remgined about three hours in which to work up and count the protactinium fraction
before other activities grew in. The Na*4 was counted the next day and checked
the following day for tha right decay.

The scales of ach curve in the figure are indicated on the graph. It is
interesting to note that the leading edge of the N13 and I\Tza,Z/+ curves have the same

R27 is somewhat more shallow. This would seem to indicate

slope while that of Pg
that the peak for the Pa227 reaction is considerably more broad than that for the
gthér two reactions === which would of course be expected. The three "xM points
that fall gbove the curve in the high energy part of the figure were faced against
thorium foils in the bombardment and consequently have abnormglly high activity
because of>recoils kicked out from the thorium. Points of the P3227 yield

plotted in the figure, but not listed in the table, were read directly from the
graph of Fig.75 o

B. Protong

1. 232 (p,6n)Pa

When the 184<inch cyclotron was finally converted to

enable the acceleration of protons to 348 Mev, we decided to determine whether this
reaction peaked as the corresponding deuteron reaction had and alsc to see just
how much it resembled the deuteron reaction.

The results of three runs are shown in Table 3% Run I was just a "shakedown®
for the apparatps and consequently the target foils were not weighed separately
but were asgigned a weight representing the average weight of some foils chosen at
random. In this run the points were far enough apart thét the curve seemed to hawe
a very broad peak gradually decreasing to about half maximum at full energy. Runs
IT and III however did show a very definite peak where the yield value is greater
than the value at maximum energy by at least a faetof of 20, Runs IT and IIT are
plotted in Fig. 83 Withouﬁ normglization. Run I is not plotted since its values

were not as precise as the other two. The bombardments in Runs I, IT and III were



ACTIVITY (10° a dis/min)

200
PROTON ENERGY (MEV)

Flg. 83. IExcitation function for the Th232(p,6n)Pa227 reaction (Table 31)¢ Circles
ropresent Run III; erosses, Run IX,

~—



Proton
Energy(Mev)

Front

Back

347

34604
297.3
2472

34662
297.1
24649

247

203.3
153.6

203.0
153.3

153.5

125,9
111.9
1050 8
101.4
96,4
9300
88,6
85,7
8504
81l.0
77.8
Mol
707

125.5
11104
105.4
100.9
95.9
9204
88,1
8501
8408
8004
7702
7365
70.1

67.3

6lo 5
57.7
5301
51.9
42,6
/f;j.olfp

63.8
5700
5203
51.2
41.8
40,5

20.5

20,5

18.9

COCOO0
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232 '
Experimental Tields for the Th™ ~(p,6n)Pa??! Reaction

Total absorher in
beam {mg/cm” Cu)

Target

foil

gg/émg Front
141.8 693.5
139.4 711.8
151. 4 21895.0
138,1 £1683,7
1/1.8 41685,.1
134.8 57193.7
139.6 723941
141.8 72416.1
148.8 7959705
14363 82886.0
132.7 84198.0
15267 851461
153,0" 86160,0
152.0 8684305
138,1 87681.8
15244 88240.2
137.3 88295,6
138.6 89B4o 4
151.1 89640.1
15262 9025644
150.9 90814.9
1/1.8 91300.0
141.0 91773.8
153.4 92741 .1
14362 93362.7
138.8 93508.8
138.8 9460404
138.2 9474365
141.8 - 96473.9
139.1 96520, 3
149.3 98573.8
151.5 98660, 3
141.8 98906,9
151.5 100809. 3
141.8 10273644

Back

79702
813.7

22003.7 -

;17801
43-78802
572912
724905
72518, 0
7970400
82988,1
8/292..6
8525407
86268.6
8695103
877796
88343.1
83392. 8
89182, 3
8974647
90363.7
90921 .1
91399,9
9187247
92848.3
9346204
936055
94700, 3
94338,8
9657049
9661343
9867343
98761, 3
990014
100910, 3
102830,9
’} 4.8

227 o2 o

Yield of Pa™" ' {10 o dis/min at
end of bhombardment) '
Run I Bun II Run IIT
12,15
‘70 60
' 12,18
18,00
30,9
14,70
37.5
57,0
41.9
6307
63.2
85.4
100.4
©122.5
119.5
158.8
16505
211.5
192.8
150.8
62,2
14.05
17.90
2622
7613
1.686
: 36,15
0,198
1,401
2’0 59
10469
0,155
1,570
0.171
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of ;cB/Z hours, 68 minute, and 1=3/4 hours duration reape@ulvelyo

The curve is not drawn through the point at 8L Mev even though this p01uﬁ
would appear to be the peak for this reaction. This sampl ¢, when counted later
for qzzog gave a yield vaiue which was very definitely'dlsplaced from the curve
for thgr(p93n) reaction (see Fig, 86 ), Although no known error had been made on
this sample there might have beeﬁ some error in aliquot ete., to cause fhe discre=
'pancy | |

Fig, 8, shows this same curve drawn on a log scale to better illustrate the
spread of the low yield points. In Fig, &5 the peak of the curve has been enlarged
to show the extent of the symmetry involved. It can be seen that on the high energy
gide of the peak aﬁother mode of reaction starts to tgke over around 90 Mev and
breaks up the symmebry of the peaks

| In a single experimenﬁ to determine the gbsolute cross section for this reaction

at full energy, aﬁvaiue of about 2,5 x 10~3 bérns was oEtaine&o Vo Petérson“s
apparatus was used to measure the total amount of beam passing through the target.
These current values, fogether with a‘eﬁemical yiéld>&eﬁerminaﬁiong established the

absolute cross section., Again in this determination the gfeatesﬁ pobential source
of,error~is fhe exchange or ﬁonméXEhange of the tracer Pa231 with i;he?a227 formed
, _in:ﬁhe 5ombé:dmenﬁo The Pa231 was waéhed out of a TTAQbenzene solution just a few
hours before the bombardment and was kept in concentrated nitric acid, precautions
one wouldlthink would prevent colloid fomﬁa’cion° HoﬁeVer a tracer yield of bnly
39% was obtained through theAehemisﬁryg whereas the simple extraction procedure
used would be expected to give’a higher yield,

. From the full energy cross bectlon value we can see that the cress segtlén
at the peak of the curve would be sbout 5 x 10° = barns, Becdage of the questionable

chemlcal yield, howevers thlsfﬁan only be called the maximum value for the cross

section, further experiments being necessary to establish whether it can be reduced .
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Fig. 84, Excitation function for the Th232(p,6n)Pa?<’ reaction (Table 31). Circles
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a factor of two or so. If this reduction can be made; the absolute cross section
for the (d,7n) and (p,én) reactions on thorium are much the same at the peaks of

their excitation curves.

2. Eh232(p¢3n)P3230 In Figs; 86 and 87 and Table 2 we have the com-
panion values and graphs for this reaction, Again the pointsufrom‘Run I are not
plotted. Tﬁis time Run IT is multiplied by a factor of 1.35 to normalize to
Run III. This normalization of the Pa*>C values (and not the Pa®*' values) is
regdily explainabie by the fact that the Run IIT bombardment was for 2m3/£ half

22T 4hile Run II was for 1-3/4 half lives. Correction

lives of the 38.3 minute Pa
of the PaR?7 yields for these factors could require normalization in Fig. &3

if atomg formed in bombardment were plotted instead of dis/min at shutdown. As
in the case of the (p,én) reaction, the factor between the yield at the peak and
at full energy 1is about 20,

A very interesting obgervation can be made from the curves for the (p96n)
and (p,3n) reactions on thorium, Although the two reactions have much the same
shape and ratio of peak yield to full energy yield, there is an absolute yield
difference of about 5.4 between the two in favor of the (p,Bn) reaction, This
difference Wés found by determination of the number of atoms formed by each
reaction at the peak of the excitation function, The branching ratios of 10%
_beta for Pac30 (Bg)and 80% alpha for Pac?’ were considered in the calculations
although these ratios are rather rough.

By using the values of range straggling listed in Table 21 and ealculating
the energy straggling by the method mentioned in an earlier section we find that
the straggling "width® is 4~1// Mev for a 100 Mev particle and 7-1/4 Mev for a 50
Mev proton, whose energy has been reduced from 348 Mev by passage through copper.

We see however that this straggling effect, while significant, is not the
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Excitation function for the Th232(p,3n)Pa23O reaction (Table 32). Circles
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Experimental Values for the Th232(p33n)P3230 Reaction

Total absorber in
beam” (mg/cm? Cu)

Proton Target
- Energy(Mev) foil
Front Back mg/om® Front
347 141.8 693.5
34604, 34602 139,4 711.8
297:3 297,1 151.4 21895.0
247.2 246.9 138.1 41683,7
247 141.8 41685,1
203.3 2030 134.8 5719347
. 153.6 153.,3 - 139.6 72394.1
153.5 . 141.8 72416,1
- 125,9 125.5. 1/48.8 79597.5
111.9 111.4 14363 82886,0
105.8 105.4 132,7 8/1948,0
101.4 100.9 1527 85146.1
96,4 95,9 153.0 86160,0
93,0 92,4 152.0 86843.5
83,6 88,1 138.1 87681.8
85.7. 85,1  152.4 832402
85.4  8L.8 137.3 38295.6
81,0 80.4 138.6 8908L.4
7.8  T7.2 151.1 89640.1
Tiol T35  152.2 90256,/
70,7 - 70.1 150.9 90814 .9
. 67.3 141.8 91300.0
6.5 63,8 11,0 01773.8
57.7 - 571.0 153.4 927/1 .1
53,1  52.3  143.2 93362,7
51.9. 51.2 138.8 - 93508, 8
12,6 k.8 138.8 9460444
(el 4005 138,2 LT4365
’2095 14].98 9647309
20.5 14.9 13%.1 96520,3
‘ 0’ 149.3 98573,8
0 151.5 98660. 3
0 1/1.8 98906.9
0 151.5 100809.3
O .

141°8> 10273644

Back

797.2 -

813.7
22003.7
41784,1
A1788.2
57291,.2

. 7249405

72518.0
79704.0
82983.1
84292.6
8525467
- 86268,6
86951,3

. 87779.6

83348.1
88392,8
89182,3
89746.7
90363,7
90921,1
91399,9
01872,7
02848,.3
93462.,4,
93605,5
9/,700.3
94838.8
96579,9
96613,3
98673.3
98761, 3
99001, 4
100910, 3
102830.9

Yield of Pa=30

dis/min at
. end of bombardment)

Run T

353.

1472,

6130,

Run IT

7294

980.

1698,

h%
N
o
ford

Bun IIT -

373.

' 402,

1292,

1586.
1804.
2015,
2330,

4420,
3540,
4430,
4580,
2920,
1771e

303e

T4oT
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principal cause for the 30 Mev half width of the experimentally determined peak.

Table 33 . summarizes data obtained from the (p,3n) and (p,6n) excitation curves.

»

Table 33

Summary of Data from Th232(p,3n)Pa*2C and Th232(p56n)Pa227
Excitation Function Curves.

“lmilv A (pa3n) | (paén)
Maximum proton energy used in calculaiions @7348 Mev 343 Mev
Thrééholé energy 36 Nev 56 Mev
Peak energy . 70 Mev 80 Mev
"Dis%an;e" geéween pesk and tgreshold .! 34 Mev 24 Wev
Peak ~"ha1f width? 34 Mev 28 Mev
Yield at peal;(dis/min) 463103 B 1,906
Factor in yield between peak and maximum energy 20 ' 20

3. UZBSQQ,GSnIPa227 Since uranium as well as thorium foil was available,
we decided to try our luck with this reaction and to characterize its excitation
function. Thé‘chemical procedure used was modified from the thorium procedure in
that the ammonium fluosilicate was not needed to aid the solution of the metal.
The extractions appeared successful but difficulties did arise in the final
plating stép of the procedure; In the thorium procedure it was possible to plate
between 5 and 10 ml of the TTA-benzene solution on one platiﬁum plate ~= and then
to flame most of the organic material off the plate 1eaviﬁg an essentially weight-

less sample of protactinium., In the uranium separation however, as little as two
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@1 n? phe ITA'bgnzeng solution evaporated down to a dark mass on the plate., When
the p%a@e was subsequently flamed the TTA carbonizedg(much liké the Pharoah's Serpents
of 1ectgre table experiments) into large pieces of aéh which tended to blow off the
plate, apparently carrying much of the activity with them,

Thié carbonization of samples caused considerable trouble in the determination
of this par?icula;\excitation function. The results of the first run (a one hour
and 10 minute bombardment) shown in Fig. 88 and tabulated in Run I, Table 34 , seemed
to indicate a peculiar but interesting type of reaction was taking place. In thig
graph the_points all fall along a smooth curve -- a situation one would think ime
probable if variance in yields were due to chemical yield alone. Hence 1t was tem=~
porarily assumed that this yield variance expressed the true excitation function
for the reaction.

A second try at estabiishing the validity of the dip in this curve happened
to be made on an unusually hot day (for Berkeley) with the temperature about 100° F
iniﬁhehlaboratory. This hot weather (being probably 30° F higher than the normal
laboratory temperature) seemed only t0 aggravate the carbonization of the TTA upon
. evaporation and flaming, and the results of this run gave a group of very scattered
points showing no continuity whatsoever.

It appeared that the excess carbonization was due to a temperature dependént
effect that was caused by some difference in the extraction chemistry of uranium
and thorium, Prgfessor Melvin Calvin pointed out the possibility that since uranium
is considerably more extractable in the TTA-benzene solution than is thorium, the
org;hic phase might be extracting a small amount of the origihal 0.7 grams of uranium
target foil which then catalyzed the carbonization reaction of the TTA. He suggested
~ that after the original extraction had been made an acid wash of the organic layer

would rid it of most of the uranium that had been brought along in the first
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Table 34

Experimental Yields for the U238(p9a8n)55227 Reaction

Energy(Mev) Target Total sbsorher in Yield of P3227(104 a dis/m
foil beam {mg/em™ Cu) at_end of bombardment)
Front Back gn/en?  Front Back Run I Run ITA Run IIB
3460 270,8 730.4 927.7 2260
34603  345.9 266,1 1417 93567 4267 4602
298, 2306 21536.7 _21707,0 2.1
298.2 297.7 268,8 R1544..7 21739.9 48,0 51.5
272.6 272,1 24260 31929.9 3210544 50.0 48,6
248.6 248.4 264.6 A156.4 4134709 46,7 51.7
2484 233.2 413770 4154507 23.3
238.,8 238.3 241.1 44728,9 44903.2 30.3 4606
227,1 226.6 235.5 4902%..2 4919404 22.5 4602
222, 263,0 50596,7 5078647 18,00
17,7 217.2 R30.6 52265.4 524319 . 43.8 1.1
207.9 207.4 251,8 55606,9 55738.6 4301 50.9
202, 265,0 5753507 5772647 23,0
198,0 197.5 235.1 58962,6 59131.9 4065 4R+8
190, 266,1 51461 .7 61653.3 33.6
189.5 183.9 270,2 61711..9 61906.4 36,6 37.8
184.5 183,9 270.9 63264.4 63459.3 3304 392
177.3 176.7 236,1 65504.3 65673.9 3265 36,0
1744 232.8 66391, 3 66558,/ 31.8
167.3 166.6 264.1 68498.9 68688, 4 26,0 40.9
158, 240.7 710974 71269.9 R304 :
14345 266,83 75047.9 75238.6 18,26
129.6 267,.4 78413.6 7860403 15,00
129,0 128,3 266.5 788484 79038.5 11.92 11,93
114.3 70,1 82226,1 82418.2 10,40
100.0 23463 85356.2 85522,3 6620
7540 239.2 90056.3 9022465 1,00
69,0 67,8 265.6 91088.5 912740 2,22 1.80
4145 R65.4 93762.5 93946.3 1.20
o 26443 97665.3 97839.5 0.67
0 238,7 99673.0 99832.0 1.22 1.47

0 236,2 998875 100123.7 0.65
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extraction. »Tracer runs of this procedure gave inconclusive results in eliminating
this carbonigation.

In a final 1*3/& hour bombardment each sample was washed with equal volumes
of 1 N nitric acid after the original ;xtraction with TTA-benzene solution. Several
ml of the organic layer was then plated and the plates flamed. The resulting yields
(plotted as crosses in Fig. 89 and tabulated as Run ITA in Table 34 ) showed that the
TTA was still carbopizing, causing loss of yield in some cases.

One further attempt was then made to obtain a good curve for this reaction,
After the determination above, one half of the organic portion remained from the
ext?actionoi.This TTA=benzene solution was plated out in several hundred lambda
portions with flaming after each addition. In this manner we were able to reduce
yield loss tprough carbonization. The yields obtained are indicated by circles in
Fig,89 and tabulated in Run IIB in Table 34 . Although they scatter considerably
they do indicate that the curve has a very broad peak at arcund 250 Mev which rounds
off slightly at full energy., The triangular points in Fig, 89 are points from Run I,
Table 3 (also plotted in Fig. 88 ) normalized by a factor of 2. Run I points
above 160 Mev Were not used however since they scattered too much. Fig, 90  shows
Fig. 89 points plotted on log paper.

A1l values have been corrected for the absorption of the proton beam upon
traversing the stack of the copper absorbers. (See Fig. 70 ).

b ‘U238(D.a5n)1%§30. Fig. 91 and Table 3 show the results of total alpha

counting of the plates of Runs ITIA and IIB after they had decayed for 2-1/2 months,
Although these points scatter considerably more than the (p,a8n) yields, one can
make out a broad peak roughly comparable to the (p,a8n) peask, but shifted to a
lower energy by some ten or twanty Mev, Contamination of the samples may account
for much of the scattering of points, since no correction (from pulse analyses) was

.

made for this effect,
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Table 35

Experimental Yields for the U238(p,a5n)Pa230 Reaction

Energy(Mev) Target Total absorber in Yield of PazBO(B- dis/min..
foil bean (mg/en? Cu) at end of hombardment)
Front Back gn/er? U Front Back Run_ITA Run ITB
346, T 270.8 730.4 92777
R46.3  345.9 266.1 74167 935.7 1254 1152,
- 2980 23406 2.1[) 3607 2170’?0 0 _
298.2 297.7 268.8 R1544.7  21739.9 " 1406, 1438,
272,6 272.1 242.0 2i%29.9  32105.4 1508. 1329.
248.6  248.L 264.6 (115604 41247.9 1476. 710,
248. 233,2 L13TT7.0  LL545.7 v
238,8 238.3 241.1 L4TR8.9  44903.2 945, 1251.
227.1 226.6 235.5 L9022  L919%4.4 703, 1451,
222, 263.0 50596,7  50786.7
217,7 217.2 230.6 5226504 52431..9 1402, 1380,
207.9 207.4 251.8 55606,9  55780.6 1494 1556.
202 265,0 57535.7  57726.7
128.,0 197.5 235.1 58062.,6  59131.9 916, 1312,
190 266.1 61461,7 61653.3
189.5 188.9 270.2 61711.9  61906.4 1279 1176,
184.5 183.9 270.9 63264.4,  63459.3 1207 1378,
177.3  176.7 236.1 655C4.3  65673,9 1232, 1232,
174 232.8 66391.3  66558,.4 -
167.3 166.6  264.1 68498.9 68633,/ 958, 1380,
158 240e7 71097.4  T1269.9
143.5 266,83 T5047.9  TER38.6
129.6 267.4, 78413.6  79604.3
129.0 128.3 266.5 78843.4  79038.5 542 618,
114.3 270.1 82226.1  22/18.2
100.0 2343 85350.2  £5522.3
75.0 239.2 - 90056,3  90224.5
69.0 67.8 R65.6 91088.5 91274.0 749, 492
L7.5 206544 93762.5  93946.3
0 26443 97665.3  97339,5
0 238.7 99678,0  99832,0 o 5 85.0

0 236.2 99¢27,5 100123.7
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A rough comparison of the peak values for the (p,a8n) and (p,a5n) curves
indicates a factor of about 6.7 in favor of the (p,a5n) reaction. A summary of

other comparisons of the two curves is given in Table 36,

Table 36

Summary of Data from Th 32 (p,a5n)PaR30 and ThR3R(p, a8n)Py227
Excitation Function Curves

(paa5n) (p.a8n)
Maximum proton energy used in calculations 348 Mev . 348 Mev
Threshqld energy - - - | 70 Mev
Peak energy | ~ 250 Mev ~ 260 Nev
“Dis%an;e" between peak and threshold ~ 190 Mev
Yield at peak (dis/min) < 1.5%103 B~ 5,0x10° a
Factor in yield between peak and maximum energy - 1.2 1.1

C. Alphs Particles
Th232§g,ESnQPg2%7 Stacked foils were used to study this reaction in the

internal beam of the cyclotron before the new apparatus Jor use in the electro-
statically deflected beam had been deVeloped. A very rough curve had been obtained
indicating that the exeitation function curve had a threshold about 60 Mevg rlslng
rather steeply to about 120 Mev and then falling slowly to about 2/3 maximum at
full energy.

Determinations of this reaction with the new apparatus essentially corroborate
our original ideas. The one bombardment (1-1/2 hour) made before a collimator was

placed in front of the target is shown in Fig. 92 and in Table 37 (Run I). Evidently
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Table 37

227

Experimental Yields for the Th232(q,pdn)Pa Reaction

Energy (Mev)
375.7  373.4
375.5  373.5
307.3 3048
292,2  289.5
23408  23L.7
216,1 212,7
215,0 211.9
201.1 197.7
198.3  194.8
18402 18Ll.2
178.6  17hel
16601  162.6
158,9  154.7
15603  152.4
148.1  143.9
14506  141.7
139.7 135.2
1346 129.9
130.7 126.3
125,2  120.9
119.2  114.4
115,9  111.2
105.6 99,9
102,7  97.1
91.1  85.6
91.0  84.2
70,1 62.9
67.5  60.6
5he2 457

0

0

0

Target Total absorber in Yield of Pa*?’(10° q dis/min
foil beam (mg/cm? Cu) __at end of bombardment)

gn/cn®  Frong Back Run I Run 11

158.6 61.9.6 7322 5266

141.6 62863 728.8 1.95

15004 3775.1 38381.1 3029

153.3 440645 £515.5 69.7
150.5 6597.1 6702,8 Lo T4

153.8 7231.5 7339.0 78.9

140.0 7266.7 736404, 4081

152.8 7709.9 7816,2 5454

149.7 779608 7901.1 72,9

138.7 8246.6 8342.4 7806

152,1 8391.1 8496.5 5.29

139.1 8721.0 8817.1 4,88

149.5 8917.3 9020.9 85,7

1407 8981.3 90784 6,01

15065 9183,1 9286.8 5015

13801 9245 olla 934004 8600

138.4 9391.7 9486.6 5024

155.5 950406 9611.,.3 80.5

143.3 9592, 4 9690. / 4085

139.0 9714l 9809.5 85.9

143.3 9846,9 994465 5074

142.,0 99144 & 10011.2 6304

153.7 10117.0 10221.5 4369

151.3 10171.2 10273.5 3.65

133.7 10377.3 10467.7 2,97

141.6 10378,.0 10473,7 18,60

144e2 10700.4 10796,9 11.97

135.9 10734.9 10824.6 1,11

137.5 10900.7 10991.3 11. 44

15463 11258.5 11357.3 10.48

151.9 11262.0 11353.1 0,89

138.2 12263,.1 12348.8 '

;?7038
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only the fring of the electrostatically deflected beam hit the target feoils. The

rest of the beam probably hit near the edge of the a%sorbers and was scattered in some
cases into the rear target foils to cause a yield maximum that is somewhat more
elevated than tﬁe one obtained with a collimated beam from a 1-1/2 hour bombardment
(Fig,'QB and Run II, Table 37). With the collimated beam (using the collimator
illustrated in Fig. 58) this situation is reversed. Since the collimating hole is

the same area as the target dises, a given amount of beam hits the front target

and then is reduced by scattering on passage through the target foils and absorbers.
This latter effect, although probably small, would tend to reduce the height of the
pesk in the excitation function. |

20 Thzzz(aqp5n)Pa23O In Fig. 94 and Table 38 are presented the curves and

values for this reaction. The run made with the collimated beam is given since only
in it was there enough activity to give any UZBO alpha counts.

In these (a,pxn) curves we find that the peak yield of the (a,p5n) reaction is
higher by a factor of 6.9 than fhe peak yield for the (a,p&n) reacfiono A summary
of other comparisons of these two curves is given in Table 39 .

Table 39

Summary of Data from Th232(a9p5n)Pa230 and Th?32(g , p8n) P47
Exeitation Function Curves

(aap5n) {a.,p8n)
Maximum alpha energy used in calculatioﬁs 388 333
Threshold energy ‘ 55 Mevw 78 Nev
Peak energy 125 Nev 145 HMev
¥Distance® between peak and threshold 70 Mev 67 Wav
Tield at peak (dis/min) 2.310% B~ . 8.5x10h o

Factor in yield between peak and maximum energy 2.6 _ 1.6
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Energy (Mey)
Front Back
375.7  373.4
375.5  373.5
307.3  304.8
292,2  289,5
23408  231.7
216,1 212.7
215,0 211i.9
201.1 197.7
198,3 194.8
184.,2 181.2
178.6  174e4
166,1 162.6
158.9  154.7
156.3 152.4
148,1  143.9
145.6  141.7
139,7 135.2
134.6 129.9
130.7 126.3
125.2 120,9
119.2 11li.4
115.9 111.2
105,6 99.9
102,7 97,1
91.1 85.6
91.0 8.2
70.1 62,9
67.5 60,6
5402 45,7
0
0
0
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Table 38

Experimental Yields for the Th232(a,p5n)P5230 Reaction

Yield of Pa*30(B~ dis/min.

Target Total absorber in
T foil beam"gmg1cm2 Cu) _at end of bombardment)
gm/cme Front Back Run I Run II
158,6 619.6 7322 88.2
1/1.6 623.3 728.8
15004 37751 33831.1
153.3 4L406.5 45155 133.3
15065 6597.1 6702.8
153.8 7231.5 7339.0 ~ 190.3
140.0 7266.7 736404,
152.8 7709.9 7816,2
149.7 7796.8 7901.1 171.6
138.7 8246.6 83424 186,1
152.1 8391.1 8496,5
139.1 8721.0 8817.1
149.5 8917.3 8020,9 - 226,
140.7 8981,.3 9078, 4

- 150.5 9183.1 9286.8 :
138.1 9R45e 4 934064 217,
138.4 9391,.7 €483646
155.5 950466 9611.3 208,
14303 959204 9690011-

.139.0 Pl AR AYA 9809.5 255,
143.3 9846.9 994465
1420 9914.4 10011.2 231,
153.7 10117.0 10221.5 213,
151.3 10171.2 10273.5
133.7 10377.3 10467.7
141.6 10378.0 1047367 137.4
14462 10700.4 10796.9 : 4865
135.9 10734.9 10824.6
137.5 10900,7 10991.3 21,8
154.3 = 11258.5 11357.3 18,07
151,.9 11262.0 11353.1

138.2 12263.1 12348.8 16,97
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The high background (below the thresholds) for these {a,pxn) reactions is due
at least partially to deuteron contamination of the alpha-particle beam, An a/D2
ratio of 20/1 is considered very good under ordinary operating conditions. This 5%
of deuteron contamination produces Pa230 and Pa?27 from thorium with much higher
croés sections than the alpha=-particles can,

Deuterons however are slowed down much less than alpha particles in traversing
a given thickness of absorber. Figure 95 shows the corresponding deuteron and alpha-
particle energies when both particles have been siowed from full energy by passage
througﬁ cOpper.

Hence if the amount of background due to deubteron contamination is estimated,
the excitation function can be corrected since the.(d,xn) excitation functiomson
thorium are known.

30 The32(q,6n 0230 and other (a,xn) Resctions  Results obtained when we
attempted to separate é uranium fraction from alpha bombardments of thorium were
poor. Early experiments in the internal beam had indicated'that we could expect a
peaked excitation function reducing to very low values at high energies «- a reduc~
tion of perhaps a factor of 50 or more. However in working with this reaction one
is never sure that the UZEO present is really there from the bombardment or has just
decayed from Pa23o present in high yield. The ideal way to check an (a,xn) reaction
would be to separate U229 (a 58 minute alpha emitter) formed in the bombardment,
using tracer if necessary to determine the chemical yield. The chemistry however
has not been clean enough or fast enough to do this,

By using the alpha beam we have already suffered a reduction of g factor of
about 10 in beam infensity from the deuteron and proton beams. In addition, the
cross section values for the (a,xn) reactions seem to be much lower than the cross
sections for the corresponding (p,xn) and (dgxn) reactions. The combination, of these

two factors reduces the yield from (a,xn) reactions to such a point that it is no
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longer possible to obtain their excitation function with the electrostatically
deflected beam. Several attempis were made with this beam but too little activity
was obtained and the chemistry was too inadequate for definitive results.

A final attempt was nade to obtain a good curve with a one half hour internal

. o n 5 N : 230 .

beam bombardment of stacked foils followed by immediate separation of the Pa formed.
A few counts of U233 tracer were added before solution of the weighed foils to give a
true picture of the chemical yigido Procedure 92«1 of Appendix IT was used after the
TTA-benzene separation of the Pa2307 The results,shown in Fig., 96 indicate that the
paak has been spread out by the angular variation of theveyclaﬁron bean,

This effect is illustrated in Fig. 97. Parbticies coming in from B traverse more
copper than those coming along A, and hence for a given target foil induce a higher
energy reaction than the perpendicular beam. Particles coming in along C howsver in-
duce a higher energy reaction than the perpendicular bsam., The angle indicated in the
figure was merely assumed for the argument. This effect can however spread reaction

neaks considerably. Fig, 96 then is not a true exeitation eurve, The only reason for

a

its inclusion in this paper 1ls to indicate how a person can err if he works with
the internal beam of the cycletron without taking into consideration the anguiar
variation of the beam.

Hence it appears that unless a much larger alpha beam becomes available from
the 184~inch cyclotron the only method remaining for determining these excitation
functions would be to mske numerous bombardments at different radii in the cycloﬁron'
and relate them to each other with a monitor of some sort which is sensitive to
alpha particles only (e.g. the At~E formation from Bizo9 would probably work fairly
well as an alpha monitor,)

One exploratory set of four bombardments was made without the benafit of 8
monitor but with care to keep the conditions of the bombardments as nearly identical
as possible, The results for the {(a,6n) and the (a,8n) resctions on thorium ars

shown in Fig. 98, as well as the (a,6n) being superimposed on the stacked foil
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internal target of Fig. 96 . Each target was the same size and presented the
same amount of surface to the internal beam. Each was bombarded for a period of
15 minutes.

Shown in Fig. 99 are the results for the 58 minute activity resolved from
the same pulse analyses as were used for the above values., There undoubtedly was
some other activity (probably astatine) that was coming through the simple chemistry
used and was being pulse analyzed slong with the U229, Hence the results of this
curve are undoﬁbtedly false.

Tracer U233 was used in the chemistry for the above samples so that the
vield values quoted have been corrected for chemical yield. The ratio of peak
yields U'ZBD/U228 appears to be about 20 although this value must be considersd
guite roughe
V. Discussion of Results

Probably the most important basie fact illustrated in this work is that even
up in the sc-called higher energy range (above 20 or 3¢ Mev) the {d,xa) and (p,xn)
reactions peak very definitely, extending the pattern of behavior from the case
ﬁheﬁ %= 3, up to when x = 6 or 7, The (p,a®n) and (p,a5n) reactions on uranium,
on the contrary, have a very broad peak in the high energy range around 300 Hev and
begin to decrease only at full energy of the beam. The {a,p@n) and the (a,ps5n)
reactions, on the other hand, rise rather rapidly to a peak at around 100 Mev and
then fall off gradvally to half maximum at full energy,

In the d and p,xn reactions we see two different reaction mechanisms at
work. In the peak we have the reaction sti1l proceeding by the same compound nucleus
type of reaction that is wvalid for the (d,2n) reaction type. However instead of a
completely symmetrical peak going down to almost zero on the high energy end, a
high energy tail takes off about 4/5ths of the way down the peak and gradually
decreases until the full energy is reached. This slowly varying curve can be explained

. “3
by the picture of the transparsnt nucleus given by‘Sefberoéé Instead of the
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projectile either hitting the target nucleus to form a compound nucleus, or missing
the target nucleus completely, the vossibility arises that a whole spectrum of energies
can be imparted to the target nucleus depending upon just how much of the energy of
the incident particle is imparted to the target. These cases may range from s near
miss, where the target nucleus is excited by only a few Mev, to the case whers the
entire energy of the incident particle is absorbed in the target nucleus, highly
exciting it and causing many particles to bs boiled out. At high energies therefore,
because of the transparency of the nucleus, cross sections should vary rather slowly
with energy.

This same type of transparency picture can be apviisd to the other reactions
studied, the (pgaxn) and the {(a,pmn) reactions, to explain their slowly varying curves
and peaks.

Another mechanism for the ngpxn) reactions involves the splitting of thé
bombarding alpha particie upon hitting the target nucleuss leaving cone proton and
one neutron in the nucleus while the other proton and neutron proceed gway from the
nucleus. The two particles that remain can impart enough energy to boll ocut neutrons
much the same as the xn reactions.

The péaking of the (a,xn) reactions, on the cther hand, indicates that the
entire alpha particle amelgamates with the target nuclsus to form a compound nucleus
before these xn reaction products can be produced,

It is'interesting to note that for the four general types of reactions giving

R30 and Pa?27 which we have investigated, the ratios of yields of these two

Pa
isotopes at the excitation function peaks is in each sase gbout 6. This is logieal
since the difference between the reactions is always the same thrse neutronse

The {a,pxn) and (p,axn) ratios are even closer to each other than to the other two

reactions, possibly explainable by the fact that they both require the emission of g

charged particle before the neutrons are emitted.
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It should be born in mind while considering the summaries of data from curves
presented above thgt the assignmént of absolute energiss to any of the yield wvalues
is very difficult, In most cases, calculation of threshold values by assuming a
binding energy of about 6.5 or 7 Mev per neutron is more reliable than feédiﬁg values
off fhe curves, Other energy values have a corresponding variation.

When a reaction such as the (p,6n) on thorium is finally characterized as. to
energy and yield it will make a very good monitor of beam current for bombardments
of other materials., The chemistry for the separation is easy, although work will
have to be done to determine what precautions should be taken to prevent formation
of the colloidal state of the Pa231 tracer used to check chemical yield,

It might even be possible to make a suspension of thorium salt in a thin
plastic sheet which could then be counted directly without chemical separation,

i :
Sinve the Pa227 is such a sensitive detector of even microgram amounts of thorium,
it would make a very good monitore |

Aside from grousing theoretical interest in the general shape of the exsita-
‘tion functions for several heavy element reactions, this work definitely indicates
the need for using a maximum yield energy in (deuteron or pf@tong sn) bombardments

if maximum yields are desired,
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Chapter 3
Alpha Halfé%ives of the Protactinium Isotopes
I. Introduction
Yhile investigating the members of the artificial collateral alpha-decay chains

we had occasion to determine the branching ratios (orbital electron capture decay/
alpha decay) of the three lightest protactinium isotopes known to date (Pa2263
P32279 and Pa?28), With this information we were able to determine the partial
alvha hglf-livegs for these isotopes and the regularities of these half=lives when
plotted against mass number or alpha energy. Since there still remained two other
isotopes betwsen the above isotopes and the long-lived Pa2319 we decided to determine

229 230

the branching ratios of both the Pa~*’ and Pa®~" isotopes, and to check the feasi-

bility of miiking alpha daughters from the Pa~~~ and Pa*33 activities.

In all cases alpha-pulse analysis of samples established the amounts of pgfents
and daughters, Tthe and A0225 tracers being used in chemical procedures to deter-
nine chemi¢al yields
II. GChemistry

 The chemistry used in determining the branching ratios of course varies from
isotope to isotopeo. For the light isotopes, P3227, Pa2289 and Pa?29 whose alpha
decay is observaeble, thorium is removed to check the amount of branching by orbi-
tal electron capture. For isotopes whose chief mode of decay is by beta particle
emission, however, the actinium alpha daughter must be removed to determine the
alphg halif-1ife,

The thorium separation given in Procedure 90-3, Appendix II, was used for the
Pa?27 and Pa?28 geterminations. Since the 7000 year Th229 muast be milked from
Pa2299 however, much greater purification from other activities is needed and a

procedure such as 90=1 in the appendix must be used. For Pa”30 the actinium

separation given in Procedure 89-2, Appendix II was used.
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IIT. Experimental Results

The branching ratio determinations will be discussed individuslly for each of

the protactinium isotopes,
s B2

TWhen, in pulse analysis of this series, we were unable to detect any alpha
peaks of Th?26 and daughters once the Pa226 had decayed oubt, we set a limit of
~ 1 for the K/a branching ratio. Since the ha1f=life determined for this isotope
was 1.7 minutes, this branching determination would mean that the alpha half-life
must be between 1.7 and 3.4 minutes,

Chemical separation of the thorium would be possible if a large amount of
P20 were separated and allowed to decay. It would be necessary, however, to

1,226

determine whether any from the original solution were present. Even small

gnounts of the thorium metal target material coming through the TTA=benzene extraca
tion of the protactinium could be easily detected, however., Several suceessive
miikings after a period of 20 minutes would determine whether the Th226 had actually

. come from the 1.7 minute Pa?20 or was being constantly formed from a small amount

230

of T30 op Py present in thé solution. Perhaps when the new jiffy probe-

pnewmatic tube set-up is ready for use we will be able to obtain enough Pazzé to

better bracket this branching ratio.

B, PRl

ol

The results of the milkings of this isotope have been mentioned in Chapter 1.
The K/ ratio obtained by milking 18.6 day Th?27 from the decay of Pa><' was 0.18
with an error of Z 0,02. This ratio then serves to increase the 38,3 minute total
half-life of this isotope to 45.3 minutes., This glpha half-life is quite accurate

and rather easily determined from the amount of Pa”?/ formed in s half-hour bombard-

ment of thorium with 60-Mev deuterons or protons.
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228
Go Pa 2

ey e

The branching ratio determination for this isotope is also discussed in
Chapter 1. The value of 53 T 5% for the K/o ratio was determined by separating
the 1,9 year Th?zg from a solution of Pa228 which had decayed for six days. This
branching ratic then determines an alpha half<life of about 1190 hburs for this
228

isotope., This wvalue ig quite easily obtained from the Pa produced in a one

hour bombardment of thorium with 60-llev deuterons or protons,
D, P22

The determination of this branching ratio presents a very definite problem,
From systematics one would guess that this K/« ratio should be somewhere between
100 and 1000. The thorium daughter from orbital electron capture decay is, however,
the 7000 year Th229° Henci/g£ile the orbital electron capture branching is mors
than for Pazzs by a factor of from two to twenty, the half-=life of the daughter is
greater by a factor of 3500, This means that in order to determine this branching
ratio, the sample of Pa<?? which is to be milked must contain very little Pa?<®
contamination, so that the Th229 will not be completely masked by the Th228 peak
in puise analysis.

We have tried many methods of obtaining the Pa229 for this experiment and
have succeeded only in being able toc choose the most desirable of a group of une-
desirable methods. A resume of these methods is given in the following paragraphs
in the hopes that they might save someone considerable time and effort with a similar
problen.

P2<7 had been discovered by a (d,3n) reaction oﬁ T30 (3onium) using the
20-Mev deuteron beam of the Berkeley 60-inch cycloﬁronogé Since the jonium is so
mesgy to work with because of its high specific alpha activity we explored other
methods of making thisz isotope,

The high energy particles produced by the large cyclotron can of course easily

i 228 .
make the isotops, Once we had foumd Pa 2 with these particles, however, we ran
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into the troutle mentiﬁne& above in trying to obtain P59 comparatively free from
?32280 Several careful bombardments using small radii (low energies) and further
cutting the energy of the beam down with stacked thorium foils indicated that the
best rstio of Pazzg/?azz8 alphas one can expect from deuteron bombardmentsvwith
the large éyclotron is about 10/1. Undoubtedly the initial energy disﬁribution as
well as the overlapping of adjacent excitation functions causes this low upper
linit. Since a Pazzg/P3228 ratio of at least several hundred was required to see
the Th*?? we tried other methods. |
With the discovery of U°<7, with a 58 minute half-life and a branching decay
partially By orbital electron capture %o Pa?R9 it appeared that we might make

22
enough pure Ps ?

from milkings of 1229 for our branching experiments. 0228 of'course
also kes some orbital electron branching decay but its shorter half-life enables
one to aliow most of it to desay before one cellects ﬂhe pfotactﬁnium>daughters
of U%2?, The U228 was allowed to decay for at least eight half-lives after shut-
down, the Pagzs being washed out several times during this decay. The remaining
1229 was then allowed to almoét completely decay and the prota@tinium fraction
separatedo

- "Although this procedure does give very pure Pazzgg a total of only 300 alpha
counts per minute was obtained in two consecutive hour and a half bombardments
designed to give a maximum amount of-Uzgg('v’107 alpha e¢/m per bombardment). This
low yield is due 1arge1y to the small alpha beam current (ét least a factor of 10
below that for deuterons and protons) available from the la;ge cyclotron, In
order to obtain as high a yieid as mentioned ébove it was found necessary to have
a new filament installed just before bombardment to increase the alpha beam current.

Although the 300 aip%a counts separated in this set of experiments was not

pure from contaminating Geiger a@tivitiéss Procedure 91-1 (Appendix II}, which has

‘been worked out since the completion of these experiments, does insure complete

radioactive purity. A% any rate there was not enough activity to determine the

—
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branching ratio -- and unlesg the alpha beam of the large cyclotron is increased
in intensity by a factor of 10 or so, this type of experiment is of no use for our
problam,

Another type of experiment sought to take advantage of thg larger proton beam
intensity, and the relatively large cross section for the (p,pxn) reaction. Uranium
foil was bombarded with full energy protons of the 184-inch cyclotron and the

urgnium separated from contaminating protactinium isotopes by TTA-bengens extrace

=

tions, The Uﬂ was allowed to decay and the protachinium again separated.

After the two hour bombardment the target wzgzgctives giving a reading of
sbout 800 mr at 20 fest soon after shutdown. Consequently the chemistry was
quite difficult to perform even though it consisted mostly of simple éx%raction&
performed in the lead shielded Berkeley box. Eleven TThA-benzene extractions were
required to completely separate the original protaetinium from the target material.

Tt was found, however, that in spite of the extra beam current with protons,
only four times the amount of %29 formed in the alpha bombardments was formed
here, Apparently fission and spallation takes a much larger percentage of the
reaction products at these high energies than in lower energy alpha-partisie bome
- bardments where one bombards near the peak of the {(a,xn) reaction exeitation
function. Consequently this method is not satisfactory for msking PaRRY por
branching ratio determinations,

‘For a time it was thought pOSsiﬁle to obtain a very high yield of activity
from a small amount of material mounted on quarter mil aluminum foil for bombard-
ments, If the foil plus target material is thin enough, the beam, in passing
ﬁhrougﬁ?the target, will not lose enough of its energy to cause it to leave its
paths Henece the beam will circulate through the target again and again. This
type of bombardment is very good for target materials which are scarce but it does

not give the yields which can be obtained from large amounts of thorium,
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Finally, therefore, as a last resort, we decided to make a bombardment of
ionium on the 60=inch cyclotron to produce the required amount of'.Pazzg° About
100 milligrams of an ionium-thorium mixture (13% ioniﬁm) was bombarded in a gmall
platinum boat on the interceptor of the 60-inch eyclotron. The platinum boat was
gilver 591dered to the end of the interceptor which is shown in Fig. 100-102.

This boat was 1% x 1/2% x 1/8" 0.D. with a wall thickness of 10 mils. Grooves
were cut in the bottom of thg boat to help secure the target material, The ionium
(as_the dioxide) was cemented in the boat with sodium silicate to insure ggainst
figking off during the course of the bombardment.

The entire interceptor was then sealed into a target lock to prevent escape
of the ionium during bombardment. Two mils of tantalum foil was placed in the win-
dow of this lock to cut down the beam energy enough to sufficiently reduce the
yield of Pa228° Assuming the full energy deuteron beam delivered externally by“
the 60-inch cyclotron is 1845 Mev, this tantalum foil cut the energy down to 16,7
Mev. ‘

The interceptor was bombarded for about 1-1/2 days, allowed to cool overnight
and then worked up chemically, Procedure 90/ in Appendix IT describes the pre=
paration and solution of the target., Once the target is dissolved, protaetinium
was separated from the solution by-four MnO, precipitations, and two di-isopropyl
ketone extractions with four washings apiece (as given in Procedure 91<l in the
appendix), The protactinium was washed into acid and the Pa??? allowed to decay.

29

We obtained about 8 x 109 alpha counts per minute of purified Pa2 in this bom=

bardment°
' . . 227 228 .
The same type thorium geparation as done for Pa and Pa~ , with many cycles
to effect the required purification, was made on part of the solution. Unfortunately,

because of this chemistry, (Procedurs 90-3, Appendix II) only about one per cent

yield, not enough for our purposes, was obtained through the entire procedurs. For
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thiz reason, the separation listed in Procedure 90-1, Appendix II was finally
worked out as satisfactory for this type of milking, In samples made up using this

Th228 was present despite our care

last procedure it was found that considerable
in the bombardment energy selection., Further chemical work and pulse analyses
however should give us definite results for this alpha half-life., In the meantime
we are using s K/h branching ratio of 100 as the approximate value, giving an
alpha half=1ife of about 150 days. In any fubure bombardments, the energy of the
bombarding deuberons should be lowered at least another Mev to reduce the amount
of’Pazzg_produeedo
E. Pg®tl

We have also been interested in determining the alpha half-life of this
isotopa. From systematics it was predicted that this half-1ife should be s few

230 226

thousand years, Aetinium was separated from a large amount of Pa and the Ac

from glvha decay of PazBO identified through alpha-pulse analysis by the alphs

26

energy of its beta daughter, 30-minute Th™ decaying with the one day half-life of

the A@226

parent,

We obtained about 3 x 107 87 dis/min of pure p5 <30 (plus probably an squal
amount of PaZBB) from a 10 microampere hour bombardment of & thick thorium target
with 60-Mev deuterons. From the protactinium fra¢tion (after equilibrium had been
reached) we weré able to obtain aboub 300 alvha e¢/m of Th226 decaying with the
half-1ife of the A@226 parent,

The astinium was separated by La**™ and Ce™* fluoride precipitations and
purified from thorium by repeated zirconium phosphate precipitations. At the end
of the prosedure the Ge+++ was oxidized to Ge**+* by a bismithate oxidation and.%he
getivity pregipitéted as a fluoride on the remaining smsll amount of La carrier,
The soluble chloride of tﬁe sarrier gave a thin plate suitable for alphas-pulse

analysis. This procedure is described in 89-2, Appendix II.
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Rough chemical yields checked with Ttho tracer, coupled with the value for
the elestron capture branching of 9a230$ K/~ = 10, reported by Studier and

230

Bruehlman,32 give an alpha half-life for Pa=>0 of 1410 years = 20%.

F, Pao :
The value for the alpha (and also of course the total) half=life of this
isotope has been determined bylvaﬁWinkleg‘Larson and Katzin, as reported by

Seaborg and Perlman335 to be 3.43 x 104 yearse

IV. Discussion of Results
The alvha half-lives of the protactinium isotopes reported above are summarizged

in Table 40,

Table 40

Summary of Alvha Half-=-Lives of Protactinium Isotopes

Isotone - Alphs Half-Tife

o220  $3,4mwn, = 6.5 x 107 yr,
P322? _ 45603 min, = 8,9 x 100 yro
5228 1190 hre = 00133 yr.
PaR2Y 150 day(2?) = 0,410 yr.
Pa230 . 1415 yr.
Pa?3L 3.43 x 10% yr.

A good way to systematize alpha half-]ife data is to plot half-life against
mass number., This has been done in Fig. 104. It can be seen that these six
isotopes fall on or near two lines (for the odd=even and the odd-odd isotopes)
which appear to have a slight curve. If we assume a branching ratio of 100 for
Ps229 its alpha half-life falls considerably below the odd-odd line, indicating

that perhaps the trus branching ratio should be closer to 1000 than 100,
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‘ By extending thése lines to intercept the mass nmumbers 232 and 233 we find
that the alphe half-life for Pa”3? ghould be about 1097 years, while that for P3233
should be sbout 108 years.

. Alphg halfelives for these neutron excess isotopes of any elements~of>the
heavy region have not as yet been determined. Hence we have made some calculations
as to the feasibilitylof milking the actinium daughters from the Pa232 and Pac33,

The PaZB3 is the easier to work with since itg radiations require less shielding
during the processing., Its alpha decay daughter Aczng however, is so far unknown.
,Piags for producing and charactdrizing it have been made and are discussed in
- Chapter 5, If we gssume a half-life of 17 hours for the Ac®?? and an alpha half-

1ife of 10° years for the Pa233, about 1700 dis/min of the Ac?2

could be milked
from one curie of Pa.'233 (100% chemistry). A pile bombardment of thorium metal could
pfobgbly produce the required Pa233 guite easily. The same chemical procadures used
for the Pa230 mitking would be used again in this case, modified of course to rid
the.final actinium sample of the additional profactinium contaminant present,
Although this milking\experiment seems feasible, considerable care must be taken

in working with the activity since 1.6 inches of lead shielding are required %o
reduce the radiations from one curie of Pa?33 to a tolerable level.

An actinium milking of Pa232 would be considerably ﬁore difficult.s The 1.32
day Pa”32 would have to be made on the 60=inch cyclotron and worked up quite soon
after shuotdom to take full advantage of the activity\formed, The radiations from
this isotope are quite intense and Would'require complete remote control seb-ups
operating behind a thick lead wall if a curie were to be worked up. Calculgtions
assuming the alpha half<life for Pato be 107 years indicate that about 1000

228 could be separated from one curie of Pa2320 Preliminary bombard-

dis/min of Ae
ments on the 60-inch cyclotron show that the internal beam (with as high as 200

microamperes current) would have to be used in the bombardment in order to produce
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the required amount of Pa232° This problem then would also involve the design of

eooling apparatus so that a thorium target could be bombarded in the internal beam
without burﬁing up. This experiment is strictly a borderline case and would require
considerable extra equipment.

Considering then the two milkings proposed above, it would appear that it

2
would be well worth while to attempt the milking of Pa 333 once the A3229

daughter
has been produced and characterized. When this established bgyond doubt the trend
on the neutron excess side of stability of the curves shown in Fig. 104, this trend

could then be extrapolated to other elements,
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Chapter 4
7 v Emanation Isotopes o

Thg isotope chart at the beginning of this report shows few gaps betyegn the
1igh%est and heaviest known isotopes in the heavy element region. One striking
exception however is the series of three isotopes beginning with the mass 221
jsotope of emanation. Several years ago an unsuccessful attempt was made at )
Chicago to milk this Em°>' from the Ra>< then available. It seemed plausible
to us however that with the high energy particles availgble from the 184-inch
cyclotron we could now build up a much larger supply -of Ra225 by spallation than
had been available at Chicago and should be able to milk the Em221 from it,

Before making a long bombardment to build up yield of Ra225,‘howeverg it
seemed reasonable to check the yield of emanation isotopes themselves from the
apaliation of thoriumoi Several short bombardments indicated that we were obtaining
not the heavy mass emanation isotopes but others of lighter mass.

To New Low Mass Isotopes of Emgnation36

Among the spallation products obtained from the 350=Mev proton bomba:dment of
ThR32 we identified two gaseous alpha-emitters which apparently do not decay into
any presently known alpha=-decay chains. The halfmliveg observed for the decay of
the alpha-setivities are 23 minutes (Fig. 105) and Zoi hours (Fig, 106). These
hélfmlives may be principally determinéd by an unknowm amount of orbital elestron
capture, At least one alpha-emitting daughter (about 4 hours half«life) was observed
to grow from a gaseous parent, but it was not determined whether it arises from
alphamdecay or electron-capture.

Since these gaseous atoms emit alpha=particles it is assumed that they are
isotopes of eiement 86 (emanation or radon) rather than a lighter rare gas. If
they were heavy isotopes such as Enfel or Em2239 both unknown, they would decay into
known alphs=decay series, the neptunium and actinium series, respectively, and so

would grow known short-lived alpha-emitters which would have been detected. It
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thus appesrs reasonable that they must be lighter than the known emanation isotopes.

_The lightest isotope of emanation observed prior to these experiments wag

216

Em 39 which arises from the 7228 alpha=decay series6 and which should have g
half-life of approximately 20 micréseeonds as predizted by means of the new alpha-
decay’sysﬁ@matieslsmlso The reappearance of longer half=-lives, such as 23 minutes
and 2,1 hours, with lower mass numbers is apparently due to the stable configuration
of 126 neutrons. Thus these activities are to be assigned to the mass numbers 212

- <»212) .

and lower (that is, and Em It appears therefore that the plot of

alvha=-snergy versus mass number for the isotopes of emanation goes through the

same type of maximum and minimum as is observed for bismuth, polonium and asﬁatinif’ls
The method used to measure the emanation alpha-activities wgs very simple but

designed to separate the emanétion from tremendous amounts of other alphamemitterss '

from bismuth to protactinium, The cyclotron target consisted of thin thorium metal

strips sandwiched with thin aluminum foils to act as catchers for the transmuted

atoms which were able to recoil out of the surface of the thorium. Thése aluminum

foils were then heated at a very low temperature in a vacuum system shown in Fig,

- 107, They were heated in a small ®"wash bottle® connected to the system where .

the ®U tube® is in the figure. A slow stream of argon ®earried® the emanation

through two cold traps (1 and 2) at -50° G and intoc a final trap (not shown) at

m?OG C where the emanation should freeze ombt. From this storage trap it was

possible to £i1l a cylindrieal ion chamber in which alpha-pulses could be detected.

The pressure guages indicated the gas pressure in different parts of the system.

In order to prove that a gas was involved it was shown that the activity could

be quantitatively transferred back and forﬁh many times by varying the temperaturs

of the cold trap. After an emanation sample had been allowed to decay for some

hours the gas was thoroughly pumped out of the chanber and the alvha-gotivity left

behind (presumably due to the daughters) was followed for decay. It was not possible

to measure alpha-energies in these first experiments and Geiger counter measurements
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were clouded by the probability of xenon and krypton fission ?roductucontaminants
from which no careful separation had been made,

New equipment is now being built with which it should be possible to measure
alpha-energies for these emanation isotopes and their daughters and to debtermine

the propsr mass assignments,

(Note added in proofs Regeﬁtly,low mass isotopes of francium have been foundBB,

A

one of which decays partially by orbital electron capture to g 23 minute emanation

isotope which in turn decays by alpha emission to PQZOSO This 3 year polonium
3sotope has been milked chemically from the emanation. Since this 23 minute
emanation isctope is most probably the same cne as found by spallation of thorium,

the mass azsignment of the latter to 212 is established.)

IT. Er*?l and Daushters

When it was evident that spéllation of thorium gave primarily light mass
emangtion isotopes, we decided to make a long bombardment for Ra2250 Abcut 50
gramg of thorium metal (five 10-gram foils of 25-mil metal) was bombarded with full
energy protons from the iarge eyclotron for about 50 hours over a period of 17
days. The target was allowed to stand for abouﬁ 15 days to allow shorter~lived
aetivities to decay out and was then worked up in parts chemically., Since it was
very active it had to be worked up in the lead shielded box shown in Figs. 15-17.
Although the large bulk of thorium salt made chemical separations difficult, we
finally worked out a good radium separation which was used‘on the last 10-gram
foil from the bombardment., This separation and its diffieulties are described in
Procedure 88-1, Appendix IT. |

By the time the radium sample was ready about 45 days had elapsed afﬁer

shutdown and only a fraction of the otivity had been separated into useable form,
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Y

The radium sample in solution,containing possibly as much as 107 dis/min R_azggg
was peated in the U tube and passed through the set-up shown in the Fig. 107°
Unfortunately we did not obtain definitive results and concluded that too much of
the sample had decayed before our measurements were made,

v With theAimprovements in the chemical procedure, a somewhat shorter bombard~
men‘t;v of about 10 hours which is completely worked up within a week after shutdown,
can be expected to give positive results. We intend to make sugh a bombardment in

the near fubure.
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Chapter 5
- New Neutron Excess Isotopes in the Heavy Region N

As can be seen from the isotope chart at the beginning of this paper; "
informétionrabqﬁt the neutfon*exness isotopes of elements from lead to uranium has
been obtained'primarily from decays of the natiursl radiocactive families,

By cloging energy cycles in this region15 one can calculate deecay energles
and hence rough half<lives for some of the neutron excess isotopes which migh£ be
found in,@yclotron bombardments. In so doing it appeafed to us that the Pa235
and Ae*29 isotopes in particular would have reasonable half=lives to work with and
could élso be easily made by"(dgaxn) reactions on uranium and thorium metal
respactivaly.,

These (d,azn) reaction products, however, are formed with a rather small
cross section and since they are beta-particle emitters must be separated very
cleaniy from the multitude of products which are formed in large yield by the
fissiqn of the target materials.

L B2

Twenty-microampere~hour bombardments of uranium foil in the Berkeley éOminch
cyclotron with 18-Mev deuterons gave a 23.7 minute (Fig. 108) and a 27 day Geiger
| activity in a highly pﬁrified protactinium fraction, A small amount of two inter-
mediate periods of from 1505 = 18,5 hours and from 2.5 = 2.8 days Were present
but these most probably can be attributed to a small amount of zirconium and
colunolum fission products which came through the chemistry. The targets were extreme
getive after bomﬁardment and were worked up»in the lead shielded Berkeley Box shown
in Figs. 1517,

The ehemistrya which followed the outline of Procedure 91-1 inlAppeﬁ&ix II,
took two hours to complete and involved four manganese dioxide éycless two solvent

extractions with di-isopropyl ketone and two extractions with TTA in benzese. The
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manganese dioxide cycles consisted of precipitating the Mnﬂz from the solution of
uranium in nitric acid, centrifuging, dissolving in hydroxylamine, diluting and
reprecipitating. The dissolved precipitate from the last cycle was ascidified and
the protactinium extracted with di-isopropyl ketone, several washings with salted
solutiong being made to insure good separation from fission products. The protace
tinium, washed back into a pl 1 solution from the organic solvent, was acidified,
extracted into TTAabenzené solution and Washéd once with acids The TTA-bergzene
soiution’was "then evaporated on a platinum plate and flamed, leaving a weightless
deposit of protactinium, ’ .

The cross sestion for formation of the 23,7 minute period is about 2 x 1073
barns, a reasonable value for the (d,a) or (dsan) reactions on U238 which give
Pa230 or Pazgi TheA27wday period is formed with a cross section of about 4 x 103
barns (cqrrgeted for abundance), reésonable for a (da) reaction on the 720
present maturally in the uranium foil, giving Pa233°

The 23,7 minute activity was checked in a 9-Mev proton bombardment of U238
foil and found to be present in a yield corresponding to a cross section of about
3 x 105 barns. This eross section has already been corrected for yield due to
deuteron contamination (about 1%) in the proton beam. This correction was determined
by counting the 7?37 formed in the bombardment by the (d,p) reastion on Uzggg
assuming the cross section for this reaction to be 0,05 barns, which is probably
low., The small but definite yield with protons appears to rule out the possibility
that the isotops is PazB6 and is consistent with the yield dne would expect for a
{p,a) reaction at such low proton energies.

An aluminum absorption curve of the 23,7 minute period shows & beta particle
whose Feather range is about 610 mg/émgg corresponding to an energy of about 1.4

Mev{Fig, 109), All counting was done on the Geiger counting apparatus deseribed

in Chapter 2,
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I% is interesting to note that by closing energy cycles in the heavy
region one cglculates a decay energy of 1.24 Mev for Pazj5 while an energy of

2
2,09 MevAis calculated for Paz)éj

Hence it would geem that the most likely assignment for this new protactinium
isotope of 23,7 minutes half-life is to PaZBSo

The cross section values mentioned gbove are quite accurate relatively., In
none of the bombardments, however, was the. chemical yield determined. To obtain
an gbsclute eross section, a chemical yield value oflzo% was arbitrarily tsken and
is probably not too far from correct. The same chemical procedure was used on
all the three bombsrdments made.

The middie two activities correspond approximetely to isotopes of zirconium
(277 - 17 hours) and columbium (Gb7° - 2.8 days) which would come through both
the manganese dioxide and TTA-benzene steps of the chemistry., Fuarther credence is
added to the elaim that they are fission products since they can not be detescted
in the proton bombardment. At that energy of proton bombardment the amount of
uranium fission produced is reduced by as much as & factor of 100 from that produced
with 19 Mev deuterons,

Several questions are raised by the results of the bombardments however. A
large amount of 26-day activity (presumably PﬁgBB) wag found in the proton bome
bardment (a factor of 40 more than in the deuteron bombardment), The most logicsl
explanation is that it was contamination picked up somewhere in the chemical
procedure. We have been unable to check this point sinse the 60=inch cyclotron
has~not been available for bombardments recently.

In addition we did not observe any 1.4 day’Pa232 bets partieles from the (d,an)
reaction on the U235 present in the deuteron bombardment., This is hard to under-
stand if the 26-day activity found in the bombardment is really Pas’3 from s
(d,a) reaction on the U235 and if the 23.7 minute activity is Pa?3° from & ( d,an)

s 38
reaction on i o
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1L, A

From c¢losed energy cycles it would appear that this isotope would have a
half-1ife of about 17 hours and a beta energy of about 0,83 Mev, Wehhave made one
attempt to find this iéotopeg working up a thorium backing plate whichihad been
inserted in the 60-inch cyclotron in conjunction with a deuteron bombardment of
ignium.on the interceptor. By the time the jonium was worked up Seveyal days had
elapsed. In addition, a mix-up in the chemistry caused the loss of much of whatever
actinium activity was left. Consequently the run was unsuccessful.

When the 60-inch cyclotron is again available for bombardments however, we
intend to make a several hour bombardment of thorium metal and sepérate the actinium
fraction by Procedure 89-2 in Appendix II, Column separation will of course
have to be used as the final purification step, with A@225 tracer to tell just

when the actinium peak comes off the column.
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Appendix I

Bibliography of Excitation Functions

for Charged Particle Reactions
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APPEIDIX T
Bibliography of excitation functions for

charged particle reaetions

1., 91 N’e\/o
Na23\d pf)Na,Z/% www B, C. Lawrence, Phyﬁo Rev. 47, 17 (1935),

8127(q,p)a1R8 - E, McMilian and E. Oo Lawrence, Phys. Rev. 47, 343 (1935).

2,8 Mevs

fact A o e

2600 one?Ts 126 24 | |
Mg (d,o)Mg™ ‘s Mg2 (d,a)Na"*=~w M, C. Henderson, Phys. Rev. 43, 855 (1935).
Na23(a, pIs?hy a127(a, p)a1R% $130(a,p)s17Ly cub3(d, p)oubhem= E. O. Lawrence,

B. maw anq and Ro L. Thornton, Pn;w Rev. 48, z, 3 (1935).
¢12(q,nIn+%; WhA(a,n)0l5; olé(q, n)r17 -~ H. W, Newson, Phys, Rev. 43, 790 (1935).
5 Neve

pi192(q, ) Pei9%; P190(4,p)Pt 97 ~me 3. M. Gork and E. O. Lawrence, Phys. Rev. 49,
788 (1936).

6P (35 L4 (d,n)015; 01%(d,n)FL7 wnm H, W, Newson, Phys. Rev. 5L, 620 {1937).
A50(a, p)A% e A, H, Snell, Phys. Rev. 49, 555 (1936). |
I’\T.“J’ég(dSn)Cu_(?l === R, L. Thornton, Phys. Rev. 51, 893 {1937).

C?i.6f3<d9p‘)0u64 e S, N, Van Voorhis, Phys. Rev. 50, 895 (1936)0

Pra=i e

Pdlogv\d D)Ple‘?‘? (13 nr); Pat10(a n)Aglll === J. D. Kraus and J. M. Cork, Phys. Rev.
52, 763 (1937).

Fe?(d,n)C057 e T, M. Cork and B. R. Curtis, Phys. Rev. 55, 1264 (1939).
Sy 208 '
PuR00(q,n)B3297; Pb° (@, p)PbR%%m K. Fajans and A. F. Voigt, Phys. Rev. 60, 619 (1941).

1R38(d,p)U%?? wc N. Feather and R. S, Krishnan, Proc. Gamb, Phil. Soc. 43, 267 (1947).
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9 Moy {zont’d)s

ThR52(d, fiss)s U238(d fisg) === D, H. T. Gant and R. S. Krishnan, Proc. Roy.
Soc, London. AL78, 474 (1941).

N

3209 (a, }P@Z*lo B320%(q, p)B:x:zJ-Of wom D, G. Harst, R. Latham, and W, B, Lewis, Proc,
Roy Soc. London Al’?_ggg 126 (1940).,

?32(d fiss) " ‘U'2 (d,fiss) === I, C. Jacobsen and N, 0. Lassen, Phys.
Rev, 2§ 86'7 (3940)

gl_cf(dngn)AglOé = Ro S, Krishnan and T. E. Banks, Nature 145, 777 (1940).
FL19{a, 52518 —. R. 8. Krishnan, Nature 148, 407 (1941).

a7, 1% 4817 (13461065 Ag(a, 20)6at075109 (6,7 h); Ag(dDZn)Cd*O73109(1 P
R. S. Kr'lbnnang Proc. Camb. Phil. Scc. 36, 500 (1940).

""g (d "3)3;‘1‘“"98 Au"’g?(d zn)H 197 .. R. S, Krishnang, Proc, Camb, Phil. Soc. 37,
186 (L%lu

cu®3(a, p)oubhs Cub3(a,H3)0ub2; svr2l(q, p)3b122 1(d'H3)3k120 cew Ro 8o Krishnan
. and To E. Banks, PI’OCo Cambo Phil. Soﬁo 37 31’7 (1941)

‘Lgéfd p‘\fP.J“()/ 198(& p)l"‘*‘"199 wwm R, 'S, Krishnan and E. A. Nahum, Proc., Camb.
Puil, Soce 37, 422 (1941).

97fg Py ¢98 97 (g 2n)ngt 97 leosg p)T1206 £1205(4, 2n) PK205; P6208(d) p)ppR0Y;
9, p)BWleO B1209(4, njPo2l0; Th232{d,p)Th233 —- R. S. Krishnan and E, A.
I\;dhmﬁ Proca Roy. Soc. T.ondon AJ_SO 333 (191;,2)

8120%(a, p)B1 2105 By’ 209(4,1)PoR10 wve H, E. Tatel and J. M. Cork, Phys. Rev. 7L,
159 {1947), ‘ . .
10 Mov

PG)(d p)Blzlo }31309((1 n)szl@ ~em= Jo M. Cork, J. Halpern, and H. Tatel, Phys.
Reve 57, 37L (1940). : )

Fso%(d,n)C055%; Fed4(a,a)in? —=w J, M. Cork and J. Halpern, Phys. Rev. 57, 667 (1940).

1L Mevs

B52(d,p)Be™” e B, M, McMillan, Phys. Reve 72, 591 (1947).

14 Mevs

Na Z?Qd piNa2és BePH(q, p)Br82; Br(d,20)Kr (34 hr) =-- E., T. Clarke and J. W Irvine,Jr., .
Phys. Rev. 66, 231 (1944).
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14 Nevy (eon d} N ,

Mg2~vg 0 Wa?2s M826(d o a2h; Gu3(a,p)0u%; 0ubS (a0 Wi®%; 0w (a,2m) 23,
cu 3(6{ zn)ZnC) === Eo T. Clarke and J. . Irvine,Jr., Phys. Rev, 6 650 (1<z,6)
9

(d pa)NaR4 ~ew B, T. Clarke, Phys. Rev. 71, 187 (1947).

15 Meys o

11209(q, pjBs 205 B1299(q,n)PeRL0 wem 7, U, Cork, Phys. Reve 70, 563 (1946).
B30 _an 64 €374 oV b % p? b Phee -
Cu " (d,piCu % Cu 7{d,2n)%nb3 ~-~ R, S. Livingston and B. T, Wright, Phys. Rev,

[y

The32 (3, £isa) s U238(q, riss) ~ew Jo Jungerman and S. C. Wright, MDDC 1679

d,ap)} T;:Q’*P Ajﬁ’(d DZﬁ)Na?z == A, C, Helmholz and J. M. Peterson, Phys. Rev,
73, 541 {1948). (Abstract).
195 X Meve,
Cf“‘lfaoc‘}.u)(i"l oo B, Lo Thornton and R. W. Senseman, Phys. Rev. 72, 872 (1947).

2.3 Heys

Fi9,pille®?, F19%q n)Na?? ~em N. K. Saha, Z. Physik 110, 473 (1938).
8377 ;0)P*0 v A, Szalay, Nature 141, 972 (1938).

M27={a9r1)1930 ~we B, Szalsy, Z. Physik 112, 29 (1939).

7 NMevs

NaR3(a, n)M'% P5 (aqn:)G‘l%‘ === H, Brandt, Z. Physik 108, 726 (1938).

9 lMews
o

L:"L.?(agn)BLU ~=w O, Haxel and E, Stuhlinger, Z..Physik 114, 178 (1939).

- e 2
B{a,n)N;g Be/(a:,n)('}l“ me B, Stuhlinger, Z. Physik 114, 185 (1939).
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2 (4, 1)0a; 0ub5(y,n)6a%® ~-v W. B. Mann, Phys. Rev. 52, 405 (1937).
20 Hevs

RR1O3(, nﬁAg106!25m) Rh*of(a n)Ag106(8 2 &)s Rh103(q,20)8g105 e M. L. Bradt and
3 D. J. Tendam, Phys. Rev. 72, 1117 (1947) &

09((' ri)"in“**? Aglogfa Zn)Irl*l w=e D, J, Tendam and H. L, Bradt, Phys. Rev,
t2 _Lf18 \104140
32 Mewve

B:2Y9{q . on A%

J2r)AES
672 {1940)

il oD, R Corson, K. R. MacKenzie and E., Segre, Phys. Rev. 58,

27 MC

el Jxe—r—

Ag107ia nﬁrﬁii ; g107(aj2n)1n109; Agt09(q ,20)IntL mm 8, N. Ghoshal,Phys. Rev. 73,

417 (1948).

40 NMeys
The32(q , F1ss) s UR38(q, fiss)

-~ J. Jungerman and S. C, Wright

9 MDDC "1679 °
280 Meye

412714 ,mpnNVazﬁ IYell

(cc 2an)NaRe wew A, G, Helmholz and J., M. Peterson, FPhys. Rev.
735 (10489

Lo T4 AT mep o
) J_mMev,,‘

¢1?{a,an)e* «wv R, L. Thornton and R, W. Senseman, Phys. Rev. 72, 872 (1947)

° -4 o o o o L4 o o o

,4» ME—,’V n

018(p,n)F'® ~- L. A, DuBridge, S. W. Barmes, J» H. Buck and C. V. Strain, Phys.
Rc—'fvo &,;q 447 (1938),

507 Mevs
W p,a )6 e W Barkas, Phys. Rev. 56, 287 (1939)
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Gp52(p9m?&n?/ ow= A, Hemmendinger, Phys. Rev. 53, 929 \1940)
ZMews
P&”L‘fjé(pqnmgl%o Pd(p,n)Ag (8d + 453) =~ T, Emns, Phys. Rev. 56, 872 (1939),
w1 (p,ndoubls mibi(p 3?31 01103(;3 n)zn%3; 7n68(p,n)6a’®; PaL0O(p,n)ag00;
Ag;&pqn)(}d (bﬁh‘)u *’f(p n)Inli4” e V. 'F, Weisskopf and D. H. Ewing, Phys.

Rav, : Z|7) (1640)9

-,-:u

Gu xp.,pruuué“{“ === J, R. Richardson and B. T. Wright, Phys. Rev. 70, 445 (1946).

£4L Neve

Boric acid{p, 36%1: ¢1%(p, pn)GI! -ww W. W. Chupp and E. M. McMillan, Phys. Revo
T2, 873 ( 947‘)°
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Appendix II

Chemical Procedures Used in the Bombardment Work26
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83-3
CHEMICAL SEPARATIONS
Element separateds Bismuth . Procedure by: Meinke
Parent materials Tracer Pa228 and daughters Time for sep'n: 1<1/2 hours
Milking experiment Equipment required:
' Centrifuge, stirrers,
tank HZS

Yields 60%

Degres of purification: Factor of at least 103 from Pa and at least 100
from sther activities, Factor of at least 5 from Pb,

Disadvantageﬁg Gives a thick plate -~ rather bad for alpha pulse analysis.

Procedure: Purified tracer Pa in benzene = TTA solution (procedure 91=% with
DIFK snd TTA extractions only).

{3} Stir organic layer 10 min with equal volume 6 HC1 (daughter
into acid layer - most of Pa remains with organic layer).

{2) Wash the acid layer three times with double volume .4 M TTA in
benzene, sbirring 5 min each. (Removes Pa).

(3) Diiute acid layer to ~2 2 N and add ~1/2 mg Bi carrier. Bubble in
H5S gas to ppt Bl and Pb sulfides. Centrifuge.

{4) Again add 1/2 mg Bi carrier and repeat sulfide pptn. Centrifuge
and combine ppts of {3) and (4).

(5) Dissolve sulfide ppts in few drops hot conc., HCl, Dilute to at
‘least 1 Y acid and reppt sulfides by bubbling in HZS° Centrifuge,

Py
o
S?

Repeat step (5}9 four times,

Dissolve sulfide ppt in few drops conc HC1l, dilute to~ 6 cc and
boil to rid solubion of H, So

<
=~
S~

. =2
‘(8) Add 1 mg Pb carrier and ppt PbSO, by adding some 304 - CH28049
. (VHA)dSO¢9 ete,) Discard precipitate.

{(9) Revert step (&) three times.
(10) Add H5S to supn from last pptn and centrifuge out the Bizs3 formed.
{(i1) Dissolve the B1233 in hot conc, HCl, dilute to known volume and

plate aliquot for counting., Caution: Do not flame fhe BiClg
plate or much of the activity may be lost.
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83=3 (cont'd)
Remarkgg__

In step (3) if the acidity is greater than 2l the Bi will not ppt.

See Prescott and Johnson's Qualitative Chemical Analysis (1933)
P- 157 for notes on PbSOAO

In some experiments no Bi ~ Pb sepn is required and the solution of
step (7) can be plated directly. ’
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861
] CHEMICAL SEPARATIONS
Eiement separateds Emanation Procedure bys Ghiorso, Meinke
Target materials Thorium metal (1 mi1) Time for sep’ns 5«15 min.
Type of bbdts 184 inch protons ' Equipment required:

Yield:

special emanation closed
system with trans

Small from metals up to 50% from

solutions )

Degree of purification: Free from other a activity - does not separate
from other rare gases, :

Procsdures

i)
]
—?

Remarkss

Metallic strips of Th which have been bombarded with the full energy
preton beam are placed in a small closed flask and heaited o red
heat with an induction heater for a period of one or two minutes,

Argon carrier is then passed through the flask and through =
trap cooled with an ies bath.

The carrier and Em are then frozen oubt in another trap cooled with
a liquid Ny bath, :
The activity can be then introduced into a segled counting chamber

and counted for alpha activity.

The activity can be shown to be a rare gas by transferring it
back and forth from counter to trap using the liguid N2 bath o
fresze out the gclivity and carrier,

The procsdure described is simple but effective in purifying the Enm,
If further purification is required additional traps may be used.

The same type of apparatus may be used when: (a) separating Em from a solu-
tion op (b) milking Em isotopes from other elements,e.g. ,Fr and At.

Care should be taken to check separation from At in these separations

ince in many cases, at least a small fraction of the At present acts
much like a gas and may pass through the traps. A special trap to
specifieaily remove At may be necesgsary in some cases.
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88-1
N CHEMICAL, SEPARATIONS
Elgmegﬁ”separaﬁedg Radium Procedure by: Meinke
Target materials‘ Thorium {~10 gm metal) Time for sep'ns ~ & hrs.
Type of bbdts 184" full energy particles Equipment requireds Standard

pluos centrifuges of:
250 ml capacity
50 ml capacity
15 ml capacity
Tanlk HCL

Yields 25-50%

e ;
= o rs , o - o - 'f, =,
Degree of purification: At least 107 from thorium,and at least 10" from
other zlpha sctivities pregent in high yleld.

rge anounts of
o

Advantagess GCan be used to separate Ra with Ba carrier from
J give welghtless

target material and (if coupled with column separation
fraction of Ra.

15
e
t

Procedures
{13 Dlssolve the thorium metal target in concentrated HITDg with drops of

o2 M (MH,)58iFg soln added to make the sol'n ~ 0L }f SIF, "R, {4
large beiLer should be used to prevent bubbling over in the vigorous
reaction, The solution needs to be heated to start the reasction but
once started the reaction proceeds vigorously.) Continue adding
conc, HNO3 and (WH,)p8iF, solution until target completely dissolves
{may be an hour or two for 25 mil pieces of Th.)

Bysporate off most of HNO eaving Th{NO, ) erystals. Cautions Do
not evaporate to dryness 6r fhe nitrate #ill turn to ThO, which is
harder than the original Th metal to dissolve.,” If some ThO, is ac=
cidentslly formed use the same combination of conce HNO» N§ )281F6
dnd heat %o dissolve it. ThO, is considerably easier to dissdlve
bl bdlately after forming than after prolonged heating and stand-

inge {See 90~4).

s
)
~2

++ . o msme e ,
(3) Adg é mg Ba  carrier ©© the crystals and dilute with water to
~ 30 ec., Transfer to 250 ml centrifuge bottle.

(4} Add ~ 16 cc conc, NH,O0H (precipitating TthH) ) dilute to 200 ce
with water and anges? for several minutes.

{57 Centrifuge and pour off supn (containing Ba and Ra plus other activities).

(6) Dissolve ppt (amounting to ~ 125 cc volume) in ~16 cc conc. HNO3.

(7} Add 3 mg Bgtt carrier, dilute to ~ 30 cc.
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88-1 {rom% '3,

(8) Add~ 20 co conc. NH;OH ppbing the Th(OH) , dilute to~ 200 cc vith
Jduex and digest fu several minutes *

(9) Centrifuge and pour off supn. N

Py
)
(&)

DN
v}

Repeat steps 6 through 9.

- (11} Combine the three supernatants from steps 5,9 and 10, Evaporate com=
bined solubions until ~ 200 ce., volume and transfer to 250 ml cent,
bottle.

(i2) Add 5mg Ta ™ garrier and precipitate the La(CH)., plus 1 ”h(@H) from
a1y Th*@ remaining by the zddition of conc, NHAQH Discard ppto

{13} Evaporate the supn to~ 40 cc and repeat step 12,

(14) Add Na,004 solution to the supn to ppt BsCOq (sarries Ra) digest
For ”mr@:r“cu. minutes. Centrifuge.

r18% Dissolye BaCO, ppt in minimum of cone, HCL (one or two cc's probably
snough) e

{16) Flace in ies bath, Add double or triple volume of ether and bubble
in HC1 gas mntil water and organic layers become miscible and the
Ba ppts cut as the BaCls. GCentrifuge.

(17} Dissclve the pot in minimum of H,0e

(18} Repeab steps 16 and 17 twice (total of 3 BaGl, pptns). Caubions
HCl~ether mixtures spatter readily when warmed.,

(19) The BeCls can be used for g counting or further purification can
be made using a regin column. ‘

Remarks:e

Usually about 50 gms of n metel can be bombarded at once in the
cyclotran to produce the Ra<<’, Hence the large centrifuge is necessary
for the separation of the or1g¢na1 Th(OH)A pring and purlflcatlonuo

The Th{OH), ppt is very bul@yoccupylng more than half of the tube in
step 4. Howsved, with the Be*t carrier added and the two reprecipitations
of the thorium it is believed much of the Ra is recovered in the supernates.

. The amounts of NH;OH and.HNOB used should be calculated rather closely
ge as to &llow little excess, otharwise when the supn's are evsporated
to M40 co (step 13) the solution will be saturated with NH/NO3 and intepr-
fere with the PaCO} pptns.
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88-1 (cont®d)

In step 13 some of the yield is lost thrédugh the solubility of some of
tha BaCOq. This might beimcovered by destroying the NH,NO. and reducing
the VOlume_drasﬁically before the carbonate prgeipitati Qo

- Originally Ba and Ca were added as holdback carriers in the Th(CH)
ppts. The Ca, however, did not separate as well from the Ba as expected

in the later parts of the procedure.

When Working up 50 gms of Th, 10 gms at a time, residues might be
combined and further recovery of Ba lost in the original procedure might
be made. Also the BaGOg ppt of step 14 (first 10 gms) can be dissoived
in conc, HNO, and used 99 carrier for the various steps of succeeding
10 gm portiochs - thus reducing the total amount of Ba in the final sample.

10 grams is about the maximum amount of thorium practical to work up
at one time by this procedure using 250 ml centrifuge bobtles,

carrier free Ra is needed, BaCO, can be pptd from the water soln

it
of the end of step 18. This BaGO can be dissoived in acid pH 1-2 and
absorbed on Dowex 50 resin. The §r, Ba and Ra can then be eluted in that
order by citrate at i 7.5 - 8,0 (See E. R. Tompkins, AECD 1998), This.
columa procedureﬂ however, has not been included in the runs made to datea
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892
o _ CHEMICATL, SEPARATTONS o
Elemeﬁtmseparatedz Aetinium Procedure bys \ﬁéinké

Parent materisls Tracer Pg Time for sep'n: 3«4 hrs.

Milking experiment Equipment requireds
Standard, centrifuge
Yields e~ 40%

o

Degree of Purification® Factor of at least 107 from Pa, U and Th.

Adventagess Can separate TOly small amounts of A¢ from large amoun véof
?a@ T and Th ﬂuulv;i% Tn one experiment separated 500 d/m Ac from
Eﬁzggial d/m of Pa30 and about squivalent amounts of U and 30 minute
Th™*>, )

Procadures

230 . , t -

P50 in 6 N HNO3 after DIFK extractions (procedure 9i-1)
‘} ™ - . P 1 1 Lﬁ,-*ﬂf ) P o O R r? e
(1) Take 10 vce of Pu soln and add 1/4 mg and 5 n% 2 sarriers.

O

(2) A£34-10 drops of conc HF to ppt the fluorides. Centrifuge.

{3) Metathesize ppht to La and Ce hydroxides by adding several ml of
- conc ROH geln. Centrifuge out the hydroxides and wash once with 5
mi alksline water, :

(4) Dissolve ppt in few drops 6 § HC1 and dilute to 5 ew,

(5) Add 1/4 mg Zr*é carrier and H4P0, to make 3 N P0,"”, Discard ppt.
Stepz 2 through 5 are repeated alternately or consecutively unbil
the desired degree of purification is cbtained. For the purifi.-
cations noted above, 10 fluoride ppitns and 9 phosphate ppins were
made. After *he,£0th fluoride ppt had been metathesized to the
hydrozide, the following procedure was useds

(6) Dissolve hydroxide ppt in 10 I HNOq, make 0L I Fe'' " and oxidize
Cettt to Cetttt  with solid scdium”bismuthate (wdrm to speed up
reaction.) (Ce*4 will now carry on the er‘POA)Q ppto)

(7} Repsat step (5).

() Repeat (2) and (3).

A o o 2 - o
(9} Dissolve ppt in few drops 6 N HCL, dilute to known volume and plate
gliguot for counting.
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892 (contid)

Remarkss
The flvoride cycles decontaminate primsrily from Pz, the phosphate
from Th. If further purification is required include more cycles in
procedure,

Only one milking can be made from a given batech of Ps by this procedure
since it is difficult to again get the Pa into an extractable form
once fluoride ion has been added.

It has been found that the LaCl, solution makes a more adherent and
thinner plate than the LaF, ppte The amount of La™* earrier used in
step (1) should be determihed by the amount of bulk that can be tolerated
on the final piate,
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901
CHEMICAL SEPARATIONS
Element separated: Thorium Progedure by: Meinke
Target materisls Tracer Pa separated from Time for sep'n: Several hourse.
60% bbdt of Ionium.
Type of bbéte {(Milking expt.) Equipment required: Stirrers
and TTA

Yields As high as 50% possible.

Degree'gf'purifieaticng Decontaminate from 107 ¢/m Pa, 106 e/m U and

:}_05

&/m Ae.

Advantagess Gives carrier-free Th, a thin plate for pulse analysis and good

el

parification although not speed.

Procedures

RN
(1)

{7)

Remarkss

Hitrie scid used throughout. Make sample 6 N acid and TTA extract
{With .4M TTA in benzenc) 5 times with double vclume of TTA=e-

o 3 ° o i 4 ° %
stirring 5 minutes for each extraciion. (Removes Pa into TTA

~ T0% or more per pass)e.
Evaporate to dryness {wash twice with water and take these washings
also to dfyn6553 and take up in scid pH 1,0, TTA extract with

o o F e 9 o o ® g 8
equal volume (.25 TTA in benzene) gtirring 15 minutes. (Th into TTA
bubt not U or Ac, )

Repeat TTA extn of (2) with fresh TTA and combine the extns,

Wash TTA with equal volume of tH 1,0 soln for 15 min, (U contamina-
tion into acid,

Wash TTA with 6 N acid (equal volume) and stir 15 min. (Th inte acid).

Repeat parts (2), (3), and (4). (Repeat wash as in (4) if necessary
for further U purification.)

Flate out the .25 M TTA on Pt plateés and flame,

See curves of Hagemann for % extn into TTA vs @ for Th and Ac.

At t of I Th should go intc the TTA almost completely but U should
oiily go in less than 1% == perhaps as 1ittle as 2%, Ac will not
go into TTA until about @ 2 er so and of course Pa goes in up to
about 6 or 8 acid.

M conditions for separating Th from U by TTA exlns ars quite ceriticalil

Equivalent and molecular weight-of TTA is 222 gmse
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903
CHEMICAL SEPARATIONS
Element separateds Thorium Procedure by:z Meinke
Parent materials Tracer Pe and dqughters Time for sepins ~ 3/} hr,
' {both ¢ & X) :
Milking experiment Bquipment required: standard

Yields Ouly o 40-350% Th per cycle

Degree of purification: 2=3% Ac carried per cycle - other elements decon-
tamlnaaed by factor of at least 100.

Advantagess Good procedure iIf Th present in A0 same amount as other activities.
Prosedures
Pa daughters in 6 N HCL after milking from Ps in TTA (91<1),

(1) Toevs 10 so daughter soln add 1/2-1 mg Zv*4 carrier and enough

HPO, make ~ AM in PO;=. Centrifuge pph (carries Th*4),
(2} Add %o the ppt 3 mg La®™* carrier and dilute with 1 ¥ HC1. Add HF,
digest and ﬂentrlfygeo

{3) Metathesigze the fluorids ppt to hydroxide by adding cong KOH,
Centrifuge., Wash once with alkaline water,

(4) Dissolve in HC1 and repsat steps 1-2 reducing amount of La earrier,
{57 Filate ag the LaCly solm, flame and count,
Remarkss

Zfﬁ(?O ppt guite specific for carrying Thth from other elements in
the heéwé’reglono Yleld lost in the LaFB - La(GH)B pptns.

Do not use this procedure if more purification needed than given by
2 cycles since the Th yield will be very low.

13013 soln when evaporated sticks to Pt plates much better than the ppts
encountered in this procedurs.
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90/,

Solution of Thorium Metal and Thorium Dioxide

Thorium metal can be dissolved rapidly in conec HC1 but a considerable
amourtt of black insoluble residue is formed in the process. If a few drops
of (NB[328LFG solution (enough to make ~0 L M) are added to the HCL before
solutidn is started the black residue is dissolved, leaving only a small
residue of thoriun 0x1de (<. 1%) in the clear eolutlono

Thorium metal can be dissolved in conc. HNO., with the addition of
{NH; )?SlF {or HF} %o .0l M. The metal becomes Psssive to solubion from
tlmh to tins f~0¢1r:ng further additions of acid and SiFg~.

1P ths exiess HN03 is evaporated off care should be tsken not te allow
the goiukion % go ompLoﬁe¢y to dryness or difficultly scoiuble ThOs; will
be formed.

If 1% is desired to dissolve TnOgg the HNO, - (NH/ SiFg solution should
& + +1 '2, x Q- v
be nsed and the mixture heated with stirring fof severai hours. Th > when
first Tormed is much more solubls than after prolonged heating.

Wote: A bombardmend of 50 mg 13% ionium (Th jD) in thorium (Th?j“ﬁ nixture
in the dioxide form should be mentioned here, The hydroxide was pptd and
heated in a Pt crucible until only the dioxide remained, This dioxide was
then pacied into a Pt "boat® 17 x 1/2% x ,085% and wet with a few drops of
sodlum silicate soln. The mixture was then dried under a heat lamp, more

ilicate added and again dried. The boat was then flamed over s Fisher
burrer

It was found that a target preparsd this way could withstand congiderable
mechanical shock and alsc the high target temperature produced by the 60%
cyclotron deuteron beam without breaking the silica erust.

It was also found that the target material could be rather easily

S®fapuﬁ out of the boat and mostly dissolved in 5 or 6 hours «=- after
several additions of HNO3 - SlFb soln.

Newton, Hyde, Meinke
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CHEMICAL SEPARATIONS
Element separated: Protactinium Procedure by: Meinke
Target materials ~ 10 gmg Th metal Time for se p“n 1-1/2 = 2 hrs.
Time of bbdt: 60% D¥ bhdt and 134" Equinment required: Centri-
bhd% zil partisies 4 fuge, Kjeldahl flasks,

dry lce and stirrers.

Tields Roughly 10% through entire chemistry.

e of purifications Separate from all elements by a factor of at least
103, For further purification from Cb and Zr do more DIFK washes.

ess Gives carrier-free Pa on weightless plates for pulse analysls
i counting '?Jf"iiwﬁiiﬁﬁ can be made mors extensive by vepesting .
ividuas 3heps.

‘rr

Procedurss

(3} W3tede acid used PAPBP“ where indizated mtne“v“sea Disseive Th
wetal in conc. rmcﬁ 201 M dn (W, },81Fg < n (25 ¢ acid and 3
o A drops of /51 I SiFgs soln vouahly “wdfi gni to dissolve

10 gms Tho o

o
5

EN o = . N . s
27 Dilute tows 4 K acid and Th* cen. less than 0,65 I {(Greater aon.
of Th salt interfereswith nptnoj

P
L
S?

Add T 0 oo Zﬁ(NOQ'& soln in 4 N HNO; an exvsss Tx(NG,,“,
{1/2 co of 50% solf sufficient,) 2

{4) Add 1.5 cc KlinOy szin (4u mo/;@) (Pa rcarried quanbtitatively on 1.5

gr/iiter a0 p“t

/

(57 Digest over water bath, centrifugs and pour off supn.

(6) To pph. add few drops of 4 N acgid and dissclve in a few drops of
sat. scin of NH. DHOF&X

(7) Diiute to required volume and repeat pptus. three times, reducing
volume each time, Fingl volume is a few cels.

{8} Meke soln & N BNO; er HCL, Exbract with 2-3 tim
Isopropyl ket0n€ ﬁDI?K) ghaking taerLe° for 1/2 mina in Kieldahl
fiasgks and 5GWdTaL~h3 vhases by freazing aqueous layer with dry
ive ~ acstone mixt (Pa into DIFK ~ 607 yield/pass,

2 DR aéatone LEre, o into Fieid,/ Pass e

{9) Wash DIFK ¢0Jﬂf with 3 washs of an equal volume of soln 1 N
HOq and 3 N NnéﬁO» in successive | ¢aak¢o

(10} Ps then washed into 2 successive portions of 1 ¥ HNOFO
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93 -1{cont?d)

{11) DIPK extn repeated once and .1 | solns combined and made 6 XN HNO3

(123 Euual volume of TTA (.4 ¥ in benzene) stirred for 5 min., with the
6 N acid = (Pa into TTA.)

(13) Organic layer washed once with equal volume 6 J HNO4,
{14) The Benzene ~ TTA plated out on platimm.

Remarks: The am't of F~ introdused by the .OL M (NH ) SiF, is nob enough
to complex an abprenlable amount of the Pa. ngueb of Pa co pt with
good yield from 1 = 5 ¥ HNO, less than .65 M Th*4 on 1.5 gm/liter
Mo, with good separatlon féom macro am’t of Th, A goncentrastion factor
of 2% leaght 10 can bs obtained by these pptn cycles.

Bny Th and fission product that extract into DIPK are washed out in the
acid~-sal® washes, C.1 N HNO_ used to wash Pa out of DIPK keeps Pa from
hydrelyzing to the eolloid sdate,

Thé Pz must never get very near a neutral M or it will go into the non-
extractable colloid. : '

ITA separates Pa from gll elements formed in bbdt except Zr, Cb, and Hf. .
DITK extracts only Pa and U at these ccns. MnO, carries Pa, Zr, Cb and’
waybe .some others, but does eliminate things 1ike I which might

oGlVGAL extract through the other chemical prowedurﬂso
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o CHEMICAL SEPARATIONS
Element separateds Protachinium Procedure by: WMeinke
Target materials Th(NOg)é)or thorium metal Time for sep'ns =2 minute

minimum, average 15 min,
T o with metal
Type of bbdts 60% & 184" & g1l particles
. Equipment requireds stirrer

Tields 40-80 %

Degres of purifications Factor of at least 100 from all elements present
except Zr, Gb, Hf.

Advantages: Fast, weightless plate of Pa, good for alpha pulse analysis.
Zr & Cb fission products coming through procedure make Geiger counting
¢f Pa fupossible without more chemistry,

Procedures
{1) Dissolve Th metal in cone, HNO, ~ L0l M in (NH4} SiF¢ soln, (25
e, acid and 3 or 4 drops of 175 Ml SiF Fsoltn sefficient to dissolve
10 gms. Tho) ’I’h(NOB) , @an be dissolved directly in 4 N HNO5,
{2) Dilute to~ 4 N acid.

{3) Add equal volume of TTA ( .4 M in benzene) and stir for 5 minutes,
{Fa, Zr, Cb into organic layerj.

{i) 1If want somewhat better purification wash TTA layer with equal -
volume of 4 [ HNOs. (May lose up to half Pa yield in this wash. )

{39 Plate out benzene-TTA layer on platinum,

Remarkss TTA sep?:gtes Pa from all elements formed in bbdt except 2r, Cb, & Hf.

D This method used for excitation function work where as many as
16 foils are worked up simultaneously. Identical amounts of reagents are added
and each sample subjected to the same procedure, giving approximately equal
chemical yields for each foil (to within 5 or 10%).
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CHEMICAL SEPARATIONS
Element separateds Uranium ] Procedure bys Crane
Target materials ~20 gmof Th metgl ' Time for sep'™ms Several hrs.
Type of bbats 184" bbdt - Equipment requireds Centri-

fuge, Kjeldahl flasks,
~ dry ize and stirrerse

Yigldg .96%0

Degres cf"?urificatiﬁng SeparaﬁeAall elements in Th fissioﬁ by factor
~ greater than 106° ‘ ' '

Adﬁgnﬁagess Gives carrier fres Uranium

Pre@edures

(1) Nitric acid used except where indicated otherwise., Dissolve Th
metal in conc. HNOg & wvoO1 M in (NHz)oSiF, (50 ce acid and ~ 6
drops 1/5 M SiFg~ = Solution usually suffiSient to dissolve 20
gram Th metal),

(2) Evavorate to near drynesé & =edissolve in 1 M HNO, and saturate
with NH4N03° : -

(3) Ether extract uranium using 3 separate portions of ether and
combining; wash twice with .1 ¥ HNOj + 10 Jf NHNO,.

(4) tract uranium back into water solution. Add La*tt carrier wol
mg/ce solution. -

Ty
AT
Sas?

ppt hydroxide with NH,OH. (carries uranium),

FN
o~
Nen?

Dissolve in 6 M HNO3 and add Zr*4 scavenger (~1 mg/ce), dilute to
3§ acide ‘ |

{(7) Add iodiz acid to pph Zr0(103)2 teo scavengdsolutiono
{§) Remove supernatant and ppt La*3 as hydroxide.

(9} Disscive in 1 }M HNO,, Saturate with NH;NO, and ether exbract
using 3 separate po%tions of ether and eémb%ningo ‘

(10) Wash twice with 1 M HNO4 + IO‘M'NHANOB and re-extract uranium
into water, - '
Remarkss Use one part ether, two parts salt solution in extraction, Wash with

equal volume salt solution. Ree-sxtract into half velume waters

In step 7-do not add excess 3odic acid or La will also be rptd. Add just
enough to ppt the Zr as Zr0(I04) , otherwise much yield will be lost. For ether
extraction of uranium see: A. gozNewtonﬁ Phys. Rev. 75, 209 (1949},





