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High Energy Bombardment Products of Thorium 

Wo 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 

radioactive decay families have been prepared b;y· bombardment with the 184-inch 

cyclotron of the University of California Radiation Laboratoryo A number of the 

members of these chains have been studied to characterize their radioactive 

propertieso A few have also been studied to determine the variation of their 

yield with particle energyo 

The trend in the alpha half-lives of the protactinium isotopes has been 

determined ~~ milking experiments to determine the orbital electron capture 

decay/alpha decay ratioo ~vo neutron deficient isotopes of emanatio~ (element 86) 

have been discovered in the Sl~llation products of thorium with high energy 

particles and a new neutron excess isotope of protactinium has been identified in 

low energy bombardments of thoriumo 



Table of Contents 

Foreward 

Chapter b Artificial Collateral Alpha=Decay Chain 
Io Introduction 

UCRLa·483 
Page 4 

II .. Rad:T.oactive Collat.eral Series found in Bombard.'llent 
III.Expcrimental Methods 
IV. Experimen·tal Resul t.s 
V o Discussion of Resu1 ts. 

Chapter 2?. Excitation Functions 
Io Introduction 
II. Experi~ental Methods 
III.Range=Energy Calculations 
IVa Experimental Excitation Function Determinations 
V.. Discussion of Restlits. 

Chapter 3:; Alpha Half=Lives of tho Prot.actirJ.ium Isotopes 

Chapter 4g Emanation Isotopes 

Chapter 5:; New :f\Teutron-Excess Isotopes in the Hea'IY Region 

Acknowledgements 
Bibliograph;y, 
Appendix I~ Bibliography of E:xc:.it.:1tion Functions for 

Charged Particle Reactions. 

Appendix II~ Chemical Procedures Used in the Bor2bardment 
Work .. 

5 

6 
6 
7 

10 
24 
43 

45 
45 
46 
65 
86 

113 

ll6 

126 

130 

131~ 
135 
l37 

143 



High Energy Bombardment Products of Thorium 

VV o Wayne Meinke 

Foreward 

The presence of four charged particle accelerators on the Berkeley campus 

presents mmv varied possibilities for .nuclear chemical work., Both the 184-inch 

cyclotron and the 60-inch cyclotron can give large yields of nuclear reaction 

products" The ma,jor problems in characterizing these reaction products are chemical 

ones involving the application of ordina~r analytical procedures to the target 

separations" 

This dissertation discusses the results of these applications to several rather 

unrelated phases of nuclear work~ In Chapter 1 both the production qy high 

ener~r bombardment and the characterization of five artificial collateral alpha-

deca;>r chains are discussed" The variations of yield with particle energv for 

several of the parents of these chains was studied and presented in Chapter 2o 

Chapter 3 presents the results of experiments designed to study the trend in alpha 

half-lives in the protactinium isotopeso Chapter 4 discusses some new neutron 

deficient isotones of emanation found in thorium bombardments while Chapter 5 
-~ 

presents evidence for a new neutron-excess isotope of protactinium" The Appendices 
-- --

present for easy reference important information on excitation functions and chemical 

procedures" 

An isotope chart which includes most of the latest values for isotopes in the 

heavy region is ~hown on the next pageo The values listed are taken primarily 

from the Table of Isotopes by Go T., Seaberg and Io Perlman~ Rev~ Mod. Physo 
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Chap-ter I 

Ar·l:;ificial Collateral Alpha=Decay Chains 

L Introduction 

The Berkeley 134=inch cyclotron has opened up many new fields of research 

with its full energy beams of 194~Mev deuterons~ 333-Mev· alpha=particles and, more 

recently, 343=Mev protons& These new vistas have not been confined to physical 

problems alone, for the chemist has found ~~at 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 "spall11~ fragments of many 

units of mass and atomic number from the target nucleus.,
1

J
2 

With this type of 

reaction it is possible to reach many new isotopes previously thought unattainable 

and in addition to produce rather large amounts of knovm isotopes that were previously 

scarce., It has also been possible to induce fission in elements like bd.srrmth3 ~ lead, 

and tantalum4 wi~~ these high energJr particles., 

This cyclotron furnishes more than enough energy to reach and permit explora

tion of all (d,xn), (a .9~) .1' and (p,xn) reactions producing isotopes with workable 

half-lives" Hence for the first time it has been possible to completely explore 

the neutron deficient side of the stable isotopes.l' an investigation which is limited 

o~1y by the speed with which chemical procedures can separate the product material, 

qy the contaminating radioactivity 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 energJr deuterons and alpha-particles, 

we have artificially produced by (d.l'xn) and (a.l'xn) reactions 9 five and possibly 
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sh: alpha=deca.y chains.?5,'jl 6 collateral to the four radioactive decay families .. 

2213 227 226 These chains being with the protactinium isotopes Pa ,'jJ Pa ~ and Pa ,'jJ and 

the uranium isotopes u229, U2213~ and possibly u227
3 although progenitors have 

been produced and identified in some cases.,7 A large amount of a seventh chain, the 

Pa23° - u230 series which has been report~d by Studier and Hyde
8

.'il is also formed 

in these bombardments .. All of these chainsoocay by alpha emission into the natural 
9 ~ 11 

radioactive families (or the artificially produced 4n + 1 family ) although 

in some of the heavier membe.rs of the chains orbital electron capture may be 

favored in the branching decayo 

The protactinium or uranium parent controls the decay of the other members 

of the chaino After chemical separation of these fractions the decay of the alpha-

particles was measured by the use of both standard alpha=partic1e counting 

d . d 1 ha t• 1 - 1 12 . d •tl f t 1 h . evlces an an a p =par J.C e pulse ana yzer eqmppe WJ. 1 a as · samp e-c angJ.ng 

mechanism. Through the use of the Iatter we observed a number of alpha=particle 

groups and determined their energieso 

These collateral chains have been identified by physical or chemical 

separation and identification of radioactive and products of decay which are 

common both to the chain and to a radioactive familyo In some cases where it has 

not been possible to perform these separations~ we have based our assignment 

on regularities in alpha decay systematics .. 1J~l5 

In many cases ·where their half=lives and abundances have permitted_, individual 

members of the chains have been studied" 

II.. Radioacj;ive .QollJiteral 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 fractiono 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 rac;lioactive 



family-g 

Pa227 a'"!" > 
38o3 m 

T1
207 

(AcC") 40 ~~. J' 

UCRL-4S.3 
J?age S 

Pb207 (stable) 

a . ) 
2 .. 16 m 

The branching which arises from orbital electron capture bjr Pa227 is not showno 

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

life of the Bi211 (AcC) alpha~particles» the half~life of the beta emitting Tl207 
- - -· 

(.AcCtt).:> and the growth of 18o6-day Th227 (RdAc) as an orbital-electron--capture 

branching decay product of the Pa
227o 

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 protactiniwn parent9 is a collateral branch of the tin radioactive family as 

follows.: 

Pa228 ~ 
22h 

Bi212(ThC) 
60,5m 

(stable) 

/ 
3xlo=7s 

228 .224 
The branch which arises from orbital electron capture bjr Pa and Ac is not 

showno The mass type was identified through observation of the characteristic 
212 . 

radioactive properties of the Bi (ThC) and its daughters~ chemical identification 

of Bi212(ThC) :~ the growth of Th228(RdTh) as an orbital=electron=capture branching 

decay product of the Pa228~ and the growth of Ra224 (ThX) as a similar product of 

the Ac
224

o 
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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 4n + 1~ neptunium, 

radioactive family shown with Po213 and its decay productsg 

u229 a ~ Th225 
58 min 

a 
8 .. 0 m?n .. Ra221 a ~ 

30 sec 
Em217 a 

lO'o) sec;) 

p 0 2.13 = a - J" Pb209 
4o 2x1.o-6 se . 

Bi209 (stable) 

The mass type was identified by observation of the characteristic ener~r of the 

Po2.1 .. 3 alpha~particles as well as the grc~wth of 1.. 5=day Pa229 as the electron

capture branching de~ay prodoot. of if29 and the growth of 10 .. 0 day Ac225 as the 

electron=capture decay product of T'n225., 

Soon after 120-Mev alpha bombardments of thorium the uranium fraction contains 

another series of five alpha=emitters"' which is apparently a collateral branch 

of the 1)11 familyz 

u228 a ~ 
9o3mi 

Th22L~ _a ) Ra220 ? 
very short very short 

Po212 (ThCt) a ? :Pb208 (stable) 3xl o='f sec 0 

E 216 _;:a"'----~ 
m very short> 

The 9o3 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 Po212 (ThC 1 ) 

alpha=particles and the growth of 22-hour Pa228 as an electron=capture branching 

decay product of u228 .. 

Immediately after a 150-Mev deuteron bombardment of thorium9 the protactinium 

fraction 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 lmovm daughters as above.ll 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 

4n + 2 family:; 

Pa226 , a ~ 
1 7 nu·n 

" 

r:J... 
very short ~ 

Bi210(R.aE) ~-
5 day ) Fb206 (stable) 

Similarly immediately after bombardment,)) a uranium fraction seems to show a 

series of alpha emitters which dec.ay vd th the one to two minute half ~life of the 

parent. This latter series has not been definitely established but if the existence 

it will be a collateral branch of the 4n + 3 family~ of u227 is provenJ 

Lf27 (?) . a .~ 
1-2 mn 

207 ' Pb (stable) 

III. Experimental M~thods 

A variety of techniques must be employed in working with isotopes whose 

half=lives range from days to m:tcroseconds. These 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,jl chemical procedures rrrust be 

used that insure complete separation from even small quantities of contaminating 

activities and there is no time limitation on these procedures. If3 on the other 

hand~ the desired isotope has a half~life 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 purityo In general 3 physical 

methods must be relied upon to. measure and identify isotopes of half·~lives of less 

than a minute. Counting techniques must also be geared to the half=life of the 

substance. 
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The first requirement is to obtain a good bombardment, ioeo to obtain as 

good a product yield as is possible vdth the beam and target material availableo 

In this work where yi.eld is all important the internal beam of the cyclotron is used, 

except when other arrangements can meet a special need (with consequent lowering of 

yield)o This internal beam usually gives about one microampere of deuteron and 

proton current and about OJ.1.e-tenth of this amount for alpha=particleso The electro-

statically deflected beam (reducing the current available by a factor of at least 

100) and the external beam (reducing the current by a factor of about 509 000)were 

unsatisfactory for our work, 

In general.v. foils of thorium metal were bombarded in the internal beam 

either for a half~life of the activity desired or until a considerable amount of that 

activity had built upo The target foils, measuring about lo5 inches by Oo5 inches, 

were clamped into a holder which cou.ld be mounted on the probe of the cyclotron and 

inserted into the tank to intercept the beamo The energy with which the particles 

hit the target was determined by the radius at which the leading edge of the target 

foils were seto 

In our first bombardments several five~mil foils were stacked on top o_f each 
. ( 

ether to J.nc:rease the reaction yieldso· Later, however.)) upon the suggestion of A. 
!. 

Ghiorsos> a target holder which would enable a target to Le bombarded·· on edge was 

designed by Lo Fv1agnussono Sketches of this holder are shown in Figs o 1=6. The 

holder is put on the end of the 184-inch c;rclotron probe in such a way that it 

requires the beam to traverse the width of the thorium foil instead of its-thick-

nesso Hence for the same weight of target material in foil 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 requiredo 
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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 itself9 that come in contact ¥dth the beam9 the holder can be 

used ~ny times even with the hottest of beams., These parts also can be made to 

give a one-quarter~ one~half, or three~qu.arter~inch clamping base for the targets 

and have been used to clamp one and one half inch pieces of 25=mil thorium for 

bombardment .. 

When isotopes 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 t,o be short.\) pieces of thorium five~mil or less were 

used to insure rapid solution and a small amount of target bulk to work up., 

In some cases~ thorium nitrate powder wrapped in aluminum foil was used as ~ 

tareet 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 sampleso 

The bombardment was not successful however since too )-ittle activity was formed 

~.y tha external beam., 

B., Fast Target Set=up., The Jif~ Probe 

When we realized that speed was really at a premium for two of our series 
226 

the 1.,7=minute Pa and the u227 series 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~window9 can be inserted into the tank of the cyclotron., 

The inside of this tube is kept at atmospheric pressure, the window being strong 

enough to withstand the vacuum of the tank.. A tlrabbit" holding a target is blovm 

by compressed air to the front of the tubeS' the target being placed as elose to 
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the window as possibleo At the end of bombardment it is possible to remove the 

target within a few seconds by blovdng it out the rear of the probe tube with 

compressed air.. Thorium metal targets were bombarded on edge in this set=up,while 

thorium nitrate salts were bombarded in a small brass cylinder that fit on the end 

of the rabbito In the bompardment, the beam current hitting the target is reduced 

by a factor of at least 10 .. 

In our early runs, the rabbit was delivered through a flexible tubing which 

ran from the end of the jiffy probe to outside the shielding. This process, however, 

·c<?quired 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 "suitcase" which made 

it possible to carry the target around with little exposure to radiation., 

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 out .into the suitcase.. This suitcase was then carried to a Health 

' Chemistry truck where we made a coinbined solution and extraction of the target while 

we were being driven up to the chemistry building.. There the sample was plated out 

and counted.. This method took a minimum of 3.3 minutes from shutdown to pulse 

analysis for protactinium chemistiJr and 4o 5 minutes for uranium chemistiJ''o 

These fast manual runs were wearing on personnel and were so inconsistent 

that at least ten bombardments had to be made for eve!JT good run on the short half-

life reactions .. 

Hence, in conjunction with the Health Chemistry Group .I' we have planned and 

built a pneumatic tube carrier system which will bring a target automatically from 
t}te 

the head of 1 jiffy probe to a laboratory·in the Chemistry building. Since this 

system is only now being completed and tested, the increased speed it affords i'lill 

apply to future work on the short=lived series.. The pneumatic tube itself can 

bring a carrier from the cyclotron to the Chemistr,r 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 the pneumatic 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 

copp~r slugo 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 Figo 14o) o Only when the bayonets 

of the tongs are inserted in the cartridge clip can the cartridge be remove~ from 

the clip~ or the end of the cartridge opened to allow the radioactive contents to 

be poured out" These target holders and tongs were designed for this problem by 

Go T. S8unders 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 

pneumatic tube system has an automatic positioning device which will bring the rabbit 

to rest in exactly the same position each time. Consequently, the tongs can be 

rapidly inserted at the same angle for every run. 

Equipment for cariJring 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 11 jiffy probe beam". This 

holder conveniently uses the same clip as the powder cartridge. The metal strip 

bombardments will be used if it is found impossible to obtain enough yield of 

certain reactions with the salto 

The pneumatic tube coupled v.rith the jiffy probe will greatly facilitate bom

bardments investigating the short~lived series of Pa226 and U 227., 
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Thorium targets are very active when they are removed from the internal beam 

of the 184=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 productso Hence the first steps in any chemical separation 

rm:wt be done very carefully to avoid overexposure to the radiation .. 

Our first targets were worked up in a hood in a "cave'' of lead bricka.. This 

shielding was satisfactory for most bombardments, since tongs could be used to handle 

;:;:specially 1thot11 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 majority of this spray under control but there was always the possibilit;>r of 

some of the spray getting out into the room. 

Consequently the Health Chemistry Group designecijdbuil t a lead shielded 

"Berkeley Box" in which solution, etc .. , can be done in an enclosed box shielded 

with one inch of lead.. Jictures of the box are shovm in Figs., 15 and 16, while a 

vie1r1 through the three-inch lead glass window is shown in Figo 17.. It is still 

necessary that all manipulation be done manually (since the center ·tong pictured was 

quite useless) but small tongs and lead bricks can be used inside ~he 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 separa~ed from the b<lik of extraneous activityo In these 

first processes 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 worko 

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 
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was many hundred times greater than the activity of any one isotope we were seekingo 

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 
- 227 226 

bombardments in which we wanted Pa or Pa a single extraction with a solution of 

trifluorothenoylacetone (TTA)16 in benzene was sufficient to separate these isotopes 

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 affect the alpha counting. For protactinium samples that had to be 

followed for more than six hours however it was necessa~r for good resolution in 

pulse analyses., to separate the protactinium from these Geiger activities by di ... isopropyl 

ketone extractiono 

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 Oo2 ! ·am.lilonium f'luosilj_cate has been added tc speed up the 

solution (see Appendix II, Procedure 90-4). This solution is dil'ated to about 4 1:! 

acid and extracted with an equal volume of TTA-benzene solution. The phases are 

separated and aliquots of the organic layer are plated out on platinum. 

For longer half=life targets the more complicated procedure given in Appendix 

..i..lJ Procedure 91=1. was used. This procedure involved precipitation of the pro..: 

tactinium on Mn02, solution of this precipitate with hydro:xylami~and further 

precipitation on Mn02 if needed to reduce the volume.ll di=isopropyl ketone extraction 

of the protactinium from acid solution, washing to separate small amounts of fission 

products which might have come through.? and finally TTA .... benzene extraction of the 

protactinium and plating of this organic layer to give weightless plates. The Mn02 

prec:i.pitations insure that the protactinium is absolutely pure radioactively from 

all other activities. For the characterization of the Pa228 series however it was 
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only 
necessary/to eliminate the zirconilun and columbium f~ssion products bjr di~isoproP,Yl 

ketone. e:::rtraction which when combined with the TTA=benzene extraction provided 

enough purity for alpha counting~ For Geiger counting of protactinium isotopes the 

entire procedure as listed above must be used" 

For uranium alpha emitters~ the procedure used by Newton17 involving ether 

extraction of the uranium from 10 li ammonium nitrate solutions was usedo Crane's 

procedure (see Appendix II9 Procedure 92=1) would be necessary for absolute Geiger 

purity~ but it was found satisfactory for our experiments to just ether extract 

and wash the ether with several portions of saturated annnonium nitrate solutions 

before finally washing into water and platingo 

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 agent3 allowing the stirring for solution to also 

serve as the stirring for extraction" 

D" M_ilking of Daughter Activities 

Once the parent of the chains has been isolated chemically the daughter 

members rapidly grovv into equilibrium with it and all of the activities decay with 

the half=life of the parent~ These daughter activities can-9 hovvever3 be studied 

separately by removing them in some manner from the parent activity (ioeo milking) .. 

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

physical means which expl~its the peculiar properties of different elements or 

of alpha emission in generalo 

lo .Q..hemical Milkingfi A very satisfactory method of separating the 

daughters =~ if the half-life of the daughters is long enough to permit such work--

is b;y making actual chemical separations" Wherever possible in our work we have 

chemically separated the daughters to definitely prove their atomic numbero 
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Protactinium daughters of ·uranium isotopes have been separated by the same 

TTA~benzene extractions used for separations from.target materialso 

Tracer thorium was separated by zirconium phosphate precipitations which are 

quite specific for carrying Th+4 from other elements in the heavy regiono Since 

this phosphate precipitate was much too bulky to pulse analyse.? it was metathesized 

first to tha fluoride (using lanthanum as carrier for the thorium) and then to the 

lanthanum hydroxide which was finally dissolved in hydrochloric acid and plated as 

lanthantun chloride (see Appendix II~ Procedure 90=3). 

Actinium.was separated qy lanthanum fluoride=hydroxide precipitation ¢yules (from 

a solution containing barium as a holdback for radium) 5 along with zirconium phosphate 

scavenges to remove the thorium (a modification of Procedure 89=29 Appendix II)., 

B:ismuth can be separated by precipitations of lead sulfide3 the precipitate 

being dissolved in hot concentrated hydrochloric acid and then reprecipitatedo The 

lead is finally separated from the bismuth by sulfate precipitations (see Appendix 

2o Milkings by Flaming Several elements in the heavy· region are volatile 

when flamedo Hence 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 them as described in ·.Procedure 86=ls A.ppendix II) by merely 

heating the platinum plate in a flame.. Francium also CC'.n be at least partially flamed 

off a plate since the =1 state appears to disproportionate into the metal and a 

higher stateo The metal sublimes off the plate9 the higher statedecomposing back 

into the =1 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 we collect the above elements directly after flaming .. 

We looked instead for the indrect effect of growth of the remaining sample with a 

given half-life)'as the isotope that had been flamed off grew back into equilibrium 

with the parent .. 
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3., Recoil Milking§, A third and very powerful method of separating daughters 

from the parent activities18 takes advantage of the recoil imparted to an isotope 

by the emission of an alpha~particle. If an electric field is imposed between a 

sample plate and another plate~ these recoil daughter atoms will be collected on the 

negative plateo On this collector plate then there can be.none of the first members 

of the series present on the original plate although 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 series 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 intermediate isotope in the series is Ve!Jr short 

(seconds or less) it will decay immediately into the next series member, The yield 

of this recoil collection is of course not 100% but more like 10%. If enough 

activity is available, however, this procedure is very useful in establishing half-

lives and mass assignments. 

An adaption of this method developed by A. Ghiorso has made possible. half~ 

life determinations ranging from 30 secbnds to about 20 milliseconds. Basically, 

the apparatus consists of a 13=inch diameter rotating metal disc which is wired 

electrically to act as the collector for recoil fragments.~~ a sample holder which 

positions the sample face down over the outer rim of the disc.~~ and an alpha counting 

chamber which can be positioned along the outer rim of the disc, The disc is 

rotated at a known speed3 under the parent sam~le. Recoiling 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 arc 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-life can be calculated. 
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A much more flexible mo~ification of this apparatus has been designed and is 

being buil to It will have three counting chambers which can be moved along the 

periphery of the disco When these three chambers are correctly positioned~ a half-

life can be obtained from only one runG This will be an important consideration 

since short~lived parents l.ike the Pa226, u227 ~ and u228 series decay too much 

. during a set of runs to obtain much useful data with the old set-upo 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 uncertaino 

A further application of the recoil principle can be made vdth 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 chambero 

Some of the recoil fragments collect on the chamber and~ if the original source 

is removed rapidly2 the decay of these recoil fragments can be followedo This 

method can also be applied to the pulse analyzer and will be described latero 

In these collateral chain experiments alpha particles were counted in an 

ordinary argon ionization chamber., The pulses were fed into an amplifier and 

registered through,a scale of 512 counting circuito Counting losses through coin= 

cidence for this counting set=up appear: to be· negligible even at fairly high 

counting rates .. 

To minimize manual counting over long periods of timeJ> we used a recording 

"trafficountern.. This was so arranged that the alpha or Geiger scaling circuit 

could actuate the counting mechanism to registe.r the counts from a sample., Furthermore 

the stamping times were variable and could be set from intervals as short as Oo05 

minutes to 64 minuteso This mechanism made possible many of our medium short 

half~life determinations and also freed us from routine counting of a single sampleo 
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In this work we were primarily interested in alpha emitterso When Geiger 

counting was required.? however., the equipment described in Chapter 2 was usedo 

A few scattered pieces of O"ll.I' data were obtained from alpha and Geiger counting 

but most of our results were made possible by the 48-channel3 differential alpha-

12 pulse analyzero Furthermore.\) the part of the pulse analyzer which made it 

possible to obtain so much data in a short amount of time was the fast sample-changing 

mechanism designed ~r Ao Ghiorso and shovm in Figo 18. With this mechanism, samples 

v:ere introduced first into a small air lock (shown 1'.rith a circular cap in the front 

of the picture)which.coulcl be evacuated and filled vlith the counting gas mixture 

without disturbing the main counting volume of the g!'3-s mixture. This small lock 

reduced the time required for insertion of a sample into the chamber and counting 

it. In addition 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 sampleo The resolution of the instrument was under-

stand:ably 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 openSJ 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 

requirAd gas ~·essure while the lock can be at air, vacuum, or pressur·e. 

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 cot1nts per channel against channel number a picture 

• is obtained of the alpha spectrum between two particular predetermined ener~T values. 

Such a picture for ~he ~JO 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 !,.8 channels can be varied electronically to give 

either a general picture of a wide energy region or a more detailed picture of 

some of the fine points of the spectrumo 

The pulse analyzer was used to sort out the different series since by checkmg 

the decay of certain peaks we were able to determine half~·lives of the isotopeso 

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., 

All the energies of the alpha emitting isotopes of the collateral chains were 

determined b,y alpha pulse analyses~ standardization of the instrument being made 

by calibration against natural radioactive series~ the energies of which have been 

determined ·ve!Jr accurately with a magnetic alpha~ray spectrograph. The alpha energies 

reported for the chains probably have a maximum error of -.!:. 50 Kev and a minimum 
+ 

error of - 10 Kev~ depending upon the ease of resolution of the alpha peaks., All 

energies given in this report 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 to prevent loss of counts from long range alpha particles of very 

short half~life., The collimators used were sieve-like discs of brass with about 

one-sixteenth- inch diameter holes and the following thicknesses:; #1 = '-J 12 mils, 

#2 = "'22o 5 milsll #.3 = "-~ 33 mils., This collimator is placed over the sample ih 

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 coincidence as one very high energy alpha pulse and 

hence be registered as a co~._ncidence loss., Most of the pulse analysis diagrams 

included in this chapter were taken vdth collimation., This collimation reduces the 

geometry of counting to nb out 10%o 
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One unusual e.ff'ec.t observed in counting well=eollirnated samples was that the 

first peak of a series was definitely lower than the resto The explanation apparently 

was that atoms were being recoiled through the collimator into the chamber proper 

and hence had'a higher geometry for subsequent disintegrations of the daughter 

activities.. A thin coating of Zapon over the collimator corrected this,. 

A few limitations of pulse analysis shotlid be mentioned here,. Since thin9 

almost weightless plates of samples are required it is almost mandatory that carrier-

free chemistr;}r be doneo Thick samples cause poor resolution of the alpha peaks and 

often make identification of mixtures of peaks impossibleo There is a limit to 

the amotmt of Geiger activity that can be tolerated before resolution of the alpha 

peaks is affecrtedo The ref1olution becomes poor whenever the Geiger activity reaches 

r:. . 6 the level of from lOJ = 10 counts per minute of soft electronso :L"he tolerance for 

hard beta particles is higher.. In our bombardments additional chemistry could always 

separate the protactinium from this excess Geiger contamination,. 

A modification 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 evaeuated.l' allowing recoil atoms from the 

upper plate to be collected on the catcher plateo By bringmg the lock up to counting 

gas pressurep opening it;and rotating the turntable> the recoil plate c~a be pulse 

analyzed a few seconds after the end of the collection periods 

Go Ve!Z,__~qrt Half=Li.fe Determinatio~ 

We have mentioned previousl3r that the rotating disc method could be applied 

to determinations of half=lives down to about 20 milliseconds.. Below this.l' however, 

some electronic measuring set=up is requiredo Studier and Hyde8 mention a simple 

electronic device used in their measurement of the Oo019 second Em21·8 half=life .. 

Our requirements were much more stringent than theirs!) howeYer_, since we expected 

half-lives from the millisecond range dmm to half a microsecond., In additions we 
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An apparatus which we hoped would meet our requirements was designed and 

built by Ro Dorr and A. Ghiorso. The time scale of this apparatus was divided up 

electronically into three equal segments vdth a counting dial for each segmento 

An alpha pulse would trigger the circuit. and i,f another pulse followed within the 

first segment of time itms recorded on the first dial; 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 another 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 etc., indicated the half-life of the parent. Background 

correction of course had to be made for random counts which were not related as 

parent~daughter. A few prelimj_nary values have been obtained with this apparatus 

but their accuracy can definitely be improved. 

IV. Experimental Results 

This section lists the results of our ~xperiments with the collateral series 

and briefly describes the means by which we obtained our valueso Half~life. and 

energy values in parentheses in the tables have been estimated from alpha s;rstematics 

curves of alpha energy versus half-life for the same kinn of nuclei (i.e., even~ 

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

A. The Pa226 Series 

This series, along with the u230 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 Pa227 series present.)l it has been 

hard to obtain good, definitive.)pulse 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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226 In the matter of about 10 minutes all evidences of Pa decayed out of the sample 

leaving a pure sample of Pa227 as shovm by Fig.. 22.. If the Pa227 series alpha 

groups are extrapolated back to the time of the first pulse analysis (which inci

dentally was 3 .. 3 minutes after shutdo¥m), and these values subtracted from the aurve 

in Fig .. 21, a new curve showing alphas due only to Pa226 series is obtained (Fig. 23). 

A summary of data for this series is presented in Table 1. The radioactive 
• . 7 

properties of RaE and Po210 are the accepted values taken from the 1lterature. 

Table 1 

1'a226 Collateral Series Data 

Isotope Type···of Half-Life Ener~r of Radiation 
Radiation Mev} 

Pa226 ct 1. 78 !. 0.15 min .. 6 .. 81 

Ac222 
ct (pred 30 sec) 6o96 

Fr218 ct (pred 5 x lo-3 sec) 7.85 

At214 a (pred 2 X 10-6 sec) So78 

Bi210(RaE) ~ 5.0 days 1.17 

Po210 ct 140 days 5.298 

P1J206 Stable 

1. Pa226 Our early experiments assigned the 38.3 minute protactinium 

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

counts of Po210 in a bismuth fraction chemically milked from the protactinium isotope. 

The polonium proved to be contamination however, and othe~lking experiments indic8ted 

the correct assignment for the 38.3 minute isotope.. Apparently then Pa226 had a 

considerably shorter half-life than 38 minutes. 

Our shortest time for chemically separating a protactinium fraction from a 

thorium metal target bombarded on the regular probe with the internal beam was 
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Figo 22o Alpha=pulse analysis curves showing the decay of the Pa226 series, 

leaving the Pa227 serieso Pulse analysis made on the protactinium fraction 

of a 1o5 minute bombardment of thorium nitrate in the jiffy probe with 150 

Mev deuteronso The counts indicated were for Oo5 minute intervals and were 

started at the following times after shutdown: 

Ag 3o3 minutes 

B: 6o0 minutes 

C: 10.,5 minutes 

A #3 collimator was usedo 
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16 minutes from shutdown to counter.. This however was relatively slow and the 

227 only activity found was Pa and daughters .. 

We next tried bombarding one mil thorium metal foil in the jiff! probe set

up with full energjrdeuterons 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 ~rom shutdown to counter and always 

at the first .count the Pa227 activity was over1vhelming .. 

We even tried bombarding a saturated solution of thorium nitrate in the external 

deuteron beam of the cyclotron.. This did speed up t~e separation time by a minute 

b t th b d t k t • h p 227 t. • t 1 t 1 p 226 or so u e earn prove oo wea o g1.ve muc a ac 1v1 ·-;/, e a one a .. 

Finally the jiffy probe "rabbitll was modified so that powders could be 

bombarded in it and we tried bombarding thorium nitrate with deuterons. Several 

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:bf 

Pa227/Pa226 was still unfavorable .. 

Several months elapsed before spy more bombardments for this isotope were 

made and in the meantime we began to understand a little more about the excitation 

function of the (d,xn) reactions (see Chapter 2) ~-although we still did not 

realize that the peak yield of their excitation function rises a factor of 20 above 

the yield at full 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 anal:rses shown above, with our chemistry time cut down to 3 .. .3 minutes 

from shutdown to the beginning of pulse analysis.. By· following the decay of the 

longest range alpha peak (assumed to be At214 from systematics) we obtained a half

life of 1 .. 78 ~ 0.,15 minutes for the Pa226 (Fig .. 24)o 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 

of the Pa226~ extrapolated to shutdovvn. 

Since in the pulse analysis we were unable to detect any alpha peaks of Th22~ 
and daughters along vdth the Pa227, once the Pa226 had decayed out, we can set a 

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

2. Other Members of the "Pa226 Series It was not possible in the two final 

bombardments mentioned above to obtain any data other than the half-life of the 

226 Pa 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 ener~r systematics 

(see discussion and figu.res at the end of this chapter) .. It can be seen that these 

systematics are a powerful tool in assigning masses now that sufficiently good alpma 

data has been collected. 

When the pnewnati(~ tube·.,jiffy probe combination is ready for operation and 

can bring jiffy probe targets into the laboratory within 12 seconds, we hope to 

shorten our 3. 3 minute chemistry b:}r at leas·t a minute and also be able to do many 

experiments in one • day. We should be able to determine the half=lives of the 
222 218 214 

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 Po210 daughters to definitely establish the mass 

assignment of the series .. 
227 

B.. The Pa Series 

This series i~ collateral to the actinium or 4n + 3 family ·and is shown in 

the block diagram of Fig. 25. Its five alpha peaks dominate pulse analyses of 

protactinium rx:actions for from five to six hours after thorium bombardments with 

80 to 125 Mev deuterons and corresponding energj_es of protons or alpha=particles. 

A pulse analysis curve of the five alpha peaks is shovm in Fig., 26. 
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When we first encountered this series it looked much like the 30o9 nrlnute 

Th226 and daughters t;n the pulse analysisjl and since it actually decayed with a 

half-life of about 30 minutes this similarity was even more markedo However the 

fact that the first peak 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 coul(j. not come 

through our chemistry. Furthermore when we pulse analyzed simultaneously a sample 

of tf30 series and this other series we found that the curves did not completely 

superimpose (Fig .. 27)" These results indicate tha·l:; the energies of the long range 

groups 'of each serie's are not ident.ical and hence the series are different. 

Further work established. definitely that the series was the Pa227 series. 
228 229 About six hours after shutdovm t~e series gives way to the ~a and Pa alpha 

230 230 
peaks as shown in Fie. 28.. Since the U series present from Pa dec~ is always 

growing in~ the sample shovm in part C of the figu.re was freshly separated from 

daughters before pulse analysis.. Our latest data on the members of this series 

are presented in Table 2.. The radioactive properties of AcC and AcC1' are the ac

cepted values taken from the literature .. ? 

Isotope 

Pa227 

Ac223 

Fr219 

At215 

Bi211(AcC) 

T1207(AcC") 

Pb207 

Table 2 
Pa227 Collateral Series Data 

Type of :R.adia.tion Half~Life 

a(~ 35%)- 38o3 ±. Oo3 min. 
K( r-..15%) 

u(99%) ' + 2 .. 2 - 0.1 min .. 

a 0 .. 02 sec ~ 10% 

a ro~4 sec .-t 20% 

a (99o7%) 2 .. 16 min 

~~ 4.76 min 

Stable 

Energy of Radiation · 
{Mevl. - _ 

6 .. 46 

6.64 

"?o30 
8 .. 00 

6 .. 619 

L47 



UCRL-483 
Page 28a 

Figo 27 Alpha-pulse analysis curves showing the results of simultaneously 

counting samples of pure Pa227 series (A) and pure u230 series (B) to 

give Co 
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Figo 28o Alpha-pulse analysis curves showing the decay of the Pa227 series, 

. 228 229 
leav~ng the Pa and Pa alpha groupso 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 shutdown: 

A~ 1 hour 

B& 7 hours 

Cg 9 hours 
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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 

with it and its daughterso Half life determinations from following the gross alpha 

+ counts of the series gave a value of 3S&3 - 0.,3 minuteso The courtts of successive 

samples were registered by a "trafficounter" on ticker tapeo Later they were nor-

malized to the "hottest" c01mting sample and plotted as in Fig •. 29 .. 

By chemically milking a sample of thorium (including Th2.3° as tracer to 

determine chemical yield) from a knovfrl amount of Pa227 we were able to determine 

the branching ratio of this isotope. The Pa227 which had been previously separated 

from thorium was aUowed to decay in TTA-benzene solution for 40 minutes and t.hen 

the daughters washed from the organic layer with nitric acid. This &.cd,d was washed 

three times with fresh TTA-benzene solution to extract the protactinium which had 

washed out of the original organic layer:J correction being made for the time this 

protactinium decays while in contact with the milking solution~ 

The Pa227 was 11 d t d nl h lf 1" f t d th + f a owe o ecay o y one a ~ 1 e o re uce e amounv o 

223 228 Th present from the large orbital electron branching decay of Pa ., With this 

rulking time, pu~se analysis showed tvdce as much Th227 present as Th228 (the 

original bombardment being made with 60 Mev deuterons) o Enough of the 1So6 day 

227 
Th 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 Th227 came from the 38 .. 3 minute protactinium 

isotope was given when successive milkings for thorium of the protactinium sample 
227 

indicated that the parent of the Th was decaying with about a 35 minute half-

life., 

By a double recoil experiment collecting and pulse analyzing Bi211 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 'fuy a triple recoil experiment to collect enough 

of the T1207 daughter to follow its 4.76 minute decay (Figo 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 .. 

Recoil atoms collected from Pa227 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 knovm 2 .. 16 minute Bi211 and Ac223. 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 

a large plate of the "Pa.227 series for 10 minutes to insure equilibrium between 

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

successive one=mil1.ute recoil samples taken from it for a period of about 10 minutes. 

Bi211, the only alpha activity present on the second recoil plates, was followed 

for about two minutes for each samnlel> all the counting of successive second recoils 

being done on one alpha counter and the counts recorded with a trafficounter.. The 

decays of the Bi211 were extrapolated back through the best 2.,16 minute line to 

the time of separation of this second recoil from its Ac223 parent.. These extrapolated 

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

the first recoil plate from its Pa2~7 parent.. Statistics on some of the Bi211 

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

agreement.. The half~life of Ac223 'bJr this method is 2 .. 2 t 0 .. 1 minutes., The only 

assumption made was that the efficiency of recoil for the Bi211 atoms was the same 

during the ten minutes of the experiment. This assumption appears reasonable since 

field conditions.., etc.,_, were invariento 

Data on the branching ratio of this isotope were also obtained from recoil 

experiments.. A very large sample of Pa227 and daughters (probably abou·t 109 alpha 
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counts or more per minute) was used as a parent for a ten minute recoil growth .. 

This recoil sample was allowed to dec~ for about 15 days and finally pulse analyzed 

to determine the amount of Ra223 present.. This pulse analysis was not too straight

forward since in the Ra223 peak there was also some contribution from Ra224· and 

Ac225., A correction can be made for the latter two however by counting the Po212 

and Po213 peaks .. Since these alpha·peaks do not have a short~lived alpha parent 

b t · t d f B" 212 d B.2lJ t• 1 b th b t •t h • u come 1ns ea rom 1 an 1 respec 1ve y~ o· e a em1 ters 9 t ere 1s no 

coincidence loss in their counting and they are a true indication of the amount 

of Ra224 and Ac225 present in the sample.. {The Po212 must be corrected for the 

branching of the Bi212 however .. ) This then gives the amount of Ac223 decaying by 

orbital electron capture to Ra223., 

The amount of Ae22.3 decaying by alpha emission was estimated in the following 

manner.. Recoil samples were grovvn for a period of several seconds from the parent 

Pa227 sample and then followed dovm in an alpha counter for decay~ The Ac223 and 

B 0 211 
0 1" b ·. d 1. th t 1 t d b k t t d f th i1 1 eqUl 1 r1um ecay 1ne was en ex-rapo a e ac o he en o e reco 

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 indication of the amount of activity 

that was recoiling over at that time.. It was then assmned that 1/7 of this gross 

alpha recoil activity was due to Ac223 alpha particles; if the Ac223 is recoiled 

over there are four alphas contributing~ if the fr219 recoils over there is only 

the one Bi
211 

alpha and. similarly for the At215 and the Bi211 .. Tne efficiency 

of recoils was assumed constant over the time of the experiment and independen·t 

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 captm'e shmvs that the K/a branching ratio for Ac223 is 0.,01. 
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From alpha systematics we expected a short half=J.ife for this 

isotope.. The eleetronic determination gave a value of about 20 milliseconds 9 within 

10% or SOo 

To check both this value and the principle of the rotating disc recoil method, 

we mounted a sample of aboU't 4 x 106 alpha counts per minute of the Pa
227 

above the 

disc and rotated it at a speed of one revolution per secondo 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., 

4o !~.2 The half-life of this isotope has been determined electronically 

to be about 10~,4 seconds~ within about 20'jL 

It; is interesting to note that the energy we obtain for the At215 alpha·

particles is several hundred kilovolts less than the 8.,4 Mev value reportedl9 

for At
215 

as formed by the beta=particle ~anehing decay of Po215(AcA)o 

c .. 

This series . ., collateral to the thorium or 4n family.~~ is the longest .... lived 

(22 hours) of the new chains we have foundo It is shown in block diagram in Fig .. 

33.. This series is produced in somewhat lower yield than the Pa23° ~ u230 series 

in thoritun bombardments and hence samples will always contain the two series .. 

Since the Pa230 is a beta emitter.~> howe\l'er.ll pure samples for alpha-pulse analysis 

of the Pa228 (and the Pa229 which is also present) can be obtained immediately after 

chemical purification., But within an hour or so after purification.? the u230 

series gro\"''S in_, obscuring the remaining members of the Pa223 series in pulse analysis .• 

Consequently the pulse analysis of Pa228 (Fig" 34) also includes Pa.229.but does 

not include any of the Pa
228 

daughters., Fig .. 35 indicat,es the decaJr of a protactinium 

fraction~ with varying amounts of tf30 series grown in in A:y B_, and C., 

The data for this series are summarized in Table 3o The radioactive proper

ties for ThC:> ThG ~ :J and ThG'6 are the accepted values taken from the literature. 7 
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Figo .35o Alpha=pulse analysis curves showing the decay of the protactinium 

fraction from thorium bombardment with varying amounts of u2.30 series grown 

into .the sampleso The fractions are from a six hour bombardment of thorium 

metal with 60~Mev deuteronso 

Sample A was counted for 1.3 minutes, .3o6 days after shutdown and 

90 minutes after chemical separation from daughterso 

Sample B was counted for 25 minutes, 7o27 days after shutdown 

and 28 minutes after chemical separation from daughterso 

Sample C was counted for 114 minute~, lOo62 days after shutdown 

and 2 hour·s 9 20 minutes, after chemical separation from daughters. 
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T~ble 3 

Pa22S Collateral Series Data 

Isotope Type of Radiation Half~l.ife 

~=-==--""""-

Pa228 a(...., 2%) 22 !: 1 hr., 
K(,.... 98%) 

AG224 a( "'-'10%) 
K(N 90%) 

+ 2 .. 9 ;.., 0.,2 hr., 

Fr220 + a 27.,5 = lo5 sec .. 

At,216 a 3xl0~4 sec-:!:1()% 

Bi212(ThC) ~~' 60.,5 min 

Tl
208

(ThC 11 ) 13~ 3 .. 1 min 

Po212(ThCll) a 3 X 10~? sec 

pif.08 Stable 
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Energy of Radiation 
_.{MevL~--

6o09F5%~ 
5 .. 85 25% 

6 .. 17 

6,69 

7,79 

6.,081(27%) 
~042(701) 
2 .. 20 

lo72 

8 .. 776 

In the measurement of the half·~life of Pa228 there arises 

a problem of resolution of pulse analysis curves since the lo5 day Pa229 is always 

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

for maximum Pa228 yield and minimu.'ll Jla229 yield there will not be a difference of 

more than 20 or so between the two isotopes and by the time the Pa228 has decayed 

through one or two half~lives the Pa229 will become appreciable and affect the 

decay curveo Fig~ 36A shows such a maximized bombardment, 

Since the energies of the Pa228 and Pa229 are quite close together (6 .. 09 and 

5 .. 85 for the two groups of Pa
228 

and 5 .. 69 for Pa229) good resolution of consecutive 

pulse analyses is difficult and inaccurate., There is always a question as to just 

how much tail of the Pa228 peak to subtr'act in the resolution, A preliminary value 

of 22 hours was obtained from rough resolutions of se'Veral successive pulse analyses 

.taken over a period of two half~lives of the Pa228., This method however gives no 
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Alpha-pulse analysis curves showing the decay of Pa
22

e and Pa229 

peaks against a fixed amount of long-lived Pa2.31 tracero All samples were 

counted immediately after separation from their daughterso 

Sample A was counted for 1.3ol minutes, 10 hours after shutdowno 

Sample B was counted for SoO minutes, .3o05 days after shutdowno 

Sample C was counted for 17 minutes, 9o05 days after shutdowno 

The protactinium fractio~ was from an eo~ev deuteron 

bombardment of thorium metalo 
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method for estimating the error or observing trends in the half=life measurements 

and it was consequently discarded in favor of a better methoda 

This other method consisted of counting the entire group of peaks representing 

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 peakso New samples which had been freshly separated from their daughters 

were used for· each point~ making the use of tracer Pa231 imperativea This chemical 

separation was necessa.ry to clean out Pa2.30 = tf30 series alphas which tend to 

obscure the Pa228 and 1'a229 peaks .. 

Figure 37 represents the total decay of the group of peaks while Figo 36 

shmvs a pulse analysis at the beginning.)! in the middle and at the end of the set 

of samples o From the g-.coup of pulse analyses obtainedll several different types of 
/ 

resolutions were made before we finally arrived at the value of 22 : 1 hour~o The 
229 

dotted line resolutioh indicated in Fig .. 37 resolved the Pa f~om Figo 36C (nine 

day sample) and through this plotted value drew a la5 day lineo This Pa229 

line was then subtracted from the original points and a 2la8 hour line obtainedo 

Another method resolved the Pa
228 

from the first sample and from the next to 

the last sample.. A line connecting these points gives a 22a7 hour lineo It is 

difficult to obtain more points for this curve since when the alpha peaks of the 

two isotopes apProach the same size~ the error in resolution is greatesta 

Still another method resolved the Pa229 from the 5o5 day sample 3 drew a lo5 

day line through this point and subtracted this line from the experimental points 

to obtain a line of half-life 22a0 hourso 

Examining the resolved line in Figo 37 we see that the first two points are 

slightly low (possibly due to the very small amount of Pa231 present and subsequent 

errors in its counting --d a small uncorrected background could cause this).. If 
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these points are arbitrarily raised to fall more in line with the next three points 

the best line through the points now becomes about 2lo6 hourso 

'Hence it can be seen that although various resolutions of our experimental 

pru_se analysis points give different values for the half~life of Pa228~ all of these 
+ hours 

values are consistent wi·th a half-life of 22 - 1/for this isotopeo 

Chemical m:ilkings of 1 o 9 Jrear Th228 from the decay of a known amount of Pa228 

prove the mass assignment of this isotopeo An aliquot of the original Pa228 solution 

was pulse analyzed to determine the amount of Pa228 present and Th230 tracer added 
) 

to determine chemical yieldo The sample was allowed to decay for six days before 

thorium separation by Procedure 90-3 of Appendix ITo The plates of the final thorium 
. 22S 230 

separation were pulse analyzed to determine the amount of Th ancl Th present .. 

The value obtained for the K/a ratio for this isotope is 53 ~ 5%o 

Chemical milkings of a lead-bismuth fraction from an equilibrium mixture of 

the Pa228 series indicated the presence of a long range alpha which decayed with 

two half=livess one of approximately one hour and one of about 10 hourso After 

this long range alpha was identified as .Po212 by pulse analJrsis the gross alpha 

decay of the sample was followed in an ordinary alpha countero The two half-lives 

with vn1ich the alphas were decaJ~ng were due to the 60o5 minute Bi212(ThC) from 

the main line of decay of the series and the 10o6 hour Pb212{ThB) from the branchiJ~g 

decays of the serieso Further milkings of a bismuth fraction alone showed a one 

hour decay of the alphaso 

2.. ~224 

The energies and half-life of this isotope were determined by milking 

chemically an actinium=thorium fraction from an equilibrium mixture of .Pa228 and its 

daughters.. Lanthanum fluoride-hydroxide cycles were used in this chemical separation 

vvith barium carrier to hold back the radiumo The lanthanum chloride was finally 

plated and flamed.? giving a good plate for pulse analysis., 



+ The half=life value obtained in this way~reed with the value of 2.,9 - 0.2 

hours found by following the decay of the At216 peak from pulse analysis curves 

of a recoil sample., The decay obtained with the recoil sample is shovm in Fig. JSo 

By pulse anal:rzing recoil samples from Pa
228 

we were able to determine the 

number of A~224 alpha disintegrations present and later the amount of the orbital 

electron capture daughter Ra224 present after complete decay of the Ac224., Although 

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

for the K/a: branching ratio of Ac224 of 10 ± 2 (two determinations gave So 75 and 

11. 6)., The assu:mpHon ·t.hat a negligible amount of Ra224 is present in the sample 
f:rpm. 228 

due to the recoil /' the 1. 9 year T.h from the original parent sample appears 

to be a good one., 

This isotope hF.ts a long enough half-li:'.'e that considerably more could be done 

with it in the way of characterizing its radiations,)) etco 

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

sample mentioned above since franciun1 was in equili.brium with the Ac224 parent in 

this sample., 

+ A half~life of 27.,5 ~ 1.5 seconds was found from recoil experiments., From 

P 228 "1 a large sample of a we collected reco~ samples for short periods of time 

and followed these samples for gross decay on an alpha countero From this gross 

decay we were able to resolve the half-life for this isotope (see Fig. 39)., In 
222 

these experiments the contribution of the Ra which was present in low abundance 

from the u23° $eries was negligible., 

4., ~~6 The half=life for this isotope,)) as measu~ed on the electronic 

set-up for short half=lives~ was fou'1.d to be about three or four hund:red microsecondso 

It is interesting to note the check between the energy of these At216 alpha~particles 

and the energy reported by Karlik and Bernert20 for At216 as formed by the beta

particle branching decay of ~o216(ThA)~ There does seem to be good reason to doubt 

the beta instability of ThA however (see Perlman.\) Ghiorso and Seaborg15 for a 
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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 chemistFY' .from shutdown to counting have served only to give us a brief 

glimpse of what we think to be this series .. 

Fig .. 40 shows a block diagram of this series which is collateral to the 

actinium or 4n + 3 farrdly. In Fig. 41 is shown the best evidence we have so far 

that there is a urani.um series shorter lived than the 9.3 minute r:?-28 series. The 

dotted line represents a pulse analysis of the sample taken about 10 minutes after 

the solid line but extrapolated back along the 9.3 minute decay of J228 
so as to 

accurately represent the u228 activity at the time of the solid curve.. It san be 

seen that there is some difference between the two 
224 

of one alpha group abov~ the Th peak.9 two groups 

curves due possibly to the effect 

220 above the Ra peak3 one group 

~6 ~ above the Em peak9 and on~ group above the Po 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 
211 7 

values for Po have been obtained from the literatu~e~ 

IsotopSL_ 

u227 

Th223 
Ra~9 

215 
~ 

Po~1 (!cCU) 

Fb207 

Table 4 

·u227 Collateral Series Data 
Type Q!. Radiation Ha1f=Life 

a 

a 

a 

a 

Stable 

(pred 30 sec) 
(pred 0 .. 1 sec) 
(pred 5 x 10=3 sec) 

(pred 5 x 10=6 sec) 
-.3 5 x 10 sec 

Energy of Radiation( Mev) 

(pred 6. 9) 
(pred 7 .. 5) 
(pred 7 .. 9) 

(pred 8. 6) 

? .. 434. 
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E.. The tf28 s~ 

This series, a collateral branch of the thorium or 4n family, is shown in 

block diagram in Fig., 42., It becomes evident in a uranium fraction immediately after 

an alpha bombardment of thorium and is most easily followed by its long range alpha 
212, 

peak of Po 0 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:J however, we were able to obta:L."l a good 

clean pulse analysis curve of the series as shown in Fig. 43., As this series 

~ · · 1 • t k ,.,. tl c:g • t _229 · h • r· 44 ctecays, l ts p ace lS a ·en over u,{ J.e .J mnu e u- serles as s ovm ~n :t.g. .. 

A suro.mary of data for the isotopes in this series is given in Table 5., 

The rad ioa cti ve properties of ThC v are the ace epted values from the litera tv.re 7• 

Isotope 

u228 

Th221, 

Ra220 

Erri216 

212 Po (Then) 

Pb208 

Table 5 

u228 Collateral Series Data 

Type of Radiation 

a 

a 

a 

a 

a 

Stable 

Half~Life 

9.3 "!: 0.5 min 

(pred. 0.,1 sec) 

(pred 5 x 10~3 sec) 

(pred 2 x lo-5 sec) 

3 x 10 '""? sec 

Enerftr of Radiation 
Mev) 

The half~life of this isotope was determined by following the 

224 220 ' 
decay of the Th and Ra peaks resolved from pulse analyses curves. The value 

+ 
obtained is 9.3 - 0.5 minutes as shovm 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 straggling of the alphas in the pulse analysis peak., 



92U 

g,Pa 

goTh 

agAc 

aeRo 

87 Fr 

86Em 

85At 

84 Po 

83Bi 

82 Pb 

81TI 

ARTIFICIAL COLLATERAL 
RADIOACTIVE SERIES 

PRODUCED BY 
Th232 (a ,an) u228 

AND 

Th232 (d,6n}Pa 228 

7 
l2f61 
!Em I ;/ 

STABLE/ 
I 208 
Pb ,,r 

208 
ThC11 

/ 
212 

,rr / ThC' 

I 
ThC ,,-

;;,3.7% 2 
ThB 

246 
At 

;/ 
T 

216 
hA 

7 

r----1 
224 

Th 

n 

228 
u 

K'\ 228 
Po ;/ 

;/ KX 228 
RdTh tr 

K"\ ~;/ 
X 

224 
Ac 

228 
MsT~ 

THORIUM 

(4 n ) 

FAMILY 

FIG. 42 

,-
228 

MsTh1 
L ___ 

7 
~ ['___] 

().1 

(X) 

0 

oz 589 



··~ 

, .. 

'· 

' ' 

100 
' J•. ... 

0:::, 
w 
0... 

(/) . ' 

.... 50 
z 
:::> 
0 
0 

25 

I. 

u 228 

'6.72 

2 

.. 

Th224 

7.20 

U
228 

SERIES 

R0 220 

7.49 

Em216 

8.07 

3 4 5 6 7 
. ' 

CHANNEL NUMBER 

8 

P 0 212 

8.79 

6.00 7.00 8.oo. 9.00 

ENERGY (MEV) 

"·· 

'1g- · 43•. Alpha~s:e Analysj.s curve of the· u22S sel"'ies in 
' the uranium: fraction or a seven minute,. uo...gev alph.a.

parttole OO.iiba.rdrilent or t..'tiorium mew. This two minute 
n~unt at.art.ect 2J. ·minutes after shutdom and used a 1!3 
colliilat()r 1dth a Za:pon eo~ting,for collimation. c.ontam• 
tnating peaks ··are ~<>se of the '0229 series. 

• 



........... , 

UCRL-48:3 
Page 38c 

Figo 44 Alpha-pulse analysis curves showing the decay of the u228 series, leaving 

the u229 series. Pulse analysis made on the uranium fraction of a seven-minute, 

120~[ev alpha particle bombardment of thorium metalo 

shutdown .. 

Sample A was counted for two minutes, starting 21 minutes after shutdown~ 

Sample B was counted for two minutes, starting 36 minutes after shutdown. 

Sample C was counted for four minutes, starting 65 minutes after 

A /13 collimator with Zapon covering was used for collimation .. 
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Since this chain decays directly into a stable lead isotope, the longest-
, 

lived member of the entire chain being the parent, the. onl;>r way in ·which ·we can 

positively identify the series chemically is by branching deca;>~ of its members. 

We have been able to chemically milk Pa228 from the decay products of a large amount 
• 

of this series~ after first having taken special precautions to remove bJr TTA-
228 

benzene extractions all Pa formed in the original bombardment. 

The chemistry used involved separation of the uranium fraction from a 10-

minute thorium metal bombardment by ether extraction from saturated ammonium nitrate 

solution!) w::::shing of the ether with three portions of saturated ammonium hitrate1 

and finally washing the uranium back into pure water. This water was then made 6 li 

in nitric acid and was extracted three times with double volumes of TTA-benzene 

solutions to eliminate any small traces of Pa
228 

which might have come through the 

ether extraction., Tracer :Pa231 was then added to check chemical :5rield and a small 

aliquot of the -water taken for pulse analysis and determination of the if228 
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 v,ras plated and 

counted. 

The results of this milking experiment are very poor and were never repeated 

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

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

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

228 c! 
only about 0.4 counts per minute of Pa with 73~ recover;>r of the tracer. The 

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

only as evidenc;e that there is some orbital electron branching. This milking experi-

ment will definitely be repeatedo 
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None of the other members of this series 

hav-e been investigated for half~lives" The alpha energies were all determined by 

pulse analyses. We intend to investigate these short half~lives with the rotating 

disc and electronic measuring devices. 

Fo The u229 Series 
228 

After the U series has decayed out of a uranium sample from an alpha 

bombardment of thorium_, this 58 minute series dominates the pulse analyses for a 

matter of sev-eral hour$ until it gives way to the u230 
series" This u229 series 

is shown in b1ock diagram in Figo 1.,.6" On pulse analysis ·we obtain a sample with 

three poo:r·ly· 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 Po21.3 long range alpha peak. Within a few hours this series in turn gives way 

230 
to the U series as shown in Fig" 48o A summary of isotope data for the u229 series 

is given in Table 6. The radioactive properties of Po213 and Pb2°9 a1~e the accepted 

l •t 1- .. 7 
~ erm,ure va.Lues o 

Table 6 
229 U Collat;eral Series Data 

Isotope · Type of Radiation Half.;,Life Energy of Radiation 

if29 a 

Th225 a 

Ra 221 a 

Em2.17 a 

213 Po a 

Pb209 f3 -· 

B:t209 Stable 

·--·------------:-----'"O;.;.;.~~e::..v=....) .......... ___ _ 

58 "t .3 min 

8o0 :!;: Oo5 min 

+ 31 = L5 sec 

~":! 
10 _.J sec + -10% 

4.o2 X 10=6 sec 

3o32 hr 

6oJ;:. 

6o57 

6.,71 

0.,70 
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Fig. 48o Alpha=pulse analysis curves showing the decay of the u229 series~ 

leaving the u230 series. Pulse analysis made on the uranium fraction of a 

45~minute» l20~ev alpha-particle ?ombardment of thorium metalo 

Sample A was counted for 7 minutes, starting one hour after shutdown .• 

Sample B was counted for 10.4 minutes, starting four hours after shutdown. 

Sample C was counted for. 10 minutes, starting eight hours after'shutdowno 

No collimation was used. 
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By following the decay of the alpha counts in the u229, Th225 

and Ra221 peaks (as well as the decay of whatever grows into these peaks) on pulse 

analysis curves we were able to obtain a half-life for this isotope of 58 !, 3 

minuteso Tne decay points and resolution for these peaks are shown in Fig., 49o 

In checking the branching ratio of this isotope we patterned our chemistry 

after that used for u22S although time was not such a factor here~ To eliminate 

any influence of u228 decay into Pa228 in the milking.9 the target was allowed to 

stand for one hou.'t' after shutdowno It was then worked up for the uranium fraction, 

purified as usual with three amrnonium nitrate washes!' and then subjected to further 

purification from protactinium by four washes of TTA=benzene solutions. The sample 

was then allowed to decay for 3.5 hours 9 at ~he end of which time the protactinium 

231 ?29 was separated with T'l'A-benzene 9 and the Pa tracer and Pa- daughter pulse 

analyzedo Pulse analysis of aliquots at the beginning of the milking decay determined 

the amount of u-229 present originally., The value forK/a. of about 5 (if the K/a. 

ratio of Pa229 is 100) is a fair value~ the limiting factor being the determination 

of the initial amount of u229 in the sample., 

By following the decay of the Po213 peak on pulse analysis of 

several recoil samples grorm for a short time from a large amount of u229, we were able 
+ 

to determine the half=life of this isotope to be 8o0 ~ 0.5 minutes as shown in Fig., 5C ,, 

The branching ratio of this isotope was found by a method similar to that 

used for Ac223. A rec~oil sample was grown for 3.5 hours from a plate of the ~29 

series., The short~lived activities were allowed to decay out by letting the 

sample stand for 9.,5 days and then pulse analyzing it to determine the amount of 

Ac225 and series present (from the orbital electron capture branching of Th225)o 

The amount of Th225 daughter activity recoiling off the u229 plate was determined 

by several short recoil experiments in the same manner as for Ac22.3. 
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The sample of u2299 however, was not as active as is desirable for this type 

of experiment sin~.~e it was separated from a poor bombardment. Consequently only 0.4 
,... ... ,~ 

counts per minute of Ae·<-f(.J were fo1md on the recoil plate. It would seem then that 

our value of 0.12 for the K/a hranch:i..ng ratio of this isotope might be considerably 

in erroro This milking experiment would bear repeating when a good alpha bombardment 

can be obtained from the 184~inch cyclotron. 

Two-types of recoil experiments were made to obtain the 30;: 2 

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 exrJeriment and also for the 25% 

contamination of 38 second Ra222 present from the if30 series. 

The other method involves manual transference of the recoil sample to an 

alpha counter' and following of its decay long enough to resolve any long-lived tail 

and obtain -!;he required half=life. Fig. 52 shows tho result of a nm by this method 

in which the indicated half~~life has not yet been corrected for the 10% Ra222 contamina·-

tion present. Only a few representative points have been put on the graph& Actually 

counts were taken every 0~05 m.-tnutes and recorded on a trafficounter& With such a 

relatively low counting rate and such a short interval between counts.ll the statis-

ticn1 fluctuations are c onsider&ble, as can be seen from the figureo To minimize 

these fluctuations we have plotted these data on an integral curve in Figo 53o 

(This is the same method used by Studier and Hyde in the evaluation of their Ra222 

data8.,) · Each cou.n.t ·was corrected for backgrm..md and these values summed up to a 

timet o The summed values of com'lts were plotted against t and tJ1e value which they 

approached was taken as A-.o o In the integral curve, then.v we plotted the difference 

between. this Ao0 (the to·tal numbe:r of cotmts obser1red on complete decay) and At 

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

on a logari thn:d.c scale against time determines a half=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.. BJr this method it is also possible to eliminate the usual 

differential p~otting error introduced in counting a sample for an appreciable 

part of its half~life. 

4. ~217 By electronic measurements the half~life for this isotope has 

been determined to be one millisecond vdthin about lo%. 

V., Discussion of Results 

A study of alpha sy·stematics curves shows the regularity of the energies 

and half=lives of these collateral series alpna emitters and also serves to point 

out irregularities which may be the result of experimental error. With the kind 

permission of Professor I. Perlman.)) I am including four of the sJrst,ematics curves 

which are published in the paper by Perlman, Ghiorso and Seaberg on nsystematics 

of Alpha~Radioactivityn15 • Fig. 54 shows a plot of alpha disintegration energy 

(including the energJr of recoil) against mass nUL1ber for the knovlll alpha emitters., 

Fig. 55 shows a plot of half~life aeainst alpha disintegration energJr for even

even nuclei; Fig. 56 for even~odd nuclei; and Fig., 57 for odd-even and odd-·odd 

nuclei. (Even=edd'denotes an even nunber of protons and an odd number of neutrons, 

Predicted values which are included in the preceeding tables of experimental 

~ce::;: n1 ts were obtained from the above curves. If the particle energy was observed, 

the disintegration energJr was calculated from it and the half~life read off the suitable 

curveo When both ener~r and half~life were predicted9 the energy was first predicted 

from Fig. 549 and then used to predi~t the half=life., 

No unambigt.1ous Geiger counting has been done on any of these series., In our 

first bombar&nents our chemist1~ was not clean enough to give good Geiger resultso 

It would now be possible,.however.9 using .Procedures 91-1 and 92-1 in Appendix II, 

to obtain pure protac'tinium and uranium fractions free from any contaminating 

Geiger activity. There urJ.doubtedly are gamma rays associated with some of the 
/ 

isotopes of these collateral. series and their' presence should be investigated now 
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Fig. 54o Alpha-energy vs. mass number. Relationships of the Heavy Nuclides. 

(From Perlman, Ghiorso and Seaborg, Physo Rev. January 1, 1950,.in press.) 
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Figo 55o · Half=life VSo energy relationship for the evenoooeven nuclides .. 

(Roman numerals indicate short""range groups in fine structure and "O" the 

ground state transition)o 

(From Perlman, Ghiorso, and Seaberg, Physo Revo JanuarJr 1.9 19509 

in press)o 
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Half-life VSo energy relationship of the even-odd nuclideso 

(Roman numerals indicate short-range groups in fine structure and "O" the 

groun.d state transition). 

(From Perlman, Ghiorso, and Seaborg9 Physo Rev. Janua~r 1, 1950~ in 

presso) 
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Fig. 57., Half=life vs. energy relationship for the odd=even and odd~odd 

nuclides. (Roman.numerals indicate short=range groups in fine structure and 

non the ground state transition). 

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

in press.) 
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Aside from the fact that this ·tvork with the collateral series has resulted in 

either partial or complete identification and ?haracterization of 18 new isotopes, it 

has also added important new concepts to our understanding of the heavy elements and 
/ 

alpha radioactivity in particular. The applications of the properties of these isotopes 

to alpha decay systematics and calculations are lucidly covered in the above mentioned 

article by Perlman, Ghiorso and Seaborg .. 15 Suffice it to say here that with these 

coD.ateral series ·w-e have for the first time been able to explore the neutron de-

ficient. s:lde of stability in the heavy element region and to extend the alpha 

systematics into 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, Vve s.ee 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 

• t h At
211 

• h" h b b d t f th . . d . t t f ~so Jopes sue as · :t.n J..g energy om ar men s o , or:t.um l.S ue :t.n par o orma-

''2.3 tion of parents such as Pa"" which have such a short half=life to alpha ed_ssion 

that they decay immediately down through a series of ve1~r short~lived alpha emitters 

to their daughters~ such as 7.5 hour At211
o 

One further importance of these collateral series shoctld be mentioned .. 

Through their discovery we have obtained Pa227
3 an isotope ideally suited for 

excitation fun.ct.ion work., With Pa227 we have been able to explore the variations 

of yield with ener'gr for several reactions in which it is produced., This work 

is discussed in Chapter 2o 



Chapter II 

Excitation Fm1ctions 

'l'he 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 obtain information which will an ow one to maximize the yield of a 

particular isotope in a bombardmento The former was the main goal of·many 

careftU.. investigations u.sing low energy accelerators and measuring precisely 
21 

both the :y'ielcls and energies involved. 

standing of J..ow ener~S'J nuclear reactions. 

This work has led to a better under~ 

There has been.9 however·, a great need for some general survey work on the 

many reactions that are possible Yrl th the high energy particles available or 

soon to be available at several sites. Excitation f'nn.ctions of a few light 

element reactions with high energy· particles have been reported, 22 but those 

of hea·wy elements have not been investigated except for one determination by 

Eo L. Kelly on the Bi209(a.92n)At211 reaction using an electrostatically aeflected 

beam of 38S=.t'Hev alpha·-particles., 23 

While worldng on the collate:ral series 5 
s 
6 

found in bombardments of' thorium 

with deute1"ons and alnha~,particles (and more rec;ently protons) from the 184-

inch Cl:,)''(l'lo't:ron of the University of California Radi.Ltion Laboratory9 we became 
, 

interested in determining.~ through excitation fm1ctions .ll the energies for maximum 

yield of certain isotopes., By the summer of 1948 a. 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 neutrons were 

knocked outo For deuteron reactions it appeared that in this region of the 

period..1.c table the nucleus had becwme very transparent and was gi·ving the type 

of e~ci tation function mentioned by Serber 24 for high energy reactions .ll with 
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no sharply defined peak and only very slowly varying yi.eldso 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., 

When the availability of 343-Mev protons became certain, it 'IVB.S decided 

that excitation functions shou~d be determined for several reactions of thorium 

and uranium with these high enerror particles., The crude equipment that had been 

used previously was discarded. and an entirely new set~up was designed to give 

excitation functions for all three of the particles that would be available on 

the 134-inch cyclotron in the spring of 1949g 348=Mev protons.!~ 194·~Mev deuterons, 

and 383=Mev alpha-parti.oles .. 

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 

encounteredo 

In determining excitation ftmctions there are several methods (or variations 

of methods) which can be usedo The most popular51 perhaps, 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 low 

energy- values.. A variation of this method can be applied to a thick target by 

successi·vely milling off thin layers 9 weighing theue layers and determining the 

amount of yield per unit mass in each layero 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 section_, low beam intensity, 

or poor beam energy· definition make the above methods impractica19 it .is possible 

to obtain an excitat;ion function by· making bombardments at various radii in the 
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internal 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 othe~sotopes in the characterization of a particular 

isotope., There is no straggling to contend with and the energJr spread of the 

incident beam has not been exaggerated by passage through a great amount of extraneous 

material., The principal objection to this method is the fact that in a cyclotron 

it is ver'y difficult to dupli0ate conditions of beam current and beam position; 

consequently conditions of consecutive bombardments may vary consideFably., In 

such bombardments~ therefore~ some reaction whose excitation function has been 

previously determined by the stacked foil technique should be determined coinci-

dentally as a monitor to correct for these beam fluctuations., 

In several of our early bombardments with the 184~inch cyclotron a rough 

attempt was made to check the variation of yield with energy of a few of the pro~ 

tactinium isotopes ~r interposing copper absorbers between several target foilSo 

It was a few months laterjl hovrever.ll before it was decided to look for thE; 

Th232(d~7n)Pa227 reaction using 20 foils scattered through a stack of copper 

a bs or bera o 

When the target foils are backed up with aluminum foil during a bombardnen"ts-

the recoil 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 targeto With this method moreover, 

it is possible to use the same target foils man;>r 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 usedo The thickness of the 

copper sq1~res was varied to produce the desired reduction in beam energyo The 

targets consisted of one-mil thorium foils backed up with l/2~~il aluminum foilso 

The thorium target foils 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 38G3-minute Pa227 dominated the decay of many of the samples 

and was evident in all of themo 

The bombardment vvas made in the electrostatically deflected beam of the 184• 

inch cyclotron in order that a good percentage of the beam could hit the mi-ddle 

of the targetG After bombardment the entire piece of aluminum foil was counted in 

an alpha countero Since most of the foils were much too active to count immediately 

after bombardment, th~~ 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 foll~ted continually for .~o nine hours to obtain good resolution of the 

long lived tail and the 38.3-minute line .. 

The results indicate, as would be expectedJ that the recoil excitation curve 

of a particular reaction is not the same as the regular excitation function 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 t3~e of 

function than v~ wanted, it became necessary to work directly with our targets. 

It is possible in reactions such as c12(dJn)Nl3 and Al27(d~ap)Na24 to count the 

target foils directly at such times as to minimize other activities present and 

thus obtain a satisfactory excitation functiono When elements higher in the 

periodic table are bombarded (especially with high energy particles), chemistry 

is usually required to separate the variety of products formedo Thorium targets 

present the additional problem of a high alpha background due to the thorium metal 

itself (.,ru!., 18.~000 alpha c/m from a one-inch square of two..lJ!lil thorium- a thick 

source of Th232 alpha~parti.cles)o For this reason it is impossible to count 

thorium target foils directly in an alpha chambero 
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In work with th.e Berkeley 184=inch cyclotron there are three types of 

charged particle beams which can be used for bombardment purposes~ the internal 

beam9 the external beam9 and the electrostatically deflected beamo The internal 

beam is used when a target can be inserted into the tank of the cyclotron and 

intercept the beam at any desired radius~ The beam hits the target on its edge 

onlyo With the big cyclotron it is usually 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 exte:r"rl.al 'beam affords some distinct advantages over the internal beam" 

(1) It can be brought out of the tank through thin aluminum windows and led into 

an external lllcavett for use in experime.ntso (2) Its energy defini·tion is good 

(1/2 to 1% sp:r'ead)" (3) It can be collimated to any desired shape and is very 

adaptable to experiments" (4) It can be made to intercept the center of a target 

foilo (5) It does not reqture that the targets be in a vacuum and hence the number 

of possible bombardments is greatly increased" The proton and deu.teron beam 

current is~ however9 only.£.§." .3 x lo=:5 micr~amperES which~ except in rare cases, is 

not enough to be very useful for chemical determinations of reactions with cross 

. r =') sect1ons o 10 ~ barns or lesso 

There is, howe•rerSJ the third possibility in bombarding with the big cyclotron, 

namely the elee·trosta.t:lcally deflected beamo When this beam is used the target 

is placed an inch or so b~ond the 82=inch maximum radius of the internal beamo 

As an internal beam pulse reaches its maxi.marn orbit an electrost,atic field is 

applied to the deflec:toro The particles are bent in the orbit of the.eleetro= 

static field as well as the magnetic field and are essential1y pulled in from their 

maximum orbito When the particles pass the end of the 120° ar~& of the deflector 

they again mov·e in a.n 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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a bout 8.9 inches., Bj'' adjusting the amount of electrostatic field applied to the 

deflector the particles can be n~ximized on a 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 detennine the energ--.1 at a particular foil., These 

range-energy data were obtained from 'W. Ao Aron9 B., Go Huffman~ and Fo C. Williams 

of the Theoretical Physios Grou.p here c.t the U. Co Radiation Laborator,y"o 25 

foils of copper and target material were securely clamped together in a target 

holder and the leadin.g ed.ge sa·wed off with a band saw to insure that each foil was 

flush with every other foil., This precaution was very importanto The thickness 

of each foil (mg/cm2) was calculated by weighing the foils an~ measuring their 

., 

area (approx., l"'l/2ig x 3/4~) .. After bombardmentj) the foils were separated~ the 

desired product removed cher:~cally and countedo 

Another type of internal beam target we have used in this work is the thin 

target bombarded at different beam radiio These targets should be so positioned 

as to obtain an at:curate measure of the radius of the beam at the leading edge of 

the foilo The target thickness shou~d 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 "lhe range (in inches) of beam particles at various 

energies in aluminum.q copper' and lead,) 

For this t~Te of bombardment the target foil 

is securely suspended 'behind the beam coll:imatoro If the full energy beam is not 

wanted, absorbers must be used to decrease the energy to a desired value, Radiation 

hazards of the target are mi.nimized since the gross induced ac:ti vi ty is USl:tally very 
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-Approximate Thicknesses of Cownon Absorbers 
Necessary t,o stop Various Energy Beam Particles 

Al Cu 
(inches) (inches) 

L370 0,500 
lo142 Oo417 
Oo908 OoJ18 
0,630 0,231 
Ooij.21 0,156 
0,25.2 Oo094 
OoJ22 0;,046 
0 .. 036 0,014 

2,?3 0,99) 
2o27 0,829 
lo7JJ 0,632 
1 .. 254 0,459 
Oo840 Oo310 
Oo504 0,187 
Oo224 Oo092 
0,,(J72 0.,028 

l2o05 4oJl 
9o45 J.,J9 
6,98 2o51 
4o79 lo725 
2a')J lo056 
loL!..37 Oo52J 
0.,;,:.20 0,155 

Pb 
(inches) 

Oo550 
0.,461 
0 .. 354 
Oo259 
0,176 
0 .. 108 
0·,054 
Oo017 

1.,095 
Oo923 
0 .. 710 
Oo515 
0.,354 
Oo215 
Ool08 
0 .. 034 

4 .. 58 
.3o61 
2 .. 69 
lo860 
lo148 
0 .. 576 
0 .. 175 
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low.. W'nile this type of bombardment is more •rersatile than the other two, it does 

require that tl1e reaGtion concerned have a sufficiently high cross section and 

suitable half~,life to give measurable activityo 

The previously mentioned 

bombardment for recoils with this beam showed that beyond the calculated "'zero" 

ener~r foil in a particular stack of foils there was a considerable "background" 

of 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 Wzero energy back-

ground1' we considered the apparatus used inadequate .for definite excitation func-

tion studies and started thinking about a design which would be satisfactory 

for use with alpha ·~particles, deuterons S> and the new hit:;h energy protons which 

were to be available within a few monthso 

·It is necessar~y that this design meet several requirementso The apparatus 

should be capable of mounting a 4~1/2 inch stack of copper absorbers (enough 

copper to completely stop the 348~Jle-v proton beam as well as the other particle 

beams)o ~ne absorbers should be rigidly held in place to provide reproducibili~ 

of position and resu~tso The target material should be so placed between the 

absorbers as to obta.in the maximum amount of beam for the minimwn amount of target 

:foil used; it should also be readily remo-vable from the bulk of copper absorbers, 

(and incidentally the bulk of the hazardous activity £-fter bombardment)o Most 

important of allp enough absorber should be imposed on the beam side of the target 

foils to reduce the beam comjng in ~~om the side of the stack by a considerable 

amount over the pre-vious experiments" 

The following apparatus was designed with these requisites in mind and with 

man;>7 helpf"'ul suggestions from HerrrJB.n P. Robinson and A. Ghiorso of this laboratoryo 

In this apparatus.? which is shovvn in exploded assembly in Figo 58 and pictured 

in Figs. 59 and 6 0.~ the energy :i.s reduced by 2~1/211 x .318 copper sheets of various 

thicknesses with sides milled parallel to within 0,2 mil and the thickness 
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{in mg/cm2) determined by we::i.ghingo The five-mil target material is in the form of 

.3/4 inch=diameter metal discs and is held in a mask of five-mil copper, about 

.3/4 of an inch from the beam side edge and midway between top and bottom of the cop

per absorberso (Small pieces of scotch tape on each side suffice to secure the 

disc to the masko) The amount of copper on the beam side of the target material 

lowers the background due to particles coming in from the side of the absorber 

stack to about one~hundredth (or l:ess in some cases) the maximum activity of the 

excitation curveo A support ledge is provided on the beam side of the absorber 

stack to perrriit the addition of more absorber if it becomes necessary to lower 

this background even moreo 

A 1=1/2 inch thick copper collimator is placed in front of the absorber 

stack for deuteron and alpha~particle bombardmentso Its 3/4 inch collimating 

hole is lined up directly with the target disc holes in the maskso Admittedl;>r, 

to be most effective~ the collimation should present a much smaller area than the 

targets& In many experiments 9 however, we were working with rather small amounts 

of activity and could not afford to reduce the beam sizeo 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 

·~0tain a good bombardment vdth the electrostatically defiected beamo In proton 

bombardments we luckily were able to obtain reproducibl;>r good results with this 

beam without a collimator~ but with alpha-particles 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 collimatoro The latter3 being grounded, 

allows the beam current to be maximized on the target foils themselves rather than 

just anywhere on the block of absorberso . This insures that the target foils are 

hit by the beam fihot spotU rather than by scattered radiation from the edge of 

the beamo 
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The absorbers and collimator are locked in the insulating tray by the 

cham~r 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 pieces of mica between it and the absorber shield 

which is grounded to the absorber sup~ort. The shield is necessa~r to electrically 

shield 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 

each end of the absorber support. In our 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 in much farther than the £§· 1 inch of absorber 

and shieldo 

Since the absorber 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 cyclotron probe head set~up6 

I~nediately 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 druwing.? the bolt on the absorber stack loosened, a small rod slipped through 

the tab holes i~ the masks>and the masks lifted 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 va~r the radius of 

the probeJand 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 drawingo 
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Shop drawings of the parts of the apparatus are given in Figso 61-66 

inclusive. The tolerances required for the absorbers and masks are indtcated.o 

Absorbers of many different thicknesses were made up to enable us to determine 

simultaneously as many as 16 points (with a minimum interval of five Mev) on an 

excitation curve fo:r protons.? deuterons 9 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 apparatuso For a half-life proton bombardment of an isotope of 38o3=minute 

half~lif'ell we obtained~" lo5 x 10
6 alpha disintegrations/minute for a cross section 

of about 10=2 barnso 

C,~ 

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 separatedo 

Protactinium is an excellent product to remove chemically in this excita

tion f1111ction work since the 38o39minute Pa227 and its daughters are the only 

alpha activity in evidence in the protactinium fractio~ for a matter of at least 

five hours after shutdowno Moreover-" on extraction with a solution of trifluoro

thenoylacetone(TTA) l6 in benzene the majority of the protactinium, clean from 

other alpha contamination, is removed from the solution of target materiaL 

When allowed to stand for any length· of time a·t a near neutral pH; protactinium 

goes into a non~extrac·table colloidal state and hence the use of' Pa231 as tracer leaves 

much to be desiredo It was found, however, that a single TTA=benzene extraction 

after solution of the target foil could give consistent results on a number of 

foils if the processes were carried out simultaneously on each foil; the same 

amount of reagents being addeds all samples being stirred at the same time9 etco 

To facilitate this mass production basis for the chemistry a nbicycle 

rack" type of stand was built (Figo 67 )o 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. Fi.g., 68 " 

In the chemical procedure 26 (Appendix II,S Procedure 91=2) the thorium 

discs are dissol·\l'ed in 125 ml Phillips beakers with 10 ml of concentrated nitric 

acid and one drop of 0.,2 ! ammonium fluosilicate.. The solution is heated gently on 

a hot plate until the reaction starts.. Ten m1 of water is added and the solution 

poured into separato~r funnels (40 ml centrifuge cones with stopcocks sealed to 

the bottom) o Ten rnl of Oo4 .M TTA=benzene solution is added and the mixture sti:rTed 

for 5 min:u.t.es.. The aqueous and organic layers are collected in separate tubes 

and about half of the organic layer (containing the protactinium) is plated on 

platinum plates,\) flamed.9 and counted for gross alpha counts., 

Figure 69 pietures 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 benzene rapidly but vdthout 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 as much as one m1 of the TTA=benzene solution at a timeo By using 

individual transfer pipettes (with rubber medicine dropper bulbs) for each 

sample it was possible to evaporate about 6 ml of the organic solution on each 

of 16 plates and~ame these plates within 45 minutes .. We encountered no cross 

contamination between samplesin using this plating tec~niqueo 

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 38o3rominute half=life of Pa227
o If 

neeessary, alpha~pulse analyses were made to check a~ further question of purityo 

Additional pulse analyses made several weeks after shutdown give an idea of the 

amount of 17 day Pa230 (growing 20o8 day u230 and daughters) present in the samples. 

The chemic.al yields of the runs reported in this paper are consistent 

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

from a run of 16 foils 9 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 the 

products of (a 9 xn) reactions on thorium~ do not give satisfactory results when 

done on such a scaleo 
- 17 The procedure9 used bJr Newton and others 3 involving ether extraction 

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)o 

This solution is evaporated to thorium nitrate ~rstals 3 care being taken not to 

decompose the erystals with excess heat into the difficultly soluble Th02• The 

salts are taken up in 1 ! ni·tric acid saturated with ammonium nitrate and transferred 

to the open topped separatory funnelso An equal volume of ethyl ether is added. 

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

is washed two or three times with a lightly acidic solution saturated with ammonium 

ni t.ra te and then plated. 

When done simultaneously on 16 samples with enJugh speed to catch a one

hour half=life9 this chemistry did not give very good yields of the uranium 

(a maximum of lo%). The plates of the ether solution were rather thick (from 

salting impurities etc:) and did not,pulse analyse wello Since pulse analyses were 

required for each. sample~ it was not possible to obtain good yield values for 

the excitation curve~o 

As the energy of the bombarding particles is increased9 moreover9 the 
27 yield of astatine and polonium isotopes from the spallation process becomes 



UCRL·~483 
Page 58 

very pronounced and the astatine;in particular9 solv·ent extracts into the ether in 

fairly high y.ieldo This chemical contamination at high bombarding energies makes 

it very difficult to obtain a c:omplete cu.rve for the (a~:xn) reactions unless much 

more involved chemical procedures are __ usedo 

The proooedure used by Crane 26 ·(Appendix II, Procedure 92=1) has proven 

satisfactory in removing all extraneous activities from a uranium fractiono The 

yield has been found to be rather low (less than 10%) however.., unless much time is 

spent in recovering lost yield by re~extractions and re=precipitations., 

This P!'ocedure as adapted to our work required that immediately after 

shutdown.~ the thorhun metal foils be dl.ssolved in concentrated nitric acid con~ 

taining a few drops of Oo2 M ammonium fluosilicate 9 to which knovv.n amounts of u233 

tracer had been added for chemical yield determinationso (Heat is required to 

initiate solutiono) 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! 

'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 

insure fairly complete separation of the Pa23° formed in the bombardment both from 

deuteron contamination of the alpha=particle beam and from the (a 9 p5n) reactiono 

Siu_;:e :this protactinium separation can be completed in about 1=1/2 hours after 

shutdown, only 1/40 of the if230 atoms present at the e41d of that time come from 

the beta d.e~ay of' Pa23°» if the Pa23°;u230 atom ratio at end of bombardment is lOOo 

The :s,cid solutions from these simultaneous separations are then set aside 

and worked up at our leisureo The actual uranium separation was performed on 

each sample individually and required between 1~1/2 and 2 hours per sample for 

c:ompletiono The solutions from the protactirdum extractions were evaporated 

to thorium nitrate crystals, :t·'edissolved in l M nitric acid and saturated with 

ammonium nitrateo The uranium was extracted with one pass of etherp 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 hydroxide3 dis

solving the precipitate in acid9 and scavenging with a ZrO(I03)2 precipitate. 

(It is very easy to lose yield in this scavenge stepo See Appendix II for (~her 

remarks,) The lanthanum hydroxide was again precipitated and then dissolved in 

1 1! nitric acid, The solution was sal ted and the uranium extracted from the lan

thanum with e·ther., After three washes with salted solutions.9 the ether ·was plated .. 

J?hese plates were finally pulse analyzed to determine the chemical yield of the 

u233 trac&r added at the beginning of the procedure and thence to determine the 

yield of u230 from the bombardmento 

D. C_s:~nt.ing 8J1~d.,ZUle,e An~sis 

In measuring the activity for our excitation. functions, we counted alpha 

emitters in an ordinary argon ionization chamber whose pulses were fed into a 

scale of 512 counting circu~to Tests have indicated that the counter gives 

negligible 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 5Cf/{,.. 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 

bombardmentsD they were subjected to alpha=pulse analysis with a 48=channel 

differential pulse analyser .. 12 This procedure was especially important in de= 

termining the u23° and daughter content of the protactinium samples several weeks 

after shutdown (u230 coming from the beta decay of Pa23°) o In many cases of the 

Pa230 excitation functions$) pulse analysis of eNery sample wouJ.d have been too 

time consuming and tedious since most of the samples were relatively slow countingo 

Hence only a few representative samples were pulse analyzed to determine the 
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u230 content as well as the contamination of astatine and other impurities that 

made 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 enough to indicate the trend of contamination present. 

In general9 it was found that nAar the peak of the curve the sample was almost 100% 

u230 series~ while at full energy and below the threshold9 contamination of 20% 

or more was usually foundo These contamination percentages were interpolated 

roughly through the intermediate energies to the pure u-230 samples at the reaction 

peak to obtain con·tamination correcrtion values for all samples of the curveo 

Geiger counting8 when required9 was done on an end=window type counter~ 

approximately 4 inches long and 1 inch in diametero The mica window over one end 

is about 3 mg/cm2 thick. The tubes are filled to a pressure of 9 em argon and 1 

em ethyl alcohol. These tubes operate at about 1200 volts and have a plateau of 

about 200 volts,. The output pulses are fed into a scaling circuit of 64; the 

counting efficiencies of the tubes are 100%. The Geiger counts presented in the 

accompanying excitation functions were made on the bottom shelf (shill five-about 

2.9 inches below the wli1dow) of a standard five shelf geometry set~po Coincidence 

correction~ of 1.2% per thousand were made on all countso 

E. Calibration of Sample Dis£§_~d.A~~~ 

All weighings of sample discs and foils were wade on a regular analytical 

type ehainomatic balances which weighs to tenths of a milligram. All weights .of 

target foils listed are probably good only to ! Oo3 mgo 

The absorbers were machined parallel to within 0.2 mil and were then 

calibrated ·~ weighing on the analytical balanceo Absorbers that were too heavy 

for this balance were weighed on a rough assay balance. 

All areas were carefully measured with c~ipers and the thicknesses in 

mg/cm
2 

found by dividing the weight by the area,. 
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All 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 

members in the series counted in gross alpha decayso The yields are given as 

disintegrations per minute of the activity (Eixcept for Geiger activity which is 

given as counts per minute on the fifth shelf)~ and are corrected to Oo4 gm thorium~ 

Oo7 gm uranium.? 0"1 gm alum5.num9 or Oo04 gm polystyreneo Where more than one run· 

of a certain reaction has been made9 the reaction that is considered most accurate 

or most consisten:t; is taken as a standard and the yields of the other runs are 

normalized to i.t to ma.ke as smooth a curve through all the points as possibleo In 

one casfJ.? (the (ds_/ln) reaction on tho:r,~ium) a mistake in tabulating the absorbers.? 

appar~ntly made~ caused the peak of one run to shift 12 Mev to the high energy endo 

In this case9 insertion of' a hypothetical absorber in the stack for the calculations 9 

normalized the energies to the other runs to give a smooth curve6 _ 

Where the po-ints of iriheet.ion of curves (peaks.? thresholds 9 etco) fall at 

low energy values 9 the sensitivity of the energy values to absorber values may 

cause considerable spreading out of these points (eogo the threshold of a reaction 

may fall beyond the "calcu.lated zero energyn and hence not be shown on the cll'r."Ve)o 

1:;~, nuch ~;asas it has been folli1d convenient to plot yields directly against mg/cm2 

of absorber instead of converting the absorber values to energy unitso 

In proton bombardments" yield values have been corrected :for the reduction 

in beam intensity caused by absorption on passing through the 4o3 inch stack of 

copper and target foilso These correction factors have been obtained from Vo 

Peterson of the Radiation Laboratory who has experimentally measured the number of 

particles entering and leaving copper blocks of knov-m thicknesso His results are 

shovm in Figo 70 " As indicated in the :figure the points are known to within only 

about 2Cf/o but since this correction term is so important in the proton bombardments 

it was thought best to use the values availableo A more accurate set=up is now 
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being tested by Peterson and Ro Phillips for better measurements of these valueso 

To our knowledge no measurements have been made of this nuclear absorption 

for deuterons or alpha particleso Since their ranges are much less ~o one inch 

and 1/2-inch of copper respectively) than protons 9 the correction factor is probably 

not greater than 20% and may be considerably lesso No correction has been made for 

this effect in the deuteron and alpha=particle bombardments presented in this papero 

The actual experimental yields 9 corrected as mentioned above9 are tabulated 

i.n the tables (not the normalized values) o In addition.9 the calculated proton 

energy at tl1e front and back of the target foil is listed to indicate the ener~r 

inte:r'Val covered by the target foilo The thickness (measured by weighing) of the 

3/4 inch diameter discs of target. material is given in mg/cm2o Finally.~> the total 

amount of absorber between the .front and the back of each target foil is listed., 

These latter values are included since they 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 sprea& of the cyclotron beam to give modified 

forms of the excitation function curves presented hereo 

In general~ the 3~elds given are not corrected for the chemical yield, 

which is urucnowno In only two reactions have the absolute cross sections been 

determined and then only roughly o 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 which the cross sec·tion has been determined.== the 

(pS>6n) and (d,.,7n) reaction on thorium--'"' the current measurements were ma~e by 

V& Peterson by using a Faraday cup to collect all the particles that had passed 

through the ·piece of targe·t ma·terial bombarded in the external cyclotron beamo 

From these determinations, the values for the cross sections for the {p.~J3n) and 

(d.ll4n) reactions could be obtained, since the Pa2Z7 is essentially an internal 
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monitor for the Pa23° rea~tions4 In the determinations of Pa227 in the external 

beam however barely enough activity was obtained to make d.efinitive measurements 

(only a few thousand counts per minute at shutdown from a half~life bombardment 

of 5-mil thorium at full energy)& Hence this method would not be feasible for 

the other reactions of thorium or uranium reported in the follm~ing sectionso 

The amount of u230 in a protactinium sample was determined by alpha=pulse 

analysis of the sample as mentioned aboveo From this u230 value and the e;tapsed 

time since uranium separation, the amount of the Pa230 isotope present originally 

{assrrming 10% beta b.ranr~hing of the Pa230 as reported by Studier and Bruehlman 32 ) 

can be Galculated by the standard growth equationg 

where N2 = number of u230 
atoms$ Nol = number of Pa230 atoms initially present, 

t = time~ ;..1 = disintegration constant of Pa2.3°, and }... = disintegration constant 
2 3 

of u23°,(taking the half=life of Pa23° as 17 days and that of u23° as 20o3 days) .. 

A number of values for disintegrations of if.30 growing from 1olO atoms of 

Pa23° after various periods of time have peen calculated from the above formula 

and are presented in Table S 0 These values can be plotted on logarithmic or 

cross section graph paper to facilitate interpolation uf values not listedo or 
course for a different number of Pa230 atoms present initially, a simple propor~ 

tion will indicate the dis/min of u23° formedo 
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Amomrt of u2.3° formed from the ~- decay of ~~lO Atoms Pa230 

(assuming 10]6 ~- branching of Pa 0) 

~ a/m.Jl2~0 ,] ~m)13.~ 

1/2 hr 19o68 4 day J.,24:rl03 

lhr 39o4 5 day 3o91rlo3 

2 hr 78o8 7.5 day 5o30xla3 

8hr 312 10 day 6.48xlo3 

16 hr 619 20 day 8.98xlo3 

24br 905 30 day 9o3lxJ.o.3 

lo5 day lo332:xl.03 40 day 8.59x103 

2 day lo748:ila3 50 day 7 o44xlo.3 

3 day 2.,513:xlcY 78 day. 4ol5:xJ..o3 



"' In e~citation function work it is necessary to have some basis for assign-

ing energies to the target foilso In our work we have used range=energy relationships 

cal mila ted by the Theoretical Physics Group here at the Radiation Laboratory and 

publiS~t3_d in f5!"8._Phl.cal form. in T.JCRL=l21 Revised.l' "Collection of Range vs, Energy 

. and Rate of Energy Loss vs o Energy Cu:rves for Heavy Particles in Various 

Media" 9 by Wo Ao Aron.\l Ba Go Hoffman and Fo Co Williams (2nd Edition November 1948)o 

Part of the introduction to that report should be included. hereo "The rate of 

energy loss given by the curves 5 .. s generally obtained from the theoretical formula 

given l:r,{ Beth~ and Livlngstone.ll Revo of Modo Ph;>rso :1,9 263 (1937). A few of the 

curves at low energies are based on experimental measurementso The range values 

are determined by numerical integration of the reciprocal of the rate of energy 

loss with.respect to the energy.l' with low energy values being based on experimental 

values rather than theoretical" 

illThe results given here are tentative pending better determination o.f the 

average ionization potentials9 I.llused in the calculationo The value of I 

used was llo5 Z evo Recent experiments indicate a considerably lower valueo~ 

J:r...st.ead of the actual curves given in the report above!i however!> we used 

the calculated ranges from whieh the curves were drawr.o These values were obtained 

from the Theoretical Physics Group in tabular form and are presented in Tables 

9 "" 17 inelu.siveo (Values for Tables 10 and U were uncluded in UCRL 121.!1 

Second Revision by Aron9 Huffman and Williams.) In making the energy calculations 

for the eJG.:dtation :tunctions-9 a certain value \'aS taken as the range of the full 

energy particles from the 184~inch cyclotron (Table 18 )o From this value was 
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~able 9 

~Protons in Carbon 

Energy (Mev) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
12 
14 
16 
18 
20 
30 
40 
50 
60 
70 
80 
90 

100 
150 
200 
250 
300 
350 

R (mg/cm2Y 
0 --
2.760 
8 .. 1130 

15.9838 
26 .. 2925 
38 .. 8859 
53 .. 5789 
70 .. 3867 
89.2378 

110.,106 
132 .. 935 
184 .. 374 
243 .. 321 
309.577 
382 .. 973 
463 .. 358 
965.798 

1626 .. 67 
2436.03 
3385.80 
4469.08 
5679 .. 79 
7012.42 
8461.97 

173llo9 
28545 .. 0 
·41671 .. 5 
56553o4 
72860.,7 
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Table 10 

Range of Protons in Coru;~r 

Energy( Mev Y R(mg/cm2) ~48-R(mg/cnf) lffi(mg/cm2) 

4 46o66 
5 68o48 
6 9lo70 97153o3 
8 14bo95 97103o05 

10 213o45 97036o55 
12 290 .. 71 96959o29 
14 378 .. 36 96871o64 97e72 16 476,08 96773e92 107.53 18 583o61 96666e39 117ol0 20 700e71 96549,29 126,46 22 827,17 96422o83 135e64 24 962.81 962~o2 144 .. 63 26 1107.44 96J.42o6 153 .. 47 28 1260o91 95989e1 · 162ol9 30 1423 .. 1 95826,9 

41~ .. 5 35 1865o6 95384o4 494.1 40 2359o7 94890 .. 3 544.0 45 2903.7 94346.3 592 .. 2 50 3lt95 .. 9 93754el 639ol 55 4135o0 93115 .. 0 684.7 60 4819o7 92430 .. 3 729ol 65 5548 .. 8 91701 .. 2 772o4 70 6321o2 90928o8 814 .. 7 75 7135o9 90114o1 855.9 so 799lo8 S9253o2 896 .. 3 85 8888 .. 1 88361o9 935e7 90 9823 .. 8 ~426 .. 2 974.2 95 10798 86452 1012 100 11810 85440 2134 
]~0 13944 83306 2276. 120 16220 ffi.OJ) 2413 130 18633 78617 2544 140 21177 76073 2670 150 23847 73403 2792 160 26639 70611 2909 170 29548. 67702 3023 180 12571 64679· 3132 190 35703 61547 3238 200 38941 58309 8536 225 47477 49773 912/+ 250 56601 40649 9667 275 66263 30982 10169 300 76437 20813 10633 3;25 87070 10180 I "'7, .,__,. 0 

11065 
350 98135 
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Table 11 
R,a.,!J.ge of Protons in Lead and Thorium 

Energy(Mev) RP!J(nig/cm2) ~h(mg/cm2) ~RTh(~/cm2) L1RJxh/L1Rcu 
_._ - IJ 

1 7 .. 90 ) ~co 
' 0 

, 
~ ~ ,_~, /" ,,. 

2 25.,05 
3 49oS 
4 81,668 83 .. 353 
6 151,522 154 .. 648 
8 238o252 243ol67 

10 340 .. 863 347o895 
12 458.,034 46'J o483 
14 5S9o509 60lo671 
16 734 .. 831 749o991 
18 893o608 912o04J 175o434 lo498 20 1065 .. 4.96 1087.,477 188o500 lo491 22 1250o189 1275o977 20lo284 1,484 
21¥ 1447o401 147'7.261 213o810· lo478 26 1656o889 1691,071 226 .. 099 lo473 28 1S'7So418 1917ol70 238ol66 lo468 30 2ll1o770 21559 336 646o900 1o462 35 2'745o594 2802o236 718.,871 lo455 40 341.9 .. 935 352lolCY7 786o937 lo447 45 4220o965 4308o044 853o223 loMl 50 5056o9J;2 516L267 917o438 lo436 55 5955 .. 836 6078 .. 705 979o788 lo431 60 6915o820 7058 .. 493 1040o416 1 .. 427 65 7935o206 8098 .. 909 1099 .. 436 1.423 70 9012o419 9198o345 1156.,958 1o420 75 10145o99l 10355o303 1213o06 L417 80 1133/+o 53 11568 .. 36 1267.83 1..~5 85 12576o73 12836o19 132lo31 lo~2 90 13871..33 141.57 .. 50 1373 .. 59 1 .. 410 95 15217o16 15531o09 1424o70 1.408 

]00 16613o06 16955o79 2998 lo405 110 19551 19954 3190 1.402 120 22676 23144 3374 lo398 130 25932 26518 3551 1.396 1,40 29461 30069 3721 lo394 150 33107 33790 3883 lo391 160 ~6912 37673 4043 1.390 170 40'?fl3 41716 4193 1.387 180 ~4981 45909 434J., 1o386 190 49234 50250 4481 1 .. 384 200 53625 54731 11792 1 .. 381 225 651'78 66523 12575 1 .. 378 250 '77499 79098 13296 1..375 275 90526 92394 13962 1o37J 300 104r206 106.356 14575 lo371 .325 118487 120931 151l,4 1o369 350 1.33325 1360'75 
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Table 12. Page 69 
~ Range of Protons in Lead and UraniUl!J 

Energy(Me.y) RFb ( mg/-cm2) ~ ARu(mg/cm2) ARu/ARcu 

1 7o90 
2 25o05 
3 49o8 
4 . 8lo66S ($_3.,630 
6 151..,522 155.,163 
8 23S·o252 243.,977 

10 340.,863 349o05J 
l2 45So034 1.69.046 
14 589o509 603.,675 l48o814 lo52J 16 734o831 752.,489 162.,592 lo5l2 18 S93o608 915o081 .175o018 1 .. 503 20 1.065.1,96 1091 .. 099 187.,129 1..496 22 l250ol86 1280.,228 20lo954 L489 24 141,7.,401 1482.182 214o522 L483 26 1656o889 1696o704 . 226,852 L478 28 1878o4J.8 1923 .. 556 238 .. 96 1,473 30 211lo770 2162o516 64.9.,06 1 .. 467 35 2745 .. 594 2811.5'71 721.26 lo460 40 J41,9o935 J532o8J7 789 .. 56 1.451 
1,5 4220.,965 4322.395 856 .. 07 1o4f:r6 50 5056o942 5178.460 920.49 1.440 55 5955 .. 836 6098 .. 955 983o05 L436 60 6915o820 7CS2.,007 

1.01~3o88 1.432 65 7935 .. 206 8125 .. 889 1103ol.O L428 70 9012o419 9228o987 1160o81 1..425 75 10145o991 10389o799 1217 .. 10 1 .. 422 80 11334 .. 53 11606.90 1.272 .. 05 1.419 85 12576o73 12878,95 1325 .. 'n 1o417 90 1JS'?lo3.3 14204.,66 1378,1? L415 95 15217ol6 15582 .. 83 1429o/.J.. 1..412 100 16613.,06 170l2o27 .3008 L410 110 19551 20020 3201 lo406 120 22676 23221 3385 1 .. 403 1.30 25982 26606 356.3 l.o401 140 29461 .30169 .3?34 1 .. .399 150 .3.3107 33903 .3896 1 .. .395 160 36912 3'7799 4056 1o394 170 4087.3 41855 4207 lo392 180 44981 46062 4355 1o390 190 49234 50417 4497 :L .. 389 200 53625 54914 ll830 l.,J86 225 65178 66744 12617 1 .. 383 250 77499 79361 13340 1..380 275 90526 92701 14009 1.,378 300 104206 106710 14621, lo.375 "325 11848'7 121.334 15195 1 .. .373 .350 1.33.325 136529 ... 
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Table 13 · 

_Rgnge of Deuterons in A1tmti.num 

Ener£rl!,qevl R(mg/cm2J !15~ P,R(mgfpm~ 

0.2 0.192 
O.i~ 0.503 
0 .. 6 0.917 
0.8 1.42 
1 2o03 
2 6c90 
3 13.38 
4 21.6 1651 .. 4 9.6 
t: 3lo2 164L8 .l 10.,8 6 42.0 1631.,0 12 .. 6 '";' 51~.6 161B.4 f 14 .. 4 8 69.,0 16oJ~ .. o 
9 84.2 1588.8 15 .. 2 

10 100.,6 1572o4 16.4 
11 118.,0 1555.,0 17.,4 
12 138.,2 1534.8 20.2 

13 158 .. 4 1514.,6 20o2 

14 H50.,0 1493.,0 21 .. 6 
15 202 .. 6 J.470o4 22 .. 6 
16 226 .. 4 1/.46.6 23.8 
1? 251 .. 2 11.21 .. 8 24.8 
18 277o6 1395 .. 4 26 .. 4 
19 304.,8 1368.2 27.2 
20 333.4 1339o6 28.6 
21 362.8 1310.2 29.4 
22 393.2 1279 .. 8 30.,4 
23 l,25 .. 0 1248.0 3lo8 
21;. 1;.58.0 1215.,0 33 .. 0 
.?.5 ,~.92 .. 2 1180o8 34 .. 2 
26 52?.4 11Lv5o6 35 .. 2 
27 563 .. 6 1109.4 36"2 
28 601.2 107L8 37.6 
30 678.6 994.4 77 .. 4 
34 81,5 .. 6 827 .. 4 167.,0 
38 1029 644 183olr · 
,,.., 

1229 41+4 200 
4.:: 

214 46 141.3 230 
50 1673 0 2.30 
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Table 11~ 

R.ange ~of Deuteronf! i~ COI2£er 

JID.ergy (Mev l !ll,mg/cm2) R194~R(mg/cm2) AR{mgLcm2) 

8 93 .. 32 22314 .. 7 
12 183 .. 4 22224 .. 6 90 .. 1 

16 293 .. 9 22114 ... 1 110o5 
20 426"9 21981o1 1.33 .. 0 

21~ 581 .. 4 21826 .. 6 154o5 
28 756 .. 7 21651. • .3 175 .. .3 

32 952 .. 2 21455"8 195 .. 5 

36 1167 21241 214 .. 8 

40 M.Ol 21007 2.34 

44 1654 20754 253 

48 1926 20482 272 

52 2:215 20193 289 

56 2522 19886 307 
60 2846 19562 324 
70 3731 18677 885 

80 4719 17689 988 

90 5807 16601 1088 

100 6992 15416 1185 

110 8?70 14138 1278 
120 9639 12769 1369 

130 11100 11308 1461 
140 12640 967g 1540 
150 14270 8138 1630 
160 15980 6428 1710 
170 1?780 4628 1800 

180 19650 2758 1870 

190 21600 808 1950 
200 23620 2020 
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Range of Deuterons in Lead and Thorium 

!nergy(Mev·) Rpb(mg/cm2) ~h(mg/cm2) llRTh(mg/c~) llRTh/llRcu 
~~~ 

0.,1 .. 177 
Oo2 o460 
Oo3 o814 -···' 

Oo5 1 .. 699 
Oo7 2o761 2o818 
1 4o850 4o950 
L5 9o629 9o828 
2 15o682 16 .. 001 
2o5 22o94 23 .. 41 
3 31..05 31o69 
3o5 40o07 40 .. 90 
4 50 .. 27 51 .. 31 
5 '73o28 71~ .. 79 
6 99o69 10L75 
7 129o78 132o46 
8 163 .. 19 166o56 

1L9941 302o894 309 .. 14 176.,95 lo602 
15.,9921 1~76o268 486 .. 09 209o36 1..574 
19o9901 68LJ89 695 .. 45 239o05 L547 
23o9881 915o615 934 .. 50 268.,24 L529 
27o9861 1178 .. 43 1202 .. 74 296o49 L517 
3L9842 1468 .. 93 1499 .. 23 J23o95 L508 
35 .. 9822 1786oJJ 1823 .. 18 350o70 1o499 
39o9802 2129 .. 94 2173o88 376.,81 1o490 
43.,9782 2499ol3 2550 .. 69 402.,37 1 .. 479 
47o9762 2893o37 2953 .. 06 427 .. 41 lo479 
51 .. 9743 J3l2ol4 3380o47 451 .. 98 L473 
55 .. 9'723 3754o98 3832 .. 45. 476.,09 L468 
59o9703 422.1:·1>45 4308_ .. 54 1293 .. 16 1o462 
69 .. 9654 5488o47 5601.,70 1437 .. 02 L.453 
79.,9604 6896 .. 45 7038 .. 72 1573 .. 10 L445 
89.,9555 8J.j.37 0 '75 8611 .. 82 1705 .. 6 1.,439 
99.,9505 1010fL9 10317o4 1834 .. 0 1 .. 435 

109o946 11905o8 1215L4 1958 .. 6 L431 
119o941 13824 .. 8 14110.,0 2079.,8 1 .. 414 
129o936 15862.,6 16189 .. 8 2197 .. 8 Ll;..7 
139.,931 18015 .. 9 18387 .. 6 2312 .. 7 L418 
149 .. 926 2028lo9 20700.,3 2424.,9 1 .. 418 
159 .. 921 22657 .. 8 23125.,2 45.34o5 1 .. 408 
169o916 25141..0 25659 .. 7 264L2 1..412 
179 .. 911 27728 .. 9 28300 .. 9 2746o0 1 .. 408' 
189.,906 3041.9o3 31046 .. 9 2847 .. 9 1 .. 410 
199.,901 33209.,7 33894 .. 8 

.. 
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Table 16 

Range of Al£haS in Com2er 
"·; 

Energy(Mev) ElmgLcm::l · R~88-R(mg/cm2) 
2 6R(mg/cm ) 

4 Jo09 
6· 9o52 
8 l4o91 

10 2L23 
12 28.,44 
14 36.,52 
16 45o4J • 
18 55.,16 
20 65.68 11192.3 22o3 23.,84 8'7a95 lll70.0 54o8 3L 78 11;.2 .. 8 11115.2 66.,1 39 .. 73 208 ... 9 11049 .. 1 76.,7 47 .. 67 285.,6 10972.,1~ 87.,0 55.,62 372.,6 10885o4 97ol 63o56 .469 .. 7 10788 .. 3 106.,8 7lo51 576 .. 5 l068lo5 116.,3 79.,45 692.,8 10565 .. 2 125.,6 87.,40 . 818.~. 10439.,6 134o7 · 95o34 953 .. 1 10304 .. 9 143o6 103o29 1096o7 10161 152.5 111 .. 23 1249 .. 2 10009 16Q .. 8 119.,2 1410 9848 440 139o0 1850 9408 490 

158~9 2340, 8918 541 178 .. 8 2881 8377 588 198 .. 6 3469 7789 635 218o5 410~. 7154 680 238 .. 4 4784 6474 724 258.,2 5508 5750 767 278.,1 6275 4983 809 298.,0 7084 4174 g~e::: 317 .. 8 7934 3324 ... 
890 337 .. 7 8824 2434 930 357 .. 5 9754 1504 966 377,.4 10720 538 

397.3 11730· 
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Table 17 

Range of .Alphas i!l..,~ and Thorium 

Energy(Mev) RPb (mg/cm2) ~h(mg/cm2) ~RTh (mg/cm2) 

.. 1 o4J-42 

.2 .. 6337 

.. 3 .8213 
.. 5 1..1470 
.. 7 L462 

loO _lo933 
1..5 2 .. 804 
2.,0 3 .. 745 
J.,O 6 .. 060 
5 12.,461 
7 21.,017 

10 37 .. 524 
12 50 .. 976 52.028 
14 66 .. 329 
16 81 .. 086 
1.8 96 .. 974 
20 113.,975 116.,326 
22 132.,069 
24 15lo239 
26 17lo463 
28 192,741 
30 215.,041 
32 238.,332 
34 262 .. 596 268,013 
36 2fr7 .. 823 293 .. 761 
38 314 .. 003 .320.,481 
40 34lol24 348 .. 161 . 
42 369 .. 178 376 .. 794 
44 l .398 .. 155 406 .. 369 
46 428 .. 04? 436.878 
48 458 .. 845 468 .. 311 
50 490 .. 5/.J- 500 .. 661 
55 573 .. 574 585 .. 407 
60 662.,156 675 .. 816 



~~:r:gy:(Meu 

65 
70 
75 
80 
85 
90 

; 95 
100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 
218 .. 497 
238,~60 
258 .. 224 
278 .. 087 
29":/ .. 950 
317 .. 814 

. 337 .. 677 
357 .. 540 
377 .. 404 
397,;267 

Table 17 (cont~d) 
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Range_of Al:e_has in Lead and Thori:!:!!!! 

RPb (mg/ cm2) Rrh(mg/cm2) ~R::Ch (mg/cm2) 

756 .. 096 771,693 
855 .. 299 872 .. 944 101..251 

959 .. 683 979 .. 481 106 .. 537 
1069 .. 168 1091..225 111..744 
1183o6Bl 1208 .. 100 116 .. 875 
1303 .. 151 1330,035 121 .. 935 
1427,513 1456 .. 963 126 .. 928 
1556.,706 1588.821 131..858 
11329 .. 36 1867;,10 2.713 .. 28 
2120,66 2164 .. 61 297,31 
2430 .. 22 2480o36 :316.95 
2757 .. 66 '2814 .. 55 .331,,19 
3102 .. 65 3166 .. 66V" 352 .. 11 
3/+611- .. 87 3536 .. 35 369 .. 69 
3857 .. 51 3937 .. 09 400 .. 64 

4239 .. 76 ·43?7o23 390 .. 24 
4651.,80 4747 .. 77 420 .. 54 
5079 .. 90 5184 .. 70 436 .. 93 
5966.,85 6089 .. 95 905 .. 25 
6866 .. 64 7008 .. 30 918.;35 
7879 .. 06 804lo61 1033 .. 31 
8949 .. 01 9133 .. 6.:3 1092 .. 02 

10074 .. 8 10282 .. 6 1148 ... 97 
11255 .. 2 l11487 .. 4 L/ 

1204 .. 3 
12488 .. 9 12746 .. 5 1259 .. 1 

13774 .. 6 14058 .. 8 1312 .. 3 
15111..3 15423 .. 0 1364 .. 2 
16li.97 .. 6 16837 .. 9 1414 .. 9 
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Interpolated Range of !illaximum Energy Particles 
in cropper from the 184-inch Cyclotron 

Particles Energy Range(mg/cm2 Cul 

Protons 348 97~250 

Deuterons 194 22.?418 

Alphas 388 11,258 

2 
subtracted the thickness (,mg/cm ) of absorbers interposed in the beamo Finally 

the energy at the middle of the target foil was obtained and plottedo 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 tableso However it is believed that 

more precise results are obtained b;>r using the tabular values indicated rather than 

rounding off the last decimal places until every figure is significanto 

In the work presented herein the materials interposed in the beam include 

copper3 thorium, uranium, aluminum and polystyrene foils" The alpha, deuteron, and 

proton beams of the 184 inch cyclotron were usedo 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~ 

s;tyrene)" 

To obtain values for thorium and uranium, however, it was necessary to 

extrapolate the values given for lead qy some means or other" It can be shown that 

when the range in mg/crnf 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 rangeso SinGe, 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 amountr of target foil was never 

more than 16% of the total foil thicknes.s for alpha bombardments.~~ about 8% for 

deuteron bombardments and about loB% for proton bombardments, the overall error 

through the absorber stack is rather smallo 

For each bombardment the energy calculations were kept in terms of either 

copper or aluminum~ the former being used in most caseso To find the amount of 

copper equivalent to a certain amount of thorium9 the ratio of differ~ntial range 

between two adjacent energy values of thorium to that same interval value for copper 

was calculated (i:IR in Tables)o The amount of thorium (mg/cm2) was then divided by 

this figure to obtain the equivalent amount of coppero 

This same method was used whenever mg/cm2 of one absorber had to be changed 

into equivalent mg/cm2 of another aQsorbero 

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)o 

In calculations of excitation function energies.~~ the sum of absorber.values 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., To facilitate 

this process a column has been included in the tables giving [_R(max) = ~ . 

(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 valueso In the tables 

involving the heavy elements.~~ the ranges of lead are the calculated values of 

Aron etoalo 9 while the ranges given for thorium and uranium have been interpolated 

as mentioned aboveo A factor of lo0206 was used to multiply range in lead to give 

range in thorium' a factor of 1.,0240 was used for uranium rangeso The ratio of 
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LlR,_ph/ARcu and the same ratio for uranium are used to find the amount of copper 

equivalent to ·a given amount of the heavy metalo .< 
/ 

Tables lOpll and 12 give the range of protons in co:pper~thorium and 

uranium respectively' Tables 13~14 andl5 give the ranges of deuterons in aluminum,~~ 
- -

copper and thorium respectively; while Tables 16 and 17 give the ranges of alpha 

particles in copper and thorium respect:i.vely., 

~n planning these excitation function experiments we assumed a most 

probable maximum value of the beam energy for each of the three particleso By 

linear interpolation of the range=ener~r tables a range value for this energy was 

obtained which by definition was then called the maximum range of the particlesG 

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 external beamo _If the full energy beam were ·-spread evenly 

over these intervals, by the time the energy of the particles had been reduced the 
through copper 

indicated amounts ~these spreads would be magnified as shown in Table 19 o 

In reality of course the situation is not as bad as this table would se.em 

to·indicate since the beam spread probably has a distribution much like that shown 

in l!'igure . 7llJ where the marlmum values mentioned above:- and in Table 18 are 

those for point A in the figureo 

When the electrostatically deflected beam is used the energies selected 

are probably more homogeneous than with the plain inte~al 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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Spread of Particles of Given Initial Spreads at Various Energies 

External Beam 

Igitial Beam S~read Mev Atmrox:i.mate S:m;:e~ad {Mevl 

22 .. 8 22 .. 8 -0 (22 .. 8) 

348-346 Mev( .-v 1/2%) 
60 60 - 53 .. 5 (6o5) 

120 120 - 116 .. 2 (3 .. 8) 
180 180 - 177.1 (2 .. 9) 

31 .. 2 3lo2 - 0 (31..2) 
348-344 .. 5 Mev(,..., 1%) 60 60 - 48 (12) 

120 120 = 113 (7~ 
180 180 - 175 (5 

Internal Beam 

I~i ti~l Beam..S :m;:ead Mev --~ro~imate S~read(Mev} 

38o6 )8 .. 6 = 0 (38 .. 6) 

348-343 Mev (~1=1/2%) 
60 60 ... 42~2 (17 .. 8) 

120 120 ""ll0c.3 ((9 .. ~) 
180 180 = 172o7 (7 .. 3) 

348~338 Mev ~3%) 57.,2 57 .. 2 ~ 0 (57.,-'2~ 
60 60 ""14 .. 2 (45 .. 8 

120 120 "" 99o5 ~20o5) 
180 180 ~ 165o2 14 .. 8) 
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E. L. Kelley has used the value of 338 Mev 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 Bi209(a,2n)At211 excitation curve taken with the electro~ 

statically deflected beam of the 184-inch cyclotron 23 with a curve of the same 

reaction taken very carefully vrlth the 39 Mev external alpha beam of the 60 inch 
28 

Berkeley cyclotron~ 

In Kelleyns experiments however the half width of the peak for the electro~ 

'statically defleeted beam determination is about 500 mg/cm2 of aluminum compared 

to about 116 mg/cm2· 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 j_nitial 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 

furticles 

Protons 
Deuterons 
Alphas 

Ener~SRreadlMev) 
A B 

:34s 334 
194 1$8 
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 excitation 

function at low energies9 bombard vdth minimum errors in calibration and yield, 

and find wha·t initial distribution (corrected for str·aggling) could give the 
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One other effect must be considered in this calculation;~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. rAron of the Theo-

retical Physics 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 11 of the Gaussian distribution 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 Bethens article (Rev. 

Mod. Phys. ,2, 283 (1937)). Similar values for deuterom and alpha-particles 

can be obtained bJr applying formula (795a) of Bethe~s to the valuGgiven in Table 

21 • To obtain the "width" of energy corresponding to this range straggling, mul

tiply the square root of the value from the table by the differential value dE/dX 

included jn Tables 22.J 23 and 24 • It is seen that at 100 Mev this energy "widthtt 

is about 4 .. 3 Mev While at 50 Mev it has increased to about 7.3 Mev .. 

While trying to establish an absolute ener~r scale for proton and deuteron 

reactions we decided to make 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 tJ~e 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 

May 1948. 



Table 21 

Range Stragglj_ng of 350 Mev Protons on Copper 
(From Calculations by W. Aron) 

Energy(Mev) 
(R.-R;) 2 ~v 
(mg/cm--)2 Energy(Mev) 

4 8 .. 032x105 100 

8 8 .. 032 ,, J..20 

12 8 .. 032 llt-0 

16 8 .. 032 160 

20 8 .. 031 180 

30 8.029 200 

40 8 .. 022 225 

50 8 .. 012 250 

60 7.996 275 

70 7 .. 972 300 

80 7.939 325 

90 7 .. 896 350 
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( - 2 R-R) av 
(mg/cm-2)2 

7.842xl05 

7 .. 693 

7 .. 483 

7.204 

6.846 

6.405 

5.726 

4,.899 

3o917 

2 .. 774 

1.470 

0 
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Table 22 

Rate of Energr Loss for Frotons in Copper 

l!nergy(Meu "'<lE/dx·l03 En,ergy(Mev) ..a.E/ax;ro.3 
J.Mev /.mgcm-2) (~~ev /l!lficm..;2) 

5 46 .. 08. 80 5 .. 706 
6 40 .. 46 $2 .. 5 5o579 
7 36.,18 85 5 .. 458 
8 32 .. 81 . 87 .. 5 5 • .344 
9 30.,07 90 5.235 

10 27 .. 80 92.5 5 .. 132 
11 25 .. 88 . 95 5 .. 03/f 
12 24.24 97.,5 4o941 
13 22 .. 82 100 4 .. 852 
14 21..57 105 1~ .. 685 
15 20 .. 46 110 4.53.3 
16 19 .. 48 115 4 .. .39.3 
17 18 .. 60 120 4 .. 264 
18 17 .. 80 125 4o145 
19 17 .. 08 130 4 .. 034 
20 16 .. 42 135 3 .. 931 
21 15 .. 81 140° 3 .. 8.35 
22 15 .. 26 145 3 .. 745 
2.3 14 .. 75 150 ,3 .. 661 
24 14 .. 27 155 3 .. 582 
25 13 .. 8.3 16C 3 .. 507 
26 13 .. 42 165 .3 .. 437 
27 13 .. 03 170 3 .. 371 
28 12 .. 67 175 3 .. .368 
29 12.33 180 ,3 .. 249 
.30 12 .. 02 185 ,3 .. 19.3 
.32 .. 5 11.30 190 3 .. 1.39 
35 10.67 195 3.088 
37.5 10.12 200 3o040 
!~0 9.629 212 .. 5 2 .. 928 
4.2 .. 5 9 .. 19~2 225 2.,829 
45 8.79?3 237 .. 5 2 .. 740 
47 .. 5 8 .. 41~ 250 2 .. 659 
50 8.,119 262 .. 5 2 .. 586 
52 .. 5 7 .. 824 275 2 .. 519 
55 7.552 287.5 2.458 
57 .. 5 7 .. 302 J()() 2 .. 402 
60 7.072 312 .. 5 2 .. 351 
62 .. 5 6 .. 857 325 2 .. 30.3 
65 6 .. 659 337.5 2.259 
67.5 6 .. 473 .350 2 .. 218 
70 6.300 362 .. 5 2.,180 
72 .. 5 6 .. 137 .375 2.145 
75 5.985 387 .. 5 2.112 
77 .. 5 5 .. 841 400 2.,081 



Enercy(Mev) 

12 
16 
20 
24 
28 
32 
36 
40 
44 
48 
52 
56 
60 
70 

Energy( Mev) 

'~ 5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
23.84 
31.78 
39e73 
47.67 
55 .. 62 

Table 23 
UCRL~483 
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Rate of Energy Loss for Deuterons in Copper 
~dE/dx 

(Mev}_mgcm-2) ~ergy(Mev) 

4.046x10-2 
3 .. 231 
2 .. 780 
2 .. 424 
2.157 
1 .. 948 
1 .. 780 
1 .. 642 
1 .. 526 
L.427 
L.:31~2 
L267 
1.,202 
L067 

Table 24 

so 
90 

. 100 
110 
120 
130 
140 
150 
160 
170 
180 
190 
200 

Rate of Energy Loss for Alphas in Copper 
.... ·- ~ 

(Mev~c~) 
5.086xJ..o~·l 
4o516 
4 .. 068 
3o707 
3o412 
J.,164 
2 .. 954 
2 .. 773 
2 .. 615 
2 .. 476 
2.,.353 
2.,24.:3 
2.,144 
2.,055 
1 .. 975 
1,,902 
1..334 
]..,618 
1 .. .312 
1 .. 112 
9 .. 696xJ..o-2 
3 .. 623 

EnergyQ~ev) 

63.,56 
7lo51 
79 .. 45 
'37.,40 
95 .. 34 

103.,29 
111..23 
119o2 
139.,0 
158.,9 
178.,8 
198 .. 6 
218 .. 5 
238 .. 4 
258 .. 2. 
278.,1 
293 .. 0 
317 .. 8 
337.,7 
357.,5 
377 .. 4 
')97 .. 3 

~ldX 
(Mavjllgcm"'2} 

9 .. 629xl0-3 
S.o798 

. 8 .. 119 
7.552 
7()072 
6.659. 
6 .. 300 
; .. 985 
5 .. 706 
5 .. 458 

. 5 .. 235 
5o034 
4 .. 852 

(M;%~m~2) 
7 .. 792 
7.120 
6.568 
6.104 
5 .. 708 
5 .. 368 
5 .. 068 
4 .. 8o8xlo-2 
4 .. 268 
3 .. 852 
3 .. 519 
3 .. 248 
J.,021 
2 .. 829 
2.,664 
2o520 
2 .. 394 
2.,282 
2 .. 183 
2 .. 094 
2.,014 
1..941 
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ReqUisite for a reaction was a relatively :PLentiful target material, available 

1.n foil form~ which requires a minimum of chemistry before counting (preferably no 

chemistry). It was also·necessary that the reaction approach some transition 

(preferably a peak) in the energy interval used.o The Al27 (d.?ap)Na 
24 

reaction was 

the first one checkeo... This reaction has been explored quite exhaustively by 

Clarke 29 on the MIT cyclotron but unfortunately the 14,5 Mev available from 

that cyclotron 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 cy~lotron might have some meaning in 

terms of the absolute energy. The c12(dsn)N13 reaction has been studied through 

its peak by Newson 30 (see Fig .. 7:3) ~ 

These two reactions were therefore studied with the 184-inch electrostatically 

deflected beam in an attempt to establish definite energy relationships between 

the high and ·low energy bombardments. This attempt has proven rather unsuccessful 

although the curves do serve to establish the general validity of our other 

results .. 

Furthermore it should be possible to obtain a peak for the (p,3n) reaction 

vezy easily and perhaps eYen 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 car~ be made ;:: Oo2 Mev the 

interpretation of the curv·es made with the large cyclotron may be facilitatedo 
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Using the above methods and calculations we ha'Ve obtained excitation functions 

for the (d9 7n) and (d9 4n) reactions on thorium~ the (d~ap) reaction on aluminum 

and the (d9n) reaction on carbon (as polystyrene); the (p9 6n) and (p9 3n) reactions 

on thorium, and the (p9a8n) and (p,a5n) reactions on uranium; as well as the 

(a,p8n) and (app5n) reactions en thorium and some rough values for the 

(a,6n) and (a,Sn) reactions on thoriumo These reactions will be discussed individually 

in this seetiono 

Ao Deuterons 

The results.obtained for this reaction with the recoil 

method are shown in Figo74 o The yield distribution is very spread out and gives 

a false impression of the true excitation functiono It is interesting however to 

compare this curve with Figo 75 to note how the efficiency of recoil at different 

energies has affected the shape of the excitation functiono 

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 veiJT unwieldly when clamped in a target holder. Consequently the first 

yield values obtaine~ with deuterons, aside from the recoils 9 were a group of 

absolute cross section values obtained with the help of Vo Peterson using the 

collimated external deuteron beam to bombard 5=TILil foils of thoriumo The current 
231 

passing through the target was collected and measured with a Faraday Cupo .Pa 

tracer was used to determine the chemical yield9 pulse analyses being used to 

obtain the amount of Pa2Jl present in the sampleso Values of these absolute cross 

sections from several experiments are shown in Table 25 o 
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Absolute Cross Section Values Obtained From 
the Th232(d,7n)Pa227 Reaction 

Energy (r~.l Elm Absolute r.r (barns~ 

194 I 2.,31 x lo=.3 

194 I 2,.38 X 10 =.3 

194 II 8 =.3 J.,2 X 10 

134 .. 6 II 5o96 x 10-.3 

81 .. 1 II 11.,70 X 10=3 

48 .. 2 II Oo78 x lo-3 

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 

readily that one is never quite sure just how non~colloidal the Pa231 tracer solution 

iso Since extraction procedures are used to separate the protactinium, it is 

absolutely essential that the Pa231 tracer be 100% extractable and also be in the 
227 . 

same state as the Pa. formed in bombardment.P i,,eo P the two tracers must exchange" 

Ths k'acer Pa231 was stored J.n a TTA~benzene solution and washed into concentrated 

nitric acid a few hours before use bjr diluting the TT\ solution with at least a 

ten-fold volume of benzene.. · In each case the Pa23l tracer was added to the beaker 

containing the metal target before solution so that the chemical loss was determined 

from the initial step., 

The values presented in Table 25 are probably good to within 15% or better, 

except for the values for 48 .. 2 and 194 Me·v 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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When the new apparatus for use with the electrostati.cally denected beam 

was completed we checked the general shape of the (d,7n) curve for thorium by 

taking many more points than the four previously obtainedo A summary of the results 

of three of these bombardments is given in Table 26 and Fig. 75 o In each run 

the beam was collimated through the 3/4 inch collimator permitting maximizing of 

the beam on the target foil rather than just somewhere on the large block of 

absorber area., Run I was rather a poor bombardment as the yields will indicate.\) 

while Run II and Ran III were more comparable. As mentioned previously, the 

yield values are given for a 0.4 gm sample of thorium at shutdovm. The yields of 

Runs !and II were normalized to those for Run III by multiplication by l6o75 

and 1.41 respectively. The energies of Run II were normalized to the other two 

runs by inserting 900 mg/cm2 of copper absorber in the calculations on the low 

energy side of the ~'~90 Mev'• foiL The duration of each bombardment was~ Run I.ll 

38 minutes; Run II9 1 hour and 35 minutes; and Run III~ 1 hour and 44 minutes., 

We can see that the reaction yield rises to a very definite peak which is 8 

times the yield value at full energy. The peak energy is 51 Mev on the plotted 

enerenr scale while the threshold value is about 30 Mev. Tne peak "half vddth" 

is about 18 Mev., From Table 25 and Fig.75 we obtain a value of about lo8xl0~2 

barns for the absolute cross section for the reaction at the peak of its exci-

tation function. 

Fig. 76 shows the peak of this reaction on an enlarged energy scale while 

in Figo77 the same points are plotted on a log scale to show the variation of 

the low yield points., 

2., Th232(d,.,4n2Pa.23r0 In Fig. 78 and Table Z1 we see the companion curves 

and values to the ones just presented., The same plates that were counted for the 

yie~ds above were allowed to decay for several weeks and then counted (along 

with a few alpha pulse analyses) for the u230 presento From thisj the amount of 
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Experimental Yields for the Th232(d, 7n}Pa227 R~action 

Energy:(Mev) Target Foil Total absorber in Yield of Pa227 (104 a dis/min 
Er,.ont Bad( (mg/cm2Th} ~{mg/em2 auL_ at end of bombardment) - F:ront Back ~ Run II Run III 
193o3 192.,? 152.,7 "~5" 4 259 .. 7 49o9 ..i. .l..o 
191 .. 1 190.,6 138o4 59lo2 689 .. 3 38 .. 7 
191..0 190 .. 5 140 .. 7 613 .. 1 712 .. ·9 J.,6J 
164 .. 7 164o1 140 .. 5 5589.,9 5689.,7 4o .3.3 
1.35o7 135o0 140 .. 9 10432 .. 7 10531 .. 5 6 .. 27 
130oJ 129 .. 5 160,8 11269 .. 7 113S:Zo4 39 .. 7 
127 .. 5 126.,8 137 .. 0 11699oJ 11795 .. 3 80 .. 7 
111 .. 7 110.,9 139 .. 6 13912 .. 5 14009o9 
106 .. 5 105o7 15lo9 14583 .. 9 14689,9 8 .. 39 
102.,1 101..3 151..4 15147o7 15253 .. 2 8.,68 
' 96 .. 5 95~7 142 .. 5 15828.,1 15927.,3 10.,16 

94 .. 5 93 .. 5 158 .. 6 16071..9 16132.,0 160 .. 4 
92 .. 8 92 .. 0 138 .. 6 16272,3 16369 .. 0 9 .. 87 
~:1.,0 90o2 138o3 16l;.S4 .. 8 16580.,8 118 .. 2 
88.,0 87.,1 152 .. 6 l631~.o8 16920 .. 6 10.,04 
84o0 SJ.,1 14]..,6 17250,0 17343.,0 10 .. 16 
79 .. 5 78 .. 5 139 .. 6 177J3o9 17835<>4 10 .. 70 
75<>9 74 .. 9 142 .. 6 18092,3 18190.,6 179 .. 8 
75.,3 74,3 138 .. 9 1Sl55o9 18251 .. 5 10.,83 
'72.,2 7L3 134o9 18458 .. 5 18551..2 12 .. 42 
71..9 70 .. 9 140 .. 9 1849L1 13588 .. 2 162.,2 
h9.,2 63.,0 158 .. 4 18749"9 18858 .. 6 187.,2 
65.,3 tS4o1 153 .. 3 19095.,5 19200 .. 4 210 .. 
64o7 6,3 .. 6 140' .. 1 19147o5 19243o6 248 .. 
63.,1 62.,0 142 .. 7 19237.,5 19335.,1 13 .. 83 
62 .. 9 61 .. 7 157 .. 8 19306.,0 19413 .. 9 228 .. 
60o9 59 .. 8 138 .. 6 19480 .. 5 19575o3 255. 
60 .. 5 59o3 151 .. 3 l951So5 1962lo4 247 .. 
58o5 57 .. 2 154 .. 2 19680 .. 9 19786 .. 4 215. 
53o0 56 .. 8 136o2 19726o9 19819o5 236. 
55 .. 9 54 .. 7 136 .. 2 19390 .. 7 19983 .. 0 301.., 
55 .. 9 54o6 15lo1 19391 .. 0 19993o7 165.,J 
53 .. 8 !)2.,6 137o4 20054o9 20147:03 366., 
53 .. 2 52o0 138.,4 20099 .. 2 20193 .. 3 35 .. 4 
53 .. 0 ,51 .. 7 141 .. 6 20ll5 .. 6 20211 .. 7 23 .. 5 
51 .. 7 50 .. 4 134 .. 7 2021So0 20308o8 411 .. 
5lo0 49 .. 6 153 .. 7 20264,5 20368,7 4lo3 
1~9 .. 6 43 .. 1 154 .. 7 20370 .. 4 201~75 .. 0 369o 
48o6 47 .. 2 143 .. 6 20440o6 20537.,7 16 .. 40 
47 .. 2 45 .. 3 140.,0 20531 ... 7 20630ol · 314o 
46.,2 1.4 .. 3 140 .. 0 20607.,9 20702 .. 3 6~12 

43.,7 42.,1 150o1 20774o6 20875 .. 5 lo558 
41o0 39 .. 4 143o4 20945 .. 1 2l0/.J-o4 o.,720 

31 .. 142 .. 0 2.,50 
30 .. 8 28o9 142 .. 7 21512o6 21606.,6 0 .. 400 
10 .. 6 5 .. 0 153 .. 1 22256 .. 7 22350 .. 1 Q.067 

0 149 .. 5 22925 .. 4 23015 .. 1 Oo276 
0 0.30 
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!dll~~ 
~EXperimental Yields for the Th232(d,4n.).Pa230 Reaction 

Target Foil Total absorber in Yield of Pa230 (~ dis/min, 
. ~ ~~.Th.,_ p~) at end of_bombardment) _ 

I~ ~ Er.£n1 ~1.~, Eill.L1 Run II Run III 
19J.,J 192 .. 7 152o7 15lo4 259o7 54 5o 
191 .. 1 190 .. 6 138,4 59L2 689.3 716. 
19lo0 190.5 140,7 613 .. 1 712.,9 41o5 
164,7 164ol 140,5 5589 .. 9 5689,7 51,6 
135.7 135<>0 140 .. 9 10.4.J2 .. 7 1.0531..5 7L2 
l)Oo3 129o5 160.,8 11269.,7 11J82o4 86)., 
127 .. 5 126 .. 8 137 .. 0 11699.3 11'795o3 1256. 
lllo7 110o9 139.,6 13912~5 M.009o9 
106 .. 5 105 .. 7 151..9 14583 .. 9 14689,9 83 .. 5 
102 .. 1 101. .. 3 151..4 15li+7 .. 7 15253 .. 2 87 .. 6 
. 96.5 95 .. 7 142 .. 5 15828.,1 15927 .. 3 109.9 
94o5 93o5 158,6 16071 .. 9 16182o0 1450 .. 
92 .. 8 92o0 138.,6 16272o8 16369.0 110 .. 1 
9lo0 . 90.,2 138o3 16484o8 16580.$ 1816. 
88,0 <gt .. l. 152,6 16814 .. 8 16920 .. 6 lOboO 
84o0 8Jo1 14L6 . 17250 .. 0 17.348o0 118.,0 
79 .. 5 78 .. 5 139o6 17738 .. 9 178J5o4 127 .. 2 
75o9 74o9 142o6 1809?..3 18190.,6 1785. 
75o3 74oJ 138 .. 9 18155 .. 9 1825lo5 107o0 
72 .. 2 71o3 134 .. 9 18~.58"5 18551"2 14L3 
7lo9 70o9 140.,9 18491 .. 1 18588.,2 2520o 
69.,2 68,0 15Go4 18749o9 18858 .. 6 1922, 
65.3 64o1 l?Jo3 19095e5 19200o4 . 2200., 
64 .. 7 63 .. 6 140:1 1911~7 o5 1924Jo6 3289. 
6),1 62 .. 0 142o7 1928'7 .. 5 19J$?ol 145 .. 3 
62.,9 6L7 157,8 19306,0 19413o9 2240o 
60.9 59o8 138,6 194SCloJ 19575 .. 3 3744. 
60,5 59o3 151o3 19518 .. 5 1962L4 2260 .. 
58,5 57.,2 154o2 19680,9 19786o4 4152. 
58o0 56o8 136,2 19726.9 19819o5 2540. 
55,9 54,7 136o2 19890o7 19983o0 2530. 
55o9 54.6 151..1 19891.0 19993.7 4728. 
5Jo8 52o6 1J7o4 20Q54o9 0 

20147 o8 2950. 
. 53,2 52o0 138o4 20099,2 20193o3 5J47o 

53o0 5L7 l/;1,6 20115,6 202l1o7 205~1 

. 51,7 50oLI- 134o7 2021$,0 2030So8 J370o 
5lo0 . 49o6 153o7 20264 .. 5 20J68o7 5294 .. 

I 49o6 48ol 154o7 20370.,/~ 20475,0 3470. 
I 

48,6 47o2 143,6 20440 .. 6 20537o7 59'7lo 
47o2 45o8 140.,0. 20534o7 206JOol 3960., 
46,2 44o8 140,0 20607o9 20702,3 610Jo 
43o7 42ol 150 .. 1 20774,6 20875 .. 5 6793o 
4lo0 .39o4 143o4 20945.1 210l;lo4 8395o 

31., 142 .. 0 5670. 
30o8 28 .. 9 142 .. 7 21512,6 21606 .. 6 2629. 

.10 .. 6 5~0 153o1 22256o7 22350,1 136 .. 8 
0 149 .. 5 22925 .. 4 2J015ol 5o5 
0 15o2 
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Pa23° (dis/min at end of bombardment) vms 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 (d:~7n) reaction was used for Run II.. 

Unfortunately the peak was not outlined by· the three runs made on this 

reaction.9 but it does seem to come at about 25 Mev.. This value is undoubtedly 

low since the threshold should be around 20 Me·\r.. The energy scale at these low 

' values however is quite sensitive to small errors in calibration and hence is 

quite unreliable .. 

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 104 minutes or 2,.7 half~lives of Pa22'7 long. After 

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

of P~23°/Pa227 formed in_the-bembardment':-is- 4.2 fo; ~ lo_wer l __ J._~mit? or higher if the 
\.~__:=.----- . . - . - , 

peak of Fig .. 78 is higher than the 23 Mev point. 

The data for these (d,xn) reactions on thorium are summarized in Table 28 

Table 28 

Sun~ry of Data from Th232(d,4n)Pa23° and Th232(a.,7n)Pa227 
Excitation Function Curves 

-- ~-------_(~d.4n) 
Maximum deuteron energy used in calculation 194 Mev 194 Mev 

Threshold energy 30 Mev 

Peak energy 51 Mev 

ttDistance" between peak and threshold. 21 Meir 

'Peak "half" width" 18 Mev 
-------------·--------·----- ----·-------~----

Yield at peak(dis/miny 41x105 a 

Factor in yield between peak and '> 12 
maximum energy 
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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 reactiony shovm in Fig. 79 and Table 29 .. 
\ 

(An excitation function for this reaction using high energy part:Lcles has been 

reported b:>r Helmholz and Peterson • .3l ) After an 88 minute bombardment the discs 

of aluminum were allowed to stand for about 24 hours to allow shorter lived activities 

to decay out completely.. The samples were then counted on shelf 5 of a standard 

Geiger counter set·"UP for the 14 .. 8 hour Na24 activity.. The counts were taken at 

three successive times each inter-val greater than one half life of the activit;>r., 

These counts were extrapolated back to the end of bombardment and corrected to 0 .. 1 

gm of aluminum .. 

The excitation function becomes very sensi thre to small changes in absorber 

thickness at very low energy and consequently does not show a threshold.. However 

the curve can be cpnsidered a fairly good representation of the true excitation 

function since one would e:h.1Jecrt the peak of the .reaction to come at around 20 Mev 

or ~o9 with the threshold coming as Clarke29 has reported at around 12 .. 5 Mev., 

No correction has been made for nuclear absorption in this curve; correction would 

probably bring up the dip at 50 Mev but would serve to make the peak even more 

pronouncedo Hence the peak in this_reaction is at about 20 Mev and rises at least 

a factor of two above the value at full energyo Beynnd the peak the curve retm~ns 

to a gradually varying function that decreases slowly as higher energies are 

approachedo 

A very good comparison of the curve determined by Clarke (see Figo72 ) at 

low energies and our curve with the 184 inch cyclotron energies can be made by 

plotting both curves on a mg/cm2 scaleo The energy values determined by Clark.e 

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

made in Figo 80 o Calculations for curve B transformed all absorber values 
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Table 29 

Experimental Yields for the A1.27(d9a.p)Na24 Reaction 

~!l Target Foil Tot~l absorber in Yield of Na24 (1o2 ~- c/min 
.mg/.Q:m2 Al ~~l!t (mgL cm2 Q..~- shelf ..5 a~d of bombard~ 

~ B~ Fro~ Back Rt¥.L! 

19lol 190o9 32 .. 8 590.,7 629 .. 6 25?o 
127.,7 127o5 32 .. 7 11639 .. 6 11678,6 252 .. 
92.,0 9lo6 32.,7 16,368 .. 1 16407 .. 4 224 .. 
73 .. 6 7Jo2 32.,7 18317 .. 7 18357 .. 1 207., 
)Oo5 50 .. 0 32 .. 7 20295.,0 20334 .. 9 197o 

mg/cm2 A1 

50.,0 49 .. 5 .32.,6 0 30.,2 198 .. 
46 .. 2 4;.,6 32 .. '7 22lo4 2.54ol 212 .. 
45,6 44o9 32 .. 7 254 .. 1 286,8 211., 
4L3 40 .. 6 32.,8 480.,0 512 .. 8 226 .. 
4.0.,6 40o0 3L4 512.,8 544o2 232 .. 
35o9 35 .. 2 32 .. 6 739 .. 6 772,2 260. 
35o2 34o5 32,7 772,2 804,9 265., 
34o5 3.3 .. 8 3lo7 804o9 8.36 .. 6 2.77 .. 
33o8 3Jo0 3lo3 836 .. 6 867 .. 9 278., 
33.,0 32o3 31 .. 7 867 .. 9 899 .. 6 284, 
32o3 31.,5 3lo5 899 .. 6 93L1 283o 
31o5 30 .. 7 32.,6 93L1 963 .. 7 292, 
30 .. 7 29 .. 8 3lo6 963 .. 7 995.,3 296, 
29.,8 29.1 32.,7 995 .. 3 1028 .. 0 2.98., 
29.,1 28.,3 31..3 1028.0 1059 .. 3 317 .. 
28.,3 27 .. 5 32o6 1059 .. 3 1091..1 303o 
27 o5 26.,6 31 .. 8 1091.,9 1123 .. 7 315 .. 
26.,6 25 .. 8 3lo6 1123 .. 7 1155 .. 3 313 .. 
24.,0 23 .. 1 31..6 1214 .. 5 12.46 .. 1 311 .. 
23 .. 1 22.,1 Jl,J 12!,6.,1 1277 .. 4 311 .. 
22.,1 21o0 31 .. 6 1277 .. 4 1309.,0 308., 
2lo0 20 .. 0 31..6 1309 .. 0 1340 .. 6 305., 
20.,0 18 .. 9 31 .. 4 1340o6 1372.,0 29lo 
18.,9 17 .. 7 31.,7 1372 .. 0 1403 .. 7 274 .. 
17 .. 7 16 .. 5 31 .. 7 1403,7 14'31).,4 260 .. 
14o0 12 .. 5 3lo6 1492 .. 3 152.~.,9 217o 
12o5 11..0 31 .. 6 1523 .. 9 1555 .. 5 20lo 
lloO 9ol 32 .. 5 1555 .. 5 1588 .. 0 180., 
9o1 6 .. 8 32 .. 8 1588 .. 0 1620o8 16lo 

0 32.,6 1676 .. 6 1709 .. 2 107 .. 8 
0 31 .. 6 1709 .. 2 1740o8 97 .. 2 
0 31...7 1740 .. 8 1'772 .. 5 84.,4 
0 Jlo7 1856.,1 1887 .. 8 52o4 
0 31 .. 8 1887o8 1919 .. 6 47 .. 6 
0 31 .. 4 2003 .. 2 2034 .. 6 36 .. 4 
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to equivalent copper absorber values dovm to 50 Mev and then aluminum was used 

as the absorber for calculating purposeso Hence the zero absorber in B is actually 

at 50 Mev" 

The height of curve A i.s purely arbitrary since from Glarke~s work it was 

not known how far the function was from a peak at its final 14o5 Mev pointo It 

would be interesting to check this reaction on a more powerful cyclotron to determine 

this peak energy more closel;sr. The Berkeley 60-inch cyclotron might put out 

enough energ:sr to do the trick. 

By comparing the two curves (especially the slope of the leading edge of the 

curves) in Fig. 30 we can see just how much effect the straggling and initial 

energ".f distribution of the beam have in spreading out th<:3 energy of the particles 

which cause reactions in this low ener~r region. · 

4., 92-_~on)NlJ Fig" 31 and Table 30 show the results of placing poly= 

styrene foils in the electrostatically deflected beam during a 1 hour and .45 . 
minute bombardment and counting the 10 minute Nl3 activity produced., (Curve A 

in the figure has been plotted from data by Newson 30 (see Fig. 73 ") Unfortunately 

the N13 is not the only a1.;;tivity present" Decays must be followed on all samples 

and the 10 minute line resolved out from a large amo1mt of 20~mi.nute CD. fm"TTled from 

the c12(d,dn)C11 reaction" Because of this resolution problem the excitation func= 

tion is not as accurate as the one for Na24 but does give an idea of the tremendous 

spreading of a peak at 3 Mev by· the beam of the 184-inch cyclotron. 

5 • .!h232 (d_,7n)P..§.227 ,9..,.!127 (d.,gp)Na24, and c1~£L,.n)N13 Having been able to 

obtain excitation functions for these reactions in separate bombardments it was 

desirable to obtain excitation functions for all three from the same borribar'dment_, 

thus eliminating effects of minor beam changes etco Fig. 32 and Table 30 present 

the resul:ts of this one hour and 4.5 minute bombardment. The carbon was counted 

first and followed for two hours after shutdown. B;sr this time it had decayed into 

enough of the 20 minute c11 to permit resolution of the curves.. There still 
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Table 30 

~erimental Yields for AI27(d ap)Na24~ · 
Th 3 (d,.7n)Pa227 9 and cl2(d!ln)~Jl§ Reactions 

(0 mg Al equal to 50.,0 Mev Incident Protons) 

Total absorber in beam Na24(lo3 0- Pa.227(lo3 a Poly (103 ~-
Target2foil ( rng/ cm2 Al) c/m:i.n dis/min c/min 
_r.n~- ~ ~ 12.9.9! end ..lllidt) ~1Ji2.~-- end J?.Q.d t~)._ 

32 .. 8 Al 0.,0 8 .. 8 51..3 
14.,8 Poly 8 .. 8 26 .. 5 

154 .. 7 Th 26 .. 5 112 .. 3 369.3 .. 
32,:7 Al 112 .. 3 145 .. 0 54 .. 9 
13 .. 5 Poly 145 .. 0 161..2 

l40o0 Th 161 .. 2 238 .. 8 3137 .. 
32n7 Al 430 .. 0 462"7 4l,..,2 
14 .. 6 Poly 462 .. 7 480 .. 3 8 .. 64 
32o7 Al 539 .. 1 571 .. 8 44 .. 5 
32o7 Al 628 .. 5. 661..2 1,9 .. 7 
14 .. 0 Poly 661 .. 2 678.,0 10.,53 
32o6 Al 735"0 767 .. 6 52 ... 4 
32o'7 Al 825 .. 1 857 .. 8 57.,5 
15o4 Poly 857 .. 8 876 ... '3 18 .. 21 

142o0 Th 936 .. 5 1011..5 25 .. 0 
32 .. 7 Al 1011 .. 5 104f".,2 78.'7 
l5o4 Poly 1044.,2 1062 .. 7 31o0 
32 .. 8 Al 1120.,5 1153 .. 3 ?1.,2 
31 .. 4 Al 1213 .. 2 1244.,6 72 .. 0 
14 .. 5 Poly 1244 .. 6 1262 .. 0 33 .. 4 
32 .. 6 Al 1346 .. 5 1379 .. 1 73 .. 6 
32 .. 7. Al 1438 .. 3 1471.0 71..4 
17.6 Poly 1471..0 1/+89 .. 1 71 .. 8 
31..7 Al 1575 .. 0 1606 .. 7 52.,0 
13.,8 Poly 1606.7 1623 .. 2 104 .. 1 
31..3 Al 1623 .. 2 1654.5 42 .. 3 
13 .. 2 Poly 1654 .. 5 1670.4 122 .. 0 
3L7 Al 1670 .. 4 1702 .. 1 34 .. 8 
13 .. 3 Poly 1702 .. 1 1718.0 125 .. 9 
3L5 Al 1718 .. 0 1749 .. 5 27 ,,/,. 
13 .. 1 P:'Oly 1749 .. 5 1765 .. 2 113 .. 4 
32o6 A1 1765.2 1797 .. 8 20e4 
14 .. 4 Poly 1797 .. 8 lgl5 .. 1 120 .. 1 
31.6 Al 1815 .. 1 HM.6.,7 16 .. 4 
13 .. 5 Poly 1846 .. 7 1862.,9 105.9 



Target foil 
~ mg/em FQ!! 

3~2 .. 7 A1 
14 .. 8 Poly 
3L.3 A1 
17 .. 8 Poly 
32 .. 6 Al 
13 .. 3 Poly 
31 .. 8 Al 
13 .. 1 Poly 
31..6 Al 
13.1 Poly 
J1.,6 Al 
13~0 

. Poly 
3lo3 Al 

135 .. 5 Th 
JL6 A1 
31 .. 6 A1 
3lo4 A1 
31 .. 7 Al 
31 .. 7 Al 

Table 30(cont u d) 
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~erimenta~ :7ields for Al27 (fl. ap)Na24:> · 
Th (d, 7n)Pa 2 , and cl2(d,n)Nl.3 Reactions 

(0 mg Al equal to 50 .. 0 Mev Incident :Protons) 

Total absorber in beam Na24(1o3 ~= :Pa227 (lo3a 
· (mg/cm2 A1) c/min dis/min 

F~ ~ ___§~?!. ~J_ 

1862 .. 9 1S95 .. 6 11 .. 80 
1895 .. 6 1913 .. 3 
1913 .. 3 194.4~6 9.30 
191;~.,6 1962 .. 8 
1962 .. 8 1995 .. 4 7 .. 82 
1995 .. 1~ 20ll.4 
201L4 2043 .. 2 5o98 
2043 .. 2 2058.9 
2058.9 2090.,5 5 .. 75 
2090 .. 5 2106.,2 
2106 .. 2 2137 .. 8 5 .. 58 
213'7 .. 8 2153 .. 4 
2153 .. 4 218!, .. ~ 5.82 
2184 .. 7 2251+.6 3 .. 00 
2254 .. 6 2286.2 5 .. 53 
237L7 2403 .. 3 5 .. 01 
2594 .. 4 2625 .. 8 /+o76 
2~.7 .. 3 2849 .. 0 4ok3 
3463.3 31,95.,0 4 .. 2.1 

Poly(l03 ~ =· 
c/Illih 
~J?M:b) 

79.6 

66.,6 

45 .. 8 

27 .. 7 

18.,18 

9o73 
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remained about three hours in which to work up and count the protactinium fraction 

before other acti·vi ties grew in. The Na24 was counted the next day and checked 

the following day for t~a right deca;>r" 

The scales of each curve in the figure are .indicated on the graph., It is 
_lJ 24 

interesting to note that the leading edge of the r and Na · curves have the same 

slope while that of ~a227 is somewhat more shallow. This wotlid seem to indieate 

that the peak for the Pa227 reaction is considerably more broad than that for the 

other two reactions ~c~~ which would of cour·se be expectedo The three ":x~' points 

that fall above the curve in the high energy part of the fi~re were faced against 

thorium foils in the bombardment and consequently have abnormall;r high activity 

227 because of recoils kicked out from the thorium. Points of the Pa yield 

plotted in the figureJ) but not listed in the table:; were read directly from the 

graph of Fig .. 75 o 

B, Protons 

~ Th232( 6 )P 227 Lo _Ps n_ a When the 184=inch cyclotron was finally converted to 

enable the acceleration of protons to 343 Mev, we decided to determine whether this 

reaction peaked as the corresponding deuteron reaction had and also to see just 

how much it resembled the deuteron reactiono 

The results of three runs are shown in Table3~ Run I was just a "shakedown" 

for the apparatus and consequently the target foils were not weighed separately 
I 

but were assigned a weight representing the average weight of some foils chosen at 

random.. In this run the points were far enough apar·t that the curve seemed to have 

a very broad peak gradually decreasing to about half maximum at full energ:>~.. Runs 

II and III however did show a very definite peak where the yield value is greater 

than the value at maxiinum energy by at leas~ a faetor of 20., Runs II and III are 

plotted in Fig. 83 without normalization, Run I is not plotted since its values 

were not as precisE1 as the other twoo The bombardments i.n Runs I, II and III were 
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Table 31 

Exper'imental Yields for the Th232(p.?6n)Pa227 Reaction 

Proton Target Total absor~er in Yield of Pa227 (lo4 a dis/min at 
~~~lM-~ foil ]2eam {mg/cm Cu) end of bombardment) · 

JJu~ 
. rr q ~=--ul -~><._,•...-:.:.-....o 

!t9.11! ~~ Fro!"l1. .B.~ !ilYLl [unJ]; ~II 
--

347 141 ... 8 693 .. 5 797.2 12 .. 15 
J46o4 )/~6o2 139o4 71L8 313 .. 7 7 .. 60 
297 .. 3 297 .. 1 15L!~ 2lf395o0 22003 .. 7 12.,18 
247,2 246.,9 138 .. 1 4J_6$J.,7 41784 .. 1 18 .. 00 

247 14J..,8- 41685 .. 1 41788 .. 2 _30.,9 
20_3.,3 203 .. 0 134.8 57193 .. 7 5729L2 14 .. 70 
153 .. 6 153 .. 3 139 .. 6 72394 .. 1 721~94. 5 37.5 

153 .. 5 141.8 72416 .. 1 72518.0 57.0 
125 .. 9 12.5 .. 5 148.8 79597.5 79704 .. 0 4L9 
lllo9 111o4 143 .. 3 82886 .. 0 8?988 .. 1 63 .. '7 
l05o8 105.4 132,7 84J_98o0 84292 .. 6 63 .. 2 
101o4 100o9 152 .. 7 85146 .. 1 85254o7 85.4 

96,4 95o9 153o0' 86160 .. 0 86268,6 100o4 
93o0 92.,4 152.,0 S684J.,5 8695lo3 . 122.,5 
88o6 88 .. 1 138.1 87681.,8 877?9 .. 6 119.,5 
85.,7 85 .. 1 152 .. 4 88240 .. 2 88348o1 158o8 
85o4 8/+.,8 137.,3 88295.,6 88392.8 165.,j 
81.0 80 .. 4 138 .. 6 89CB'4.,4 89182.,) 41L5 
77.,8 77.2 151..1 8961;.0 .. 1 89746.,7 192.,8 
74.1 73 .. 5 152o2 90256.4 90363 .. 7 186.,0 
'?0 .. 7 70,1 150.9 90814 .. 9 90921 .. 1 150.,8 

67 .. 3 141.,8 91300.,0 91399.9 62.,2 
61, .. 5 63 .. 8 141 .. 0 91773 .. 8 918'72o7 14.05 
57 .. 7 57 .. 0 153 .. 4. 92741,1 9281~8oJ 1'7 .. 90 
5.3 .. 1 52 .. 3 143 .. 2 9336~ .. 7 93462.,4 2o22 
51 .. 9 51..2 133 .. 8 9.3508 .. 8 93605 .. 5 '7 .. 1.3 
42o6 41..8 138 .. 8 94604 .. 4 94700.,) 1 .. 686 
!J- .. 4 40 .. 5 138 .. 2 94743 .. 5 94338.8 3 .. 15 

20 .. 5 141.8 96473 .. 9 96570 .. 9 0 .. 198 
20 .. 5 18.9 139.1 96520 .. 3 96613 .. 3 1..401 

0 149 .. 3 98573 .. 8 98673 .. 3 2 .. 59 
0 151..5 98660 .. 3 98761..3 1..469 
0 14L8 98906~9 99001 .. 4 0 .. 155 
0 151..5 100809.3 100910.3 1.570 
0 1.4]..8 102736 .. 4 102830 .. 9 0 .. 171 

'/4 .s 
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of l~-3/4 hours~ 68 minute.') and 1~,.3/4 hours duration respectivelyo 

The curve is not d:r'awn through the point at 81 Mev e·~ren though this point 

wouldappear to be the peak for this reactiono This sample, when counted later 

for u230~ gave a yield v·alue which was v·ery definitely displaced from the curve 

for the (p9 3n) reaction (see Fig" 86 )o Although no known error had been made on 

this sample there might have been some error in aliquot etco» to cause the discre= 

·pa.ncyo. 

Figo 84 shows this same curve dravm on a log sc~ale to better illustrate the 

spread of the low yield pointso In Figo 85 the peak of the cu:rve has been. enlarged 

to show the extent of the symmetr;r involved, It can be seen that on the high energy 

side of the peak another mode of :reaction starts to take o··,rer around 90 Mev and 

breaks up the SYVJlTletry of the peako 

In a single experiment to determine the absolute cross section for this reaction 

at full energy.'J a' value of about 2o5 x 1o=J barns was obtained" Vo Peter.sonGs 

apparatus was used to measure the to·tal amount of beam passing through, the targeto 

These current values~ together with a chemical yield determina-tion.') established the 

absolute eross seetion.. Again in this determination ·the greatest potential soure;e 

of error .is the exchange or non=exchange of the tracer Pa23l with the Pa227 formed 

. in' the bombardment. The Pa231 was washed out qf s, TTA=benzene solution just a few 

J. hours before the bombardment and was kept in concentrated nitric acid.? precautions 

one would think would prevent colloid formation. However a trar;er yiel..d oi' only 

39% was obtained through the chemistry,_ whereas the simple extraction procedure 

used would be expected to give a highe:r:·· yi.eld.o 

From the full energy cross section Yalue we can see that the cross section 

at the peak of the curve would be about 5. x 10''2 barns" Because of the questionable 

chemical yield.? howeverJl this lean onl;r be called the maximum value for the cross 
~ . \ 

section9 further experiments being nEK'lessary to establis.h whether :l.t can be reduced 
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a factor of two or so" If this reduction can be rnade.\l the absolute cross section 

for the (d,7n) and (p,6n) reactions on thorium are much the same at the peaks of 

their excitation curves .. 

2.. Th232(p13n)Pa230 In Figs .. 86 and 87 and Table 32 we have the com= 
.. 

panion values and graphs for this reaction.. Again the points from Run I are not 

plotted.. This time Run II is multiplied by a factor of L35 to normalize to 

Run III. This normalization of the Pa23° values (and not• the Pa227 values) is 

readily explainable by the fact that the Run III bombardment was for 2=3/4 half 

liv~s of the 38 .. 3 minute Pa
227 while Run II was for 1~3/4 half lives.. Correction 

of the Pa227 yields for these factors could require normalization in Fig.. 83 

if atoms formed in bombardment were plotted instead of dis/min at shutdmm. As 

in the case of the (p,6n) reaction, the factor between the yield at the peak and 

at full energy is about 20 .. 

A very interesting observation can be made from the curves for the (p.v6n) 

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 y·ield 

difference of about 5 .. 4 between the two in favor of the (p~3n) reaction" This 

difference was 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 Pa23° (3Z)and 80% alpha for Pa227 were considered in the calculations 

although these ratios are rather rough .. 

B;)r using the values of range straggling listed in Table 21 and c;alculating 

the energy straggling by the method mentioned in an earli.er section we find that 

the straggling "width'1 is 4~1/4 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 throue;h copper .. 

We see however that this straggling effectJ while significant, is not the 
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Proton 
Energy{M~l 
Front Back 
~__..._ -

347 
31~6 .. 4 346~2 
29'7 .,j 297 .. 1 
247 .. 2 246 .. 9 

247 
203~3 203.;0 . 
153 .. 6 153 .. 3 

153 .. 5 
.. 125 .. 9 125 .. 5-

lll..9 111..4 
105 .. 8 105 .. 4 

---, 101 .. .4. 100 .. 9 
96 .. 4 95 .. 9 
9) .. 0 92 .. 4 
88 .. 6 88()1 
85 .. 7. 85 .. 1 
85 .. 4 84 .. 8 
81.,0 80"4 
77 .. 8 77 .. 2 
74 .. 1 73 .. 5 
70 .. '7 . 70 .. 1 

67.,3 
64 .. 5 63.,8 
57 0 '7 . 57.0 
53 .. 1 52.3. 
51..9 51..2 

·42o6 /.j!L8 
4L4 40o5 

·20o5 
20o5 1FL9 

a· 
0 

·o 
0 
0 

'· 

Table 32 
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Ex:perimental Values for the Th2.32(p;Jn)Pa230 Reaction 

Targe·t Total absorber in Yield of Pa~~W (~= dis/min at, 
foil geam·· (mglcm2 Cul end. of bQ.~b§J.~en·lJ..--.~~ 

IDJ!.Icm2 
r~ Bac)£ Bun L ftun 11 R1¥1 III . 

I' 

14L3 693 .. 5 797~2 353. 
139 .. 4 711.8 313 .. 7 119 .. 9 
151;4 21895 .. 0 22003 .. 7 373 .. 
138 .. 1 !~1683. 7 41734;.1 .,, ·~ 

;J.J.._.,o 

141 .. 3 41685 .. 1 41.788 .. 2 841. I 

134~8 57193 .. 7 5729l.2 402 .. 
. 139 .. 6 72394 .. 1 . 72491, .... 5 673 .. 
141.8 72416 .. 1 72518 .. 0 1472q 
148 .. 8 79597.,'5 79704.,0 '7296 
143 .. 3 82886 .. 0 82988.,1 1292o 
132 .. 7 84198 .. 0 84292 ... 6 980., 
152 .. 7. 85146 .. 1· 85254 .. 7 1586. 
153 .. 0 86160 .. 0 86268~6 1804 .. 
152 .. 0 86843 .. 5 86951..3 2015. 
138 .. 1 8'7631 .. 8 87779 .. 6 1916. 
152 .. 4 88240.,2 88348 .. 1 2330, 
137 .. 3 88295 .. 6 88392 .. 8 1698 .. 
138 .. 6 89084 .. 4 891E~2 .. 3 4420 .. 
15lo1 89640 .. 1 89746 .. 7 3540~ 
152 .. 2 90256~4 90363 .. 7 4480.., 
150~9 9081.4 .. 9 90921..1 4580., 
l41o8 91300 .. 0 91.399 .. 9 6130 .. 
141..0 91773 .. 8 91872.,7 2800. 
153o4 927!,1~1 92848~3 2920., 
143 .. 2 93362 .. 7 93!,62~1, 691 .. 
138~8 93508.8 93605.5 1.771 .. 
1J8u8 94604 .. 4 9J~700aJ lOSol 
138 .. 2 94743 .. 5 94838.8 303· 
1/J_.,s 96473~9 96570 .. 9 9~5 
139 .. 1 96520.-3 96613 .. 3 23 .. 9 
149.3 98573 .. 8 9$673o3 74 .. 0 
151.5 98660.3 9876L3 26 .. 9 
141.8 989J6~9 99001.4 
15L5 100809 • .3 100910.3 r,,l '! 

t<:..')ooJ-

141.8) 102'736~4 102830 .. 9 
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principal cause for the 30 Mev half width of the experimentally determined peako 

Table33. summarizes data obtained from the (p~3n) and (p,6n) excitation curveso 

Table 33 

Summary of Data from Th232(p,3n)Pa23° and Th232(p,6n)Pa227 

Excitation Function Curveso 

r~ximum proton energy used in calculations 348 Mev 

Threshold energy 36 Mev 

Peak energy 70 Mev 

"Distance" between peak and threshold 34 Mev 

Peak "half width" 34 Mev 

Yield at peak(dis/min) 

Factor in yield between peak and maximum energy 20 

348 Mev 

56 Mev 

80 Mev 

24 Mev 

28 Mev 

20 

3.. tf38(p,a8nl'Pa227 Since uranium as well as thorium foil was available_, 

we decided to try our luck with this reaction and to characterize its excitation 

functiono The chemical procedure used was modified from the thorium procedure in 

that the ammonium fluosilicate was not needed to aid the solution of the metalo 

The extractions appeared successful but difficulties did arise in the final 

plating step of the procedureo In the thorium procedure it was possible to plate 

between 5 and 10 rnl of the TTA-benzene solution on one platinum plate -·- and then 

to flame most ·of the organic material off the plate leaving an essentiall;>r weight-

less sample of protactiniumo In the uranium separation however, as little as two 
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ml of the TTA-benzene solution evaporated down to a dark mass on the plateo When 

the plate was subsequently flamed the TTA carbonized~(much like the Pharoahns Serpents 

of lecture table experiments) into large pieces of ash which tended to blow off the 

plate, apparently carrying much of the activity ~rlth themo 

n1is carbonization of samples caused considerable trouble in the determination 

of this particular excitation function~ The results of the first run (a one hour 

and 10 minute bombardment) shown in Figo 88 and tabulated in_Run I, Table 34 9 seemed 

to indicate a peculiar but interesting type of reaction was taking place. In this 

graph the points all fall along a smooth curve -- a situation one would think im-

probable if variance in yields were due to chemical yield alone. Hence it was tern-

por~rily assumed that this ;;rield variance expressed the irue excitation fu11ction 

for the reaction. 

A second tiJr at establishing 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 

in the laboratoryo This hot weather (being probably 30° F higher than the normal 

laboratory temperature) seemed only to 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 dependent 

effect that was caused by some difference in the extraction chemistry of uranium 

and thorium. Professor Melvin Calvin poj_nted out the possibHi ty that since uranil:nn 

is considerably more extractable in the TTA~benzene solution than is thorium.? the 

organic phase might be extracting a small amount of the original Oo7 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 tiTanium that had been brought along in the first 
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Table 34 

Experimental Yields for the u238(p~a8n)Ya227 Reaction 

Energy( Mev) Target Total absor~er in Yield of Pa227 (lcf a dis/m 
foil beam {mg/cm ~~2 at end of bo~e~rdment2 

Front ~ gmLcm2] ~ Back fum...L Run IIA RuniiB 

346. 270 .. 8 730 .. 4 927 .. 7 22.,0 
346 .. 3 345 .. 9 266 .. 1 741..7 935 .. 7 1,.2 .. 7 46 .. 2 

298 .. 231~ .. 6 21536 .. 7 21707 .. 0 24 .. 1 
298 .. 2 297 .. 7 268 .. 8 2151t4 .. 7 21739 .. 9 1,8 .. 0 51..5 
272 .. 6 272 .. 1 242.0 31929 .. 9 32105 .. 4 50 .. 0 48 .. 6 
248 .. 6 248 .. 4 264.6 4ll56 .. 4 /.;1347 .. 9 46 .. 7 51..7 

248 .. 233 .. 2 41377.0 41545o'7 23 .. 3 
238 .. 8 238 .. 3 241..1 44728 .. 9 44903 .. 2 30 .. .3 46 .. 6 
227 .. 1 226 .. 6 235 .. 5 49024 .. 2 .49194o4 22 .. 5 46 .. 2 

222. 263 .. 0 50596.7 50786 .. 7 18 .. 00 
217 .. 7 217 .. 2 230 .. 6 52265 .. 4 52431..9. ~.8.8 47.1 
207 .. 9 207 .. 4 251 .. 8 55606 .. 9 55788 .. 6 43 .. 1 50 .. 9 

202. 265 .. 0 57535.,7 57726 .. 7 23.,0 
198 .. 0 197 .. 5 235 .. 1 58962 .. 6 59131.9 /+0 .. 5 ~.2 .. 8 

190 .. 266.1 61461 .. 7 61653 .. 3 33 .. 6 
189 .. 5 188 .. 9 270 .. 2 61711.9 61906 .. 4 36 .. 6 37 .. 8 
184 .. 5 183 .. 9 270 .. 9 63264 .. 4 63459.3 33oL~ 39o2 
177 .. 3 176 .. 7 236.,1 65501~.3 65673 .. 9 32 .. 5 36 .. 0 

174 .. 232 .. 8 66391..3 66558 .. 4 .31.8 
167.,3 166 .. 6 264 .. 1 68498 .. 9 68688 .. 4 26 .. 0 40 .. 9 

158. 240~7 71097 .,/+ 71269.9 23 .. 4 
14.3 .. 5 266.,8 75047 .. 9 75238 .. 6 18.,26 
129 .. 6 267.,4 78413 .. 6 78604 .. 3 15 .. 00 

129 .. 0 128 .. 3 266 .. 5 78848.,4 790.38 .. 5 11 .. 92 11..93 
114 .. 3 270 .. 1 82226 .. 1 82418 .. 2 10 .. 40 
100.,0 234o3 85356.,2 85522 .. .3 6o20 

75 .. 0 239.2 90056 .. 3 90224 .. 5 1..00 
69 .. 0 67 .. 8 265 .. 6 91088.,5 91274 .. 0 2 .. 22 loBO 

47.5 265.4 93?62 .. 5 93946o3 1..20 
0 264.3 97665 .. 3 97839 .. 5 0 .. 67 
0 238 .. 7 99678 .. 0 99832,0 1 .. 22 1..47 
0 236.2 99887.5 l00123o7 Q.,65 
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extractiono Tracer runs of this procedure gave inconclusive results in eliminating 

this carbonizationo 

In a final 1-3/4 hour bombardment each sample was washed with equal volumes 

of 1 ! nitric acid after the original extraction with TTA~benzene solutiono Several 

ml of the organic· layer was then plated and the plates flamedo The resulting 7lelds 

(plotted as crosses in Fig .. 89 and tabulated as R1m IIA in Table 34) showed that the 

TTA was still carbonizing, 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 

extraction .. · 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 through carbonization.. The yields obtained are indicated by circles in 

Fig .. 89 and tabulated in Run IIB in Table 34 o Although they scatter considerably 

they do indicate that the curve has a very broad peak at around 250 Mev which rounds 

off slightly at full energy. The triangular points in Fig. 89 are points from Rilll I~ 

Table 34 (also plotted in Fig. 88 ) normalized b;>r a factor of 2o Run I points 

above 160 Mev 'were not used however since they scattered too mucho Figo 90 shows 

Fig. 89 points plotted on log paper. 

All values have been corrected for the absorption of the proton beam upon 

traversing the stack of the copper absorbers .. (See Figo 70 )o 

4o u238(p.a5n)Pcf3° Fig. 91 and Table 35 show the results of total alpha 

counting of the plates of Runs IIA 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) peak, but shifted to a 

lower energy by some ten or twenty Mev.. Contamination of the samples may account 

for much of the scattering of points~ since no correction (from pulse analyses) was 

made for this effecto 
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Table .35 

u-233 '"'0 Experimental Y:te1ds for the (p,a5n).Pa,""J Reaction 

]Jnergy{Mevl Target Total absorber in 2.30< - I Yield of Pa ~ dis nrl.n •. 
foil .P..~J.rng/cmt Cu)_ ~nd of bombargM~nt) 

WAI 

From ~ gm/cm2 U :F'1.•ont ]§.9.Ji B.v.n..m £1.1l!l..lrn 

346. 270.$ 730.4 927 .. 7 
246 .. 3 345 .. 9 266.1 7J.;L,7 935 .. 7 1254. 1152. 

298 .. 2"34.6 21536 .. 7 2170? .. 0 
298.2 297.7 268.$ 2154! ... 7 21739 .. 9 1406 .. 14l8o 
272 .. 6 272.1 242.0 .31929.9 32105 .. 4 1508. 1329. 
2L,f!l.6 21,3.4 264.6 41156 .. 4 ~1347 .. 9 11,76. 710 .. 

248. 2.33 .. 2 1,1377 .. o 1,1.545 0 7 
233.8 238.3 21,.1.1 4.!..728.9 M.903 .. 2 945. 1.351. 
227.1 226.6 235.5 /+902/+.,2 49l9i~.L. '703 .. 145lo 

222. 263.0 50596 .. 7 50786.7 
217 .. 7 217.2 230.6 52265 .. 4 52~31..9 1!,02. .. 1380. 
207.9 207 .. 4 251.3 55606.9 55788.6 1494o 1556. 

202 265 .. 0 575.35.7 57726 .. 7 
198 .. 0 197.5 235.1 53962 .. 6 5913L9 916 .. 1312 .. 

190 266.1 6146L7 61653 .. 3 
189.5 188.9 270.2 61711 .. 9 61906./,_ 1279 1176. 
134.5 183.9 270 .. 9 63264 .. 4 6.3459 .. ~3 1207 1378 .. 
177.3 176.7 236.1 65504&3 65673 .. 9 1232 .. 12.32 .. 

174 232.3 6639L3 66558.4 
167 .. 3 166 .. 6 264 .. 1 68498.9 68638 .. 4 953 .. 1.330. 

153 2~.0.7 71097 o1; 71269.9 
lft.Jo 5 266 .. $ 75047 .. 9 75233 .. 6 
129.6 267,1~; 78413 .. 6 7860.4 ... 3 

129.0 128 • .3 266.5 78848 .. 4 79038 .. 5 5~2 0 61So 
114o3 270 .. 1 82226.1 S2,4l8a2 
100.0 234·.3 85356.2 85522 • .3 
75.0 239.2 90056 • .3 90221: .• 5 

69.0 67 .. 3 265.6 91088.5 91271 ... 0 749. 492. 
1.7 .5 265.4 93762.5 9391,6.3 

0 264.3 97665.3 97839b. 5 
0 238.7 99678.0 998.32.0 94.5 85.0 
0 236.2 99es7.5 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 Th232(p,a5n)Pa230 and Th232(p~a8n)Pa227 
Excitation Function Curves 

--------------------------------------------------·---------------------

1~ximum proton energy used in calculations 348 Mev 348 Me'\7 

Threshold energy 70 Mev 

------------------------------------------------------- -------------·----
Peak energy 'V 250 Mev ""' 260 Mev 

·~~----------------------------------------------------------·-----
11Distance" between peak and threshold .v 190 Mev 

~-----------------------------------------------------------------------

Yield at peak (dis/min) 

Factor in yield between peak and maximum energy 1.2 1.1 

Co Alpha Particles 

1. Th232 (g:tp8n)Pa22~ Stacked foils were used to study this reaction in the 

internal beam of the cyclotron before the new apparatus :or use in. the electro-

statically deflected beam had been developed. A very rough curve had been ohtained 

indicating that the excitation function curve had a threshold about 60 Mev, rising 

rather steeply to about 120 Mev and then falling slowly to about 2/3 maximum at 

full energjr o 

Determinations of this reaction with the new apparatus essentially corroborate 

ot1r original ideas. The one bombardment (1-1/2 hour) made before a collimator was 

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

Experimental Yields for the Th232(a~p8n)Pa227 Reaction 

Er!e~'g:y: (Mei) Target Total absorber in Yield of Pa227 (103 a dis/min 
foil beam· {mgLcm2 Cu) at end of bo~rdment) 

Front Back.. gm_h_rr{2; Front Back Run I Run II 

375 .. 7 373 .. 4 158 .. 6 619 .. 6 732 .. 2 52 .. 6 
J75o5 373 .. 5 141 .. 6 628 .. 3 728.8 lo95 
307 .. 3 304 .. 8 150 .. 4 3775 .. 1 3881 .. 1 3 .. 29 
292 .. 2 239 .. 5 153 .. .3 4406 .. 5 4515 .. 5 69 .. 7 
23/+ .. 8 231..7 150.5 6597 .. 1 6702 .. 8 4 .. 74 
216 .. 1 212 .. 7 1?3 .. 8 7231 .. 5 7339.0 78 .. 9 
215 .. 0 211 .. 9 140 .. 0 7266,7 7364 .. 4 4 .. 81 
201 .. 1 197 .. 7 152.8 7709.9 7816 .. 2 5 .. 54 
198 .. 3 194 .. 8 149 .. 7 7796~8 7901 .. 1 72 .. 9 
184 .. 2 18L2 138.7 8246 .. 6 834?.~4 78 .. 6 
178 .. 6 174 .. 4 152.1 8391..1 8496 .. 5 5 .. 29 
166 .. 1 162 .. 6 139.1 8721.0 P.817 .. 1 4 .. 88 
158 .. 9 154 .. 7 149 .. 5 8917 .. 3 9020 .. 9 85 .. 7 
156 .. 3 152 .. 4 140 .. 7 3981..3 9078 .. 4 6 .. 01 
148 .. 1 143 .. 9 150 .. 5 9183 .. 1 9286 .. 8 5 .. 15 
145 .. 6 141 .. 7 138 .. 1 9245.4 9340 .. 4 86 .. 0 
139 .. 7 135 .. 2 138 .. 4 9391.7 9486 .. 6 5 .. 24 
134 .. 6 129 .. 9 155 .. 5 9504.6 9611..3 80 .. 5 
130 .. 7 126 .. 3 143.3 9592 .. 4 9690 .. 4 4.85 
125 .. 2 120 .. 9 139 .. 0 9714.4 9809 .. 5 85 .. 9 
1l9 .. 2 114.4 143 .. 3 9846 .. 9 9944 .. 5 5 .. 74 
115 .. 9 ll1 .. 2 142.0 9914 .. 4 10011.2 63o4 
105 .. 6 99 .. 9 153 .. 7 10117 .. 0 10221 .. 5 43 .. 9 
102 .. 7 97.1 151..3 10171.2 10273 .. 5 3.65 

91..1 85.6 133 .. 7 10377 .. 3 10467 .. 7 2 .. 97 
91..0 84 .. 2 141.6 10378 .. 0 10473 .. 7 18 .. ~0 
70 .. 1 62 .. 9 144.2 10700.4 10796.9 11..97 
67 .. 5 60.6 135.9 10734.9 10824 .. 6 1..11 
51+ .. 2 45 .. 7 137 .. 5 10900 .. 7 1099L3 11.41 .. 

0 154 .. 3 11258 .. 5 11357 .. 3 10.48 
0 151 .. 9 11262.0 11353.1 0 .. 89 
0 138 .. 2 12263 .. 1 12348 .. 8 ?.38 
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onl:'jr the fring9 of the electrostatically deflected beam hit the target; f0ils.. The 
\ 

rest of the beam probably hit near the edge of the absorbers and was seattered i.n s orne 

cases into the rear target foils to cause a yield marl.mum that is somewhat more 

elevated than the one obtained with a collimated beam from a 1~1/2 hour bombardment 

(Figo 93 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 discs, a given amount of beam hits the front target 

and then is reduced by scattering on passage through the target foil.s and absonbers. 

This latter effect, although probably small, would tend to reduce the height of the 

peak in the excJi tat ion function. 

2.. Th232 (a,p5n)Pa230 In Fig .. 94and Table 38 are presented the curv-es and 

values for this reaction. The run ~de with the collimated beam is given since only 

230 
in it was there enough activity to give any U 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 the peak yield for the (a,p8n.) reaction. A summary 

of other comparisons of these t¥vo curves is given in Table 39 .. 

Table 39 

Summary of Data from Th232(a,:~p5n)Pa23° and Th232(a,pSn)Pa227 
Excitation Function Cur~es 

~·-------------·------------~---··----·~ 

}Wa)\,'imum alpha energy used in calculations 388 388 

Threshold energy 55 Me·v 78 Mev 

Peak energy 125 Mev llt5 Mev 

"Distance" between peak and threshold 70 Me·v 67 Mev ---------------------------· 
Yield at peak (dis/min) 2 ~ 3x.l02 0 ~> 

-------------- ·--------------------· 
Factor in yield between peak and maximum energy 2 .. 6 

-~--·------- --------------·---·-·---·--·~ 
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Table 38 

Experimental Yields for the Th232(a,p5n)~a23° Reaction 

Energy: {Mev) Target Total absorber in Yield of Pa23°(~- dis/min .. 
-foil beam !ing/cm2 Cu) at end of bomba~~Et) 

]:ror.t:t Back ~-- Front J?.ack Run I Run n em.:, 

375 .. 7 373 .. 4 158 .. 6 619.6 732 .. 2 88.2 
375.5 373 .. 5 141.6 628 .. 3 728 .. 8 
307.3 304 .. 8 150.4 3775.1 3881 .. 1 
292 .. 2 289 .. 5 153 .. 3 4406.5 4515 .. 5 133 .. 3 
23/+.,8 231 .. 7 150 .. 5 6597 .. 1 6702 .. 8 
216 .. 1 212 .. 7 153 .. 8 7231..5 7339 .. 0 190 .. 3 
215 .. 0 2ll .. 9 140 .. 0 7266 .. 7 7364 .. 4 
201.1 197.7 152 .. 8 7709.9 7816 .. 2 
198 .. 3 194 .. 8 149 .. 7 7796.8 7901.1 l7L6 
184 .. 2 181..2 138 .. 7 8246.6 8342 .. 4 186 .. 1 
1'78 .. 6 174 .. 4 152 .. 1 8391.1 8496 .. 5 
166 .. 1 162 .. 6 139.1 8721..0 8817.1 
158 .. 9 154 .. 7 149 .. 5 8917.3 9020.9 226 .. 
156.3 152 .. 4 140 .. 7 8981.3 9078 .. 4 
148 .. 1 143 .. 9 150.5 9183 .. 1 9286 .. 8 
145.6 141..7 138.1 9245.4 9340 .. 4 217 .. 
139.7 135 .. 2 138.1~ 9391.7 Sl.86 .. 6 
134.6 129.9 155.5 9504.6 9b1L3 208. 
:(.30 .. 7 126o3 143.3 9592.4 9690 .. 4 
125.2 120 .. 9 . 139 .. 0 9714.4 9809 .. 5 255 .. 
119 .. 2 114 .. 4 143.3 9846 .. 9 9944.5 
115 .. 9 111 .. 2 142.0 9911~.4 10011 .. 2 231.. 
105 .. 6 99 .. 9 153.7 10117 .. 0 10221 .. 5 213. 
102 .. 7 97 .. 1 151.3 10171 .. 2 10273 .. 5 

91 .. 1 85 .. 6 133 .. 7 10377 .. 3 10467.7 
91 .. 0 84 .. 2 141 .. 6 10378 .. 0 10473 .. 7 137.4 
70 .. 1 62 .. 9 144 .. 2 10700 .. 4 10796 .. 9 48 .. 5 
67 .. 5 60 .. 6 135 .. 9 10734 .. 9 10824.6 
54c.2 45.7 137 .. 5 10900.7 10991 .. 3 21..8 

0 154 ... 3 11258 .. 5 11357 .. 3 18 .. 07 
0 151.9 11262.0 11353 .. 1 
0 138.2 12263.1 12348.8 16 .. 97 
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The high background (below the thresholds) for :these (a.?pm) 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 ordina17 operating conditions. This 5% 

of deuteron contamination produces Pa230 and Pa227 from thorium with much higher 

cross sections than the alpha-particles can. 

Deuterons hov1ever 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 slowed from full energy by passage 

through copper. 

Hence if the amount of background due to deuteron contamination is estimated, 

the excitation flmction can be corrected since the (d,:xn) excitation functions on 

thorium are known. 

Results obtained when we 

attempted to separate a uranium fraction from alpha bombardments of thorium wer'e 

poor. Early experiments in the internal beam had indicated that we could expect a 

peaked excitation function reducing to ver;/ low values at high energies =·~ a reduc~ 

tion of perhaps a factor of 50 or more. However in working with this reaction one 
230 

is never sure that the U present is reall;>r there from the bombardment or has just. 
230 

decayed from Pa 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 a factor of 

about 10 in beam intensity 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 (d.~xn) reactionso 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 electrost;atically 

defleuted beam. Several attempts vrere made with this beam but too little activity 

was obtained and the chemistry was too inadequate for def':i.ni tive r.'esul ts o 

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

2r 0 
beam bombardment of stacked foils followed b;r inunediate separation of the Pa. ] formed .. 

A few couxrts of if3.3 tracer were added before solution of the weighed foils to give a 

trae picture of the chemical yield., Procedure 92·~1 of Appendix II was used after the 

TTAbbenzene separation of the l'a230., The results!lshown in Fig., 96 indicate that the 

peak has been spread out by the angular variation of the cyelotron beam.., 

This effect is illustrated in Fig. 97. Particles coming ln. from B traverse more 

copper than those coming along A, and hence for a g:iven target; foil induce a higher 

energy reaction than the perpendicular beam. Particles coming in along C hovJe'V'er :i.n, 

duce a higher energy reaction than the perpendicular beamo 'rhe angle indica ted in the 

figure was merely assumed for the argument., This effect can howe·ver spread reaction 

Deaks conside:rably. Fig. 96 then is not a true exci tat.ion cur"V'eo The only reason for 

its inclusion in this paper is to indicate how a person can err if he works vdth 

the internal beam of the cyclotron without taking into consi.dera·M.on the angular 

variation of the beam. 

Hen,;e 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 make numerous bombardments at dif4'erent radii in the cyclotron 

and relate them to each other with a monitor of some sort which is sensitive trJ 

alpha particles. only (e .. g., the At21·1 format:i.on f'rom Bi209 woulcl probably work fairly 

well as an alpha monitor.) 

One exploratory set of four bombardments v.ras made ·v;rithout the benefit o:f' a 

monitor but with ca:r'e to keep the conditions of the bombardments as nearly identical 

as possible. The results for the (a"6n) and the (a.~[3n) reactlons on thor:.l.um are 

shovm in Fig. 98_, as well as the (a ~6n) being supe:.t'1mposed. on the staeked fo:U 
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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 valueso There undoubtedly was 

some other activity (probably astatine) that was coming through the simple chemistry 

used and was being pulse analyzed along with the u229. Hence the results of this 

curve are undoubtedly false. 

Tracer if23.3 was used in the chemistr'y for the above samples so that the 

yield values quoted have been correr:~ted for chemical yield. The rnt:io of peak 

''Tl. elds T,230;u228 
t b · t 20 lth 1 th" 1 · ' · • d " u appears o e abou a , oug1 · ::LS va ue mu~>·t oe conslaere 

quite rough, 

Probably the most important basic fact illustrated in this vmrk is that eYen 

up in the so~called higher energy range (above 20 or' JO Mev) the (dJ>:x-n) and (p3 :xn) 

reactions peak very definitely, extending the pattern of beha·vior from the ca.se 

when x = 3, up to when x = 6 or 7., The (p,a8n) and (p$a5n) reactions on uranium, 

on the contrary., have a very broad peak in the high energy range arotmd 300 Mev and 

begin to decrease only at full energ-.t of the beam.. The (aJp8n) and the (a.9p5n) 

reactions:; on the other hand, rise rather rapidly to a peak at around 100 Mev and 

then fall off gradually. to half maximum at full energy., 

In the d and p,xn reactions we see two different. reaction mechanisms at 

vvork. In the peak we have the reaction still proceeding by the same compound nucleus 

type of reaction that is valid for the (d.., 2n) reaction t,rpe. However instead of a 

completely synune"tirical peak going down to almost; zero on the high energy ends a 

high energy tail takes off about 4/5ths of the vvay down the peak and gradually 

decreases until the f1lll energy is reachedo This slowly varying curve can be explajn e.d 

24 by the picture of the transparent nucleus given by Serbero Instead of the 
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projectilfl either hitting the target nucleus to form a compound nucleusjl or missing 

the target nucleus completely., the ~ossibility arises that a whole spectrum of energies 

can 'be imparted to the targe-t nucleus depending upon jus·t. how much of the energy of 

the incident particle is imparted to the target.. These cases ma~r range from a near 

miss 9 where the target nucleus is e:x:c:tted by only a few Mev., to the case where the 

entire energy of the incident particle is absorbed in the target nucleuss highly 

exciting it and causing many particles to be boiled. out., At high energies therefore., 

because of the transparency of the nucleus., cross sections shou1d ·vary rather slmvly 

with energy· o 

This same type of transparency picture can be ap~)lied to the other reactions 

studied, the (p.lla:xn) and the (ajlpxn) reactions, to explain their slowly 'Varying cm:ll'es 

and peakso 

Another mechanism for the (a,p:xn) reactions involvr:Js the splitting of the 

bombarding alpha particle upon hitting the target nucleus" leaving one pr'oton and 

one neutron in the nucleus while the other proton and neutron proceed a;wa:y from the 

nucleus o The two particles that remain can :tmpart enough energy to boil out neutrons 

much the same as the J01 reactions~ 

The peaking ef the (a.,:zn) reactions 2 on the t'ther hands> indicates t.hat the 

entire alpha particle amalgamates with the target nucleus to form a compound nucleus 

before th!?Se :xn reaction products can be producedo 

It is interesting to note that for the four general tj~es of reactions giving 

Pa23° and Pa227 which wehave investigated_, the ratios of yields of these two 

isotopes at the excitation fu..l'J.ction peaks is in each CJase about 6o This :i.s logi.eal 

since the difference between the reactions is always the same three neutrons .. 

The (a., pxn) and (p..,axn) ratios are even closer to each other than to the other ~w·o 

reactions.? possibly explainable by the fact that they both require the emission of a 

charged particle before the neutrons are emittedo 
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It should be born in mind while considering the su;nmaries of data from curves 

presented above that the assignment of absolute energies to any of the yield values 

is very difficult& In most cases, calculation of threshold ~alues bJr asstu~il1g a 

binding energy of about 6.,5 or 7 Mev per neutron is more reliable than. reading values 

off the curv·es., Other energy values have a corresponding variat.iono 

When a reaction such as the (pJl6n) on thoril1ll1 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 easy9 although work will 

have to be done to deter.n:i.ne what precau:t:ions should be taken to prevent formation 

o.f the colloidal state of the Pa
231 

tracer used to check chemical yieldo 

It might even be possible to make a suspension of thorium salt in a thin 

plastic shee·t which could then be couni!;,ed directly without chemical separation., 

Since the Pa227 is such a sensitive detector of even microgr"am amounts of thorium_, 

it would make a very good monitor .. 

Aside from aro'!.Wing theoretical interest in the general shape· of the ex~.:dta~ 

tion functions for several heavy element reactions, this work definitely indicates 

the need for using a maximum yield energy in (d.euteron or p:r'©·ton.? xn) bombardments 

if maximrnn yields are desired~ 
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Alpha Half~Lives of the Protactinium Isotopes 
• 

I.. !!lt:r:~io,n 

While investigating the members of the artificial collateral alpha~ecay chains 

we had occasion .to determine the branching ratios (orbital electron capture dec~/ 

alpha decay) of the three lightest protactinium isotopes knovm to date (Pa226.l' 

p~227, and Pa228)., With this information we were able to determine the partial 

aloha half~·lives for these isotopes and the regularities of these half=lives when 

plotted. against mass number or alpha energy., Since there st1.11 remained two other 

isotopes between the above isotopes and the long·~lived Pa2.31, we decided to determine 

the branching ratios of both the Pa229 and Pa23° isotopes, and to check the feasi

bility of milking alpha daughters from the Pa232 and Pa2.33 activities., 

In all eases a.lpha~pulse analy·sis o.f samples established the amounts of parents 

and daughterss Tn230 and Ac225 tracers being used in chemical procedures to deter-

mine chemical yielde 

The chemistry used in determining the branching ratios of course varies from 

isotope to isotope., For the light isotopesp Pa227, Pa228, ru1d Pa229 Whose alpha 

decay i.s observable, thorium is removed to check the amaur1t 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 

alpha half=lifeo 

The thorium separation given in Procedure 90=.3, Appendix II, was used for the 

Pa227 and Pa228 determinations.. Since the 7000 year Th229 must be milked from 

Pa2299 hcrwever~ much greater purification from other activities is needed and a 

procedure such as 90-1 in the appendix must be used.. For Pa2.3° the actinium 

separation given in Procedure 89~2, Appendix II was used .. 
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The m'anching ratio determinations will be discussed individually for each of 

the protactinium isotopes .. 

. 226 
Ao ~~~~ 

When..9 in pulse analysis of this series!> we were unable to detect any alpha 

peaks of ~n?-26 and daughters once the Pa226 had decayed out9 we set a limit of 

~ 1 for the K/a branching ratioo Since the half=life determined for this isotope 

was L.7 minutest! 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 

1'a226 were separated and allowed to decay.. It would be necessary, howev·er:J to 

determir1e whether any Th.226 from the original solution were present.. Even small 

amounts of the thorium metal target material coming through the TTA-benzene extrac= 

tion of the protactinium could be easily detected, however.. Several successive 

milkings after a period of 20 minutes would determine whether the Th226 had actually 

come from the 1 .. 7 minute Pa226 or was being constantly formed from a small amount 

of·u230 or Pa230 pr.esent in the solution .. Perhaps when the-new jiffy probe~ 

pneumatic t-ube set=up is ready for use we will be able to obtain enough Pa226 to 

better bracket this branching ratio., 

Bo ;&2?7 

The results of the milkings of this isotope have been mentioned in Chapter 1 .. 

The K/Cr, ratio obtained by milking 18.,6 day Th227 from the decay of Pa227 was Ool8 

with an error of ! Oo02o This ratio then serves to increase the 38o3 minute total 

half=life of' this isotope to 45.,3 minuteso This alpha half~life is quite accurate 

and rather eas~Ly determined from the amount of Pa227 formed in a half=hou~ bombard~ 

ment of thoriu~ with 60-Mev deuterons or protonso 
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The b:t"anc.hing ratio determination for this isotope is also discussed in . 
Chapter 1o 

+ 
The ·mlue of 53 = 5% for the K/a. ratio was determined by separating 

the 1,9 year Th228 from a solution of Pa228 which had decayed for six dayso This 

branehing ratio then determines an alpha half•mlife of about 1190 hours for this 

isotopeo This value is quite easily obtained from the Pa228 produced in a one 

hour bombardment of thorilun with 60-4\~ev deuterons or protons o 

Do !~~~~ 
The det;ernrina,tion of this branching ratio presents a very definite problemo 

From systematios one would guess that this K/a. ratio should be somewhere between 

100 and 1000, The thorium daughter from orbital eleGtron capture decay is 9 however, 

the '7000 year Th229• Hencafbile the orbital electron capture branching is more 

than for P~228 by a factor of from two to twenty9 the half=life of the daughter is 

greate:r, 'by a factor of 3500, This means that in order to determine this branching 

ratio9 the sample of Pa229 which is to be milked must contain very little Pa228 

eontanrination, so that the Th229 will not be completely masked by the Tl1228 peak 

in pulse analysis., 

229 
We have tried many methods of obtaining the Pa for tb..is experiment and 

have su~eeeded only in being able t,o choose the most desirable of a group of tm= 

desirable me·thods, A resume of these methods is g:J.ven in the fo11ovdng paragraphs 

in the hope that they might save someone considerable time and effort with a similar 

problemo 

Pa229 had been discovered by a (d~3n) reaction on Th230 (ionium) using the 

20=JI,qe-V' deuteron beam of the Berkeley 60=inch cyclotrono .34 Since the ionium is so 

messy to work with because of its high specific alpha activity we explored cother 

methods of making this isotope6 

'I'he high energy particles pr~duced by the large cyclotron can of cwurse easily 

make the isotopeo Once we had fmmd Pa
228 

with thess par·ticles 9 however9 we ran 
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into the trouble mentioned above in trying to obtain Pa229 comparatively free from 

Pa228 o Several careful bombardments using small radii (low energies) and further 

cutting the energy of the beam down with stacked thoriu:m. foils indieated. that the 

bes·t ratio of Pa229 jPa,22S alphas one can expect from deuteron bombardments with 

the la.rge cyclotron is about 10/L Undoubtedly the initial energy distribution as 

well as the overlapping of adjacent excitation functions causes this low upper 

limito Sin0e a Pa229/Pa
228 

ratio of at least several hundred was required to see 

the Th229 we tried other methodso 

With the discovery of tf29» with a 58 minute half=life and a branching decay 

partially by orbital electron capture to Pa229.~> it appeared that we m:ight make 

enough pm~e Pa
229 

from. milkings of u229 for our branching ex:perim.entso lf28 
of course 

also he;s some orbital electron branching decay but its shorter half=life enables 

one to allow most of it to deGaj' before one collec't;s the protactinium ·daughters 

of u229o The u228 was allowed to decay for at least eight half=lives after shut~ 

down, · the Pa228 being washed out several times during '!:;his decay~ The remaining 

u229 was then allowed to almost completely decay and the protactinium fr'action 

separated.o 

Altho·ugh this procedure does give very pure Pa2299 a total of only 300 alpha 

counts per minute was obtained in two consecutive houx' and a half bombardments 

designed to give a maximum amount of tf29 ( ,.J 10
7 

alpha c/m per bombardment) o This 

low yield is due largely to the small alpha beam current (at least a factor of 10 
" 

below that for deuterons and protons) available from the large cyclotron., In 

order to obtain as high a yield as mentioned above i·t was found necessary to have 

a new filament installed just before bombardment to increase the alpha beam currento 

Although the 300 alpha counts sepa:roted in this set of experiments was not 

prire from contaminating Geiger activities~ Procedure 9lc~ (Appendix II)~ Which has 

·been worked out since the completion of these experiments» does insure complete 

radioactive purityo At arry rate there was not enough activity to determine the 
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branching ratio =~ and unless the alpha beam of the large cyclotron is increased 

in intensity by a fac'tor of 1.0 or so.9 this type of experiment is of no use for our 

problemo 

Another type of experiment sought to take advantage of the larger proton beam 

irJ.tensi ty ::J and the relatively la.r'ge cross section for the (p2 pjrnJ reaction a Uranium 

foil was bombarded with full energy protons of the 184=inch cyclotron and the 

uranium separated from contaminating protactinium. isotopes by 'l'TA=benzeue e:x.trac-

I) 229 0 0 0 

t1ons" The U was allowed to decay and the protaot:unum aga:m separated" 
very 

After the two hour bombardment the target was/\active9 giv.ing a reading of 

about 800 m:.t" at, 20 feet soon after shutdowno Consequently the chemist:ry was 

quite difficult, to perform even though it consisted mostly of simple extractions 

perfo~c·med in the lead shielded Berkeley boxo Eleven T'l'A=benzene extractions were 

required to completely separate the original protactinium from the target materiaL 

It; was fmmd.\l however!' that in spite of the extra beam current with protons!) 

only foUl" times the amoun.t of if29 formed in the alpha bombardments was formed 

hereo Apparently fission and spallation takes a much larger percen.tage of the 

reaction products at these high energies than in lovrer energy alpha=par·tiele bom= 

bardments where one bombards near the peak of the (a»:xn) reaction excitation 

function, Consequently this method is not satisfactory for making ,Pa.229 for 

branching ratio determinationsc 

For a time it was thought possible to obtain a very high yield of ~ctivity 

from a small amount of material mounted on quarter mil a1um.:tnum foil for bombard= 

mentso If the foil plus target material is thin enough:> the beam9 in passing 

through" the target,\) will not lose enough of its energy to cause it to lea'V'e i t£3 

path., Henc'-e the beam will circulate through the t.arget again and again, This 

type of bombardment is very good for target materials which are scarr:e but it does 

not gi\te the yields which can be obtained from large amounts of thorium., 
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Finally0 therefore, as a last resort.l> we decided to make a bombardment of 

ionium on the 60=inch cyclotron to produce the required amount of Pa229., About 
. 

100 milligrams of an ionium=thorium mixture {13% ionium) was bombarded in a small 

platinun1 boat on the interceptor of the 60=inch cyclotrono The platinum boat was 

silver soldered to the end of the interceptor which is shown in Fig. 100~102 .. 

This boat was pa x 1/2" x 1/8" O .. D .. with a wall thickness of 10 mils., Grooves 

were cut in. the bottom of the boat to help secure the target material.. The ionium 

(as the di.oxide) was cemented in the boat with sodium silicate to insure against 

flak."Lng 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~ 

dovv of this lock to cut down the beam energy enough t® suff'iciently reduce the 

yield of Pa228.. Assuming the f''Lul energy deuteron beam delivered externally by 

the 60<~inch cyclotron is 1.8.,5 Mev, this tantalum foil cut the energy down to 16.,7 

Mev .. 

The intei~eptor was bombarded for about 1=1/2 days, allowed to cool overnight 

and then worked up chemically.. Procedure 90=4 in Appendix II describes the pre= 

paration and solution of the target., Once the t~rget is dissolved9 protactinium 

was separated from the solution by four Mn02 precipitations9 and two di=isoproP,yl 

ketone extractions with four washings apiece (as given in Procedure 91=1 in the 

appendix) a The protactinitun was washed into acid and the Pa229 allowed to decay. 

We obtained about 8 x 105 alpha cot1nts per minute of purified Pa229 in this bom= 

bardment .. 

227 228 0 The same type thorium separation as done for Pa and Pa , nth many cycles 

to effect the required purification9 was made on part of the solutiono Unfortunately, 

becau.se of this chemistey, (Procedure 90=.3.ll Appendix II) only about on.e per cent 

yield~ not enough for our purposes9 was obtained through the entire proeedureo For 
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th.l.s reason9 the separation listed in Procedure 90=1:; Appendix II was finally 

worked out as satisfactory for this type of milkingo In samples made up using this 

last procedure it was found that considerable Th228 was present despite our care 

in the bombardment energy selection, Further chemical work and. pulse analyses 

however should give us definite results .for this alpha half=lifeo In the meantime 

we are using a K/a branching ratio of 100 as the approximate value:; giving an 

alpha half=life of about 150 dayse In a.n.y future bombardments, the energy of the 

bombarding deuterons should be lowered at least another F!ev to redu!3e the amount 

2?8 
of Pa ·~· produced . ., 

Wa have also been interested in d.etermining the alpha half-life of th:is 

isotope~ From systematics it was predicted that this half~life should be a few 

thousand yearso Actiniu.m was separated from a large amount of Pa230 and the Ac226 

from alpha decay of Pa23° identified through alpha=pulse analysis by the alpha 

energy· of its beta daughter, 30=minute Th
226 

decaying with the one day half~1ife or 
2')6 

the A~ N parento 

We obtained about 3 x 107 ~ = dis/min of pure Pas?30 (plu.':l probably an ·equal 

amount of Pa 
233

) from a 10 microampere hour bombardment o.f a. thick thorium t..arget 

with 60nMey deuteronso From the protactinium .fraction (after equilibrium had been 

reached.) we we:re able to obtain about 300 alpha o/m of Th226 d.ec:a.y·ing wi·th the 

half-·1ife of the A©
226 

parento 

t . 0 t d w.. L +++ d C +++ f1 . d 0 0 t t. d The ac J.UJ.um. was separa e .... .f a an e . uorJ. e precl.pJ. -a J.ons an 

purified from thorium by repeated zi."t',eonium phosphate precipitationso At the end. 

+++ 0 ~+++ 0 

of, the proeedure the Ce was oxidJ.zed to Ce by a bJ.smut,hate o:x:id.at.ion and the 

-'H·+ • 
acrti·vi t;y precipitated as !!1: fluoride on the remaining small amount of La earrJ.ero 

The soluble ~:JJ::Cloride of the carrier gave a thin plate sui table for a1pha~,~Rilse 

analysiso This procedure is described in 39=2,)) Appendix IL 
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Rough chemical yields cheeked wlth Th23° tracer~ coupled with the value for 

the ele<::.tron capture branching of Pa230 9 K/~'"' = 109 reported by Studier and 

Bruehlman9 .32 give an alpha half=life for Pa23° of 1410 years ! 20% .. 

F .. ~~ 
The value for the alpha (and also of course the total) half~life of this 

isotope has been determined by VanWinkle9 Larson and Katzin9 as reported by 

Seaborg and Perlman, 35 to be 3 .. 43 x 104 years .. 

The alpha half=lives of the protactinium isotopes reported above are summarized 

in Table 40 .. 

Table 40 

Q_Uillii!.S.:r:l of Aloha Ha].;f=Lives of Protac'J4ini.um Isotopes 

hg]rL~ Al.J2h~.J!5llf =Lit§ 

Pa226 ? 3o4 mino = ~ 6.,5 X 10 Y'.r'o 

Pa227 "" 45 .. 3 min .. = 8o 9 x 10=::> y-r .. 

Pa228 1190 hr .. = Ool33 yr'o 

Pa229 150 day(?) = Oo410 yr. 

Pa230 1415 yr .. 

Pa,231 3o43 X lo4 yr .. 

A good way to systGmatize 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~ven and the odd~odd isotopes) 

which appear to have a slight ~urve, If we assume a branching ratio of 100 for 

Pa2293 its alpha half=life falls considerably below the odd~odd line, indicating 

that perhaps the true branching ratio should be closer to 1000 than 100, 
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By extending these lines to intercept the mass numbers 232 and 23.3 we find 

that the alpha half-life for Pa232 should be about 107 years$ while that for Pa233 

8 should be about 10 yearso 

Alpha halfc•lives for these neutron excess isotopes of any elements of the 

heavy region have not as yet been determinedo Hence we have made some calculations 

as to the feasibility of milking the actinium daughters from the Pa
232 and Pa2.33., 

The Pa.Z33 is the easier to work with since i.ts radiations l'equire less shielding 

dm•ing the processing.. Its alpha decay daughter Ars229:J however9 is so far un.'lcnmm .. 

Plans for producing and characterizing it have been made and are discussed in 

Chapter 5., If we assume a half.,life of 17 hours for the Ae229 and an alpha half

life of 10
8 

years for the Pa23.3-" about 1700 dis/min of the Ac229 could be milked 

from one curie of' Pa23.3 (100% chemistry)., A pile bombardment of thorlum metal could 

probably produce the required Pa23.3 quite easilyo The same chemical procedures used 

for the Pa230 milking would be used again in this case9 modified of course to r:i.d 

the final a~tinium sample of the additional protactinium contaminant present .. 

Although this milking experiment seems feasible$ considerable care must be taken 

in working w:i.th the activity since L 6 inches of lead shielding are required to 

reduce the radiations from one curie of Pa23.3 to a tolerable level .. 

An actinium milking of Pa
232 

would be considerably more difficulto The lo32 

d~ Pa232 would have to be made on the 60=inch cyclotron and worked up quite soon 

' 
after shutdown to take full advantage of the activity f'ormede The radiations from 

this isotope are quite intense and would :r•equire complete remote control set=ups 

operating behind a thick lead wall if a curie were to be worked up.. Calcru1ations 

assuming the alpha half=life for Pa232to be 107 years i.nd.icate that about, 1000 

dis/min of Ae228 could be separated from one c~ie of Pa232
o Preliminary bombard

ments on the 60~inch cyclotron show th~t the L~ternal beam (with as high as 200 

microamperes current) would have ·to be used in the bomba.rdment in order to produce 
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the required amount of Pa 232 
o This problem then would also invol v·e the design of 

cooling apparatus so that a thorium target could be bombarded in the internal beam 

without burning upo This experiment is strictly a borderline case and would require 

considerable e:rlra equipment. 

Conside:r,ing then the two milkings proposed above, it would appear that it 

would be well worth while to attempt the milking of Pa233 ~ once the Ac229 daughter 

has been produced and characterizedo When this established bgyond doubt the trend 

on the neutron excess side of stability of the cu.r~res shown in Figo 104., this trend 

could then be extrapolated to other elementso 
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The isotope chart at the beginning of this report shows few gaps between the 

lightest, and heaviest known isotopes in the heavy element regiono One striking 

ex0epti.on. however is the series of three isotopes beginning vvi th the mass 221 

isotope of emanationo Several years ago an unsuccessful attempt was made at 

Chicago to milk this Em221 from the Ra225 then availab1eo It seemed plausible 

to us however that with the high energy particles available from the 184·~inch 

cyclotron we could now build up a much larger supply ·of Ra
225 

by spallation than 

had been available at Chicago and should be able to milk the Em221 from ito 

Before making a long bombardment to build up yield of Ra 
225 ~ however 9 it 

seemed reasonable to check the yield of emanation isotopes themselves from the 

~palla.tion of thorium.. Several short bombardments indicated that we were obtaining 

not the heavy mass emanation isotopes but others of lighter mass .. 

0 .36 
I.. Ii~1'K.l:.ow_J!~£§ ..... IsQtopes of EmanatJ.q:g 

Among the spallation products obtained from the 350-Mev proton bombardment of 

Th2.32 ·we identified two gaseous alpha=errltters. which appa~ently do not decay into 

any presently known alpha~decay chainso The half=lives observed for the deeay of 

the alpha=a.cr&ivities are 23 minutes (Fig., 105) and 2 .. 1 hours (Fig, 106), These 

half=1ives may be principally determined by an unknOW':l amount of orbital elec·tron 

capture., At least one alpha-emitting daughter (about 4 hours ha.lf~life) was observed 

to grmv from a gaseous parent~ but it was not determined whether it arises from 

alpha=d.ecay or electron=capture .. 

Sin~e these gaseous atoms emit alpha-particles it is assumed that they are 

isotopes of element 8.6 (emanation or radon) rather than a lighter rare gas.. If 

they were heavy isotopes such as Ernf21 or mm223~ both unknown~ they would decay into 

I 
~ known. alpha~decay series~ the neptunium and actinium series~ respectively, and so 

would grow known short~li ved alpha=emitters which would ha1re been detected., It 
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thus appears reasonable that they must be lighter than the knO"wn emanation isotopes .. 

_The light.est :i.s~~:.;tope of emanation observ'ed prior to these experiments ViB.S 

216 0 0 228 6 Em 9 wh~h ar~se~ from the U alpha=dec~ series and which should have a 

half'.,life o.f' approximately 20 microseconds as predicted by means of the new alpha

de~ay sy~:rtematics1.3=l5" The reappearance of lon~er half=lives 9 such as 23 minutes 

and 2o1 hou:r"s., wit..'h. lower mass numbers is apparently due to the stable configuration 

of 126 neutronso Thus these activities are to be assigned to the mass numbers 212 

and lower (that is 9 Em212 and Em<. 212) o It appears therefore that the plot of 

alpha~,aner•gy versus mass n1.unber for the isotopes of emanation goes through the 
14~15 

same type of ma:rlmum and minimtun as is obser-ved for b:i.smuth_, polonium and a.sta tine.,· 

The methoii used to measure the emanation alpha=activi ties was 1re:ry, simple but, 

designed to separate the emanation from tremendous amounts of other alph.a,~emi tters, 

from b:lsmuth to protacrtiniu.mo The cyclotron target consisted of thin tho:r'ium me'tal 

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" These aluminu.m 

foils were then heated at a very low temperature in a vacuum system shown in Fi.g., 

10'7 o They were heated in a small ~wash bottle" connected to the system where . 

the nu tube!» is in the figure., A slmv stream of argon "c;arriedi! the emanation 
0 

through two cold traps (1 and 2) at =50 C and into a final trap (not shown) at 

-~90° C whe:r'e the emanation should freeze 011t., From this storage trap it was 

possible to fi..11 a cylindrical ion chamber in which alpha=pulses could be detected .. 

T.he pressure guages indicated the gas pressure in different parts of the systemo 

In order to pro'Ve that a gas was involved it was shown that the activity could 

be quantitatively transferred back and forth many times by ·varying the temperature 

of" the cold traPo After an emanation sample had been allmved to decay for some 

houra the gas was thoroughly pumped out of the chamber and the alDha·~activity left 

behind (presumably due to the daughters) was followed for deGayo It was not }X)Ssible 

to measure alphaoene:r'gies in these first experimen:ts and Geiger' counter measurements 
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were clouded by the probability of xenon and krypton fission product contaminants 

from which no careful separation had been madeo 

New equipment is now being built with which it should be possible to measur~ 

alpha~·energies for these emanation isotopes and their daughters and to de·termine 

the proper mass assignments .. 

--~------------------------·-------------~~----------

(Note added in proof~ Recently,low mass isotopes of francium have been founa
33 

J 

one of which decays partially by orbital elecrtron capture to a 2.3 minute emanation 

isotope which in turn decays by alpha emission to Po20go This 3 year polonium 

isotope has been milked chemically from the emanationo Since this 23 minute 

emanatio:n isotope is most probably the same one as found by spallation of thorium$ 

the rr~ss assignment_of the latter to 212 is establishedo) 

When it was evident that spallation of thorium gave primarily light mass 

emanation isotopes9 we decided to make a long bombardment for Ra225 .. About 50 

grams of thorium metal (five lOc,gram foils of 25..,mil meta~) was bombarded wi·th fUll 

energy protons from the large cyclotron for about 50 hours over a period of 17 

day·so The ta:cget was allowed to stand for about 15 days to allow shorter=lived 

activities to decay out and was then worked up in parts chem.i.cally.. Sin©e i·t was 

very activ·e it had to be worked up in the lead shielded box s:hl011m in Figs .. 15=17 .. 

Although the large bulk of thorium salt made chenical separations difficuJ:tl' we 

finally worked out a good radium separation which was used on the last lO=gram 

foil from the bombardmento This separation and its diff'icu.l ties ar-e described in 

Procedure SS~·l.? Appendix IL. 

By the t:ime the radium sample was ready about 45 days had elapsed after 

shu:tdrown. and only a fraction of the retivity had been separated into useable formo 
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The radium sample in solution,containing possibly as much as 107 dis/min Ra225, 

was heated in the U tube and passed through the set=Up shown in the Fig .. 107. 

Unfortunately we did not obtain definitive results and concf.uded that too llfiJ.ch of 

the sample had decayed before our measurements were made., 

With the improvements in the chemical procedure, a somewhat shorter bombard

ment of about 10 hours which is completely worked up within a week after shutdown, 

can be expe~ted to give positive results.. We intend to make such a bombardment in 

the near future .. 



Chapter 5 

New Neutron Excess Isotopes in the Heavy Region 

As ~an be seen from the isotope chart at the beginning of this paper,:) 

information about the neutron excess isotopes of elements from lead to uranium has 

been obtained primarily from decays of the _natUra~ radioactive familieso 

By· closing energy cycles in this regionl5 one can calculate decay energies 

and henGe rough ha1f~lives for some of the neutron excess isotopes which might be 

found in cyclo·tron bombardmentso In so doing it appeared to us that the Pa235 

and Ar.:.229 isotopes in particular would have reasonable half=lives to work with and 

could also be easily made by (d,a.xn) :reactions on uranium and thorium metal 

respee;tbr~y, 

These (d,a.xn) reaction products~ however$ are formed with a rather small 

cross section and since they are beta-particle emitters must be separated very 

cleanly from the multitude of products which are formed in large yield by the 

fission of the target materials,. 

lo ~~~ 
Twenty~icroampere-hour bombardments of uranium foil in the Berkeley 60=inch 

cyclotron with 18=Mev deuterons gave a 23,7 minute (Fig, 108) and a 27 day Geiger 

aGtivity in a highly purified protactinium fraction" A small amount of two inter~ 

mediate periods of from 15,5 ~ 18o5 hours and from 2o5 = 2,8 days were present 

but these most probably can be attributed to a small amount of zircon.iUlll and 

co1u:mbium fission products which came through the chemist!".)', The targets were extreme 

active after bombardment and were worked up in the lead shielded Berkeley Box shown 

in Figso 15=17 o 

The che~stry~ which followed the outline of Procedure 91=1 in Appendix II, 

took two hours to complete and involved four manganese dioxide c;>rcles.9 two solvent 

extractions with di=isoproP,yl ketone and two extractions with TTA in b~nz~eo The 
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manganese dioxtd.e cycles consisted of' precipitating the Mn0
2 

f'rom the solution of' 

uranium in nitric a cid.ll centrifuging.~> dissolving in hydroxylamine.9 diluting and 

reprec:ipit.ating. The dissolved precipitate from the last cycle was acidified and 

the protactiniurrt extracted with di=isoproP,Yl ketone9 several washing~ with salted 

solutions being made to inst~e good separation from fission productso The protac~ 

tinium.9 washed back into a pH 1 solution from the organic solvent;) was acidified~ 

extracted into TTA=benzene solution and washed once with acid.. The TTA=ben.zene 

solution. ··was 
1
then evaporated on a platinmn plate and f'lamed.ll leaving a. weightless 

deposit of' protactiniU11lo 

The cross se~tion f'or formation of the 23o 7 minute period is about 2 x 10·~3 

barns_., a reasonable value for the (d.9a) or (d.~>an) reacti.ons on u23S which give 
2 ·:( . 2''-f.' _.0 J.J "l 

Pa or Pa " The 27...(1ay period is formed with a cross section of about 4 x lO«'..J 

barns (correoted f'or abtmdance), reasonable f'or a (d.lla) reaction on the if35 

present naturally in the uranium foil» giving Pa233 o 

_2,3S 
The 23., 7 minute activity was checked in a 9~Mev proton bombardment of U 

foil and found to be present in a yield corresponding to a cross section of abou·t 

3 x 10=5 barnso This cross section has already been corrected for yield due to 

deute:r"on contamination (about 1%) in the proton beamo This correction was determined 

by counting ·the -J239 formed in the bombardment by the (d9 p) rea&tion on u-238, 

assuming the cross section for this reaction to be Oo05 barns 3 which :i.s probably 

lowo The small but defi~ite yield with protons appears to rule out the possibility 

that the isotope is Pa236 and is consistent with the yield one would expect for a 

(p,a) reaction at such low proton energies" 

An alum..i.num absorption cur11e of the 23o 7 minute period shows a beta parti.c:le 

whose Feather range is about 610 mg/cm2.9 corresponding to an energy of' about L4. 

Mev(Figo 109)" All counting was done on the Geiger counting apparatus described 

in Chapte:l:" 2 .. 
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It. is interesting to note that by closing enerey cycles in the heavy 

region one calculates a dooay energy· of 1..24 Mev for Pa235 while an enerror of 

2.,09 Mev is calculated for Pa236~-

Hence i't would seem that the most likely assignment for this new protactinium 

isotope of 23,? mimrtes half=life is to Pa
235" 

'l'he cross section values men·tioned above are quite accurate relatively., In 

none of the bombardments, however, was the chemical yield determined.. To obtain 

an absolute 0ross sect::l.on, a chemical yield value of 20% was arbitrarily taken and 

is probably :o.ot.; too far from correeto The same chemical procedure was used. on 

all th.e three bombardments madeo 

The rrd..ddle two activities correspond approximately to isotopes of zin-;onium 

(Z:r·9? =·~ 17 hours) and columbium (Gb96 =~ 2.,8 days) whJ.ch would come through both 

the manganese dioxide and -TTA=benzene steps of the chemistry" Further (;redenee is 

added. to th~ claim that they are fission products sinc:e they can not be det.et:.ted 

in the proton bombardment" At trm:~ .energy of proton bombardment the amoun.t of 

uranium fissl.on produced is :r'edueed by as much as a factor of 100 from th£tt produced 

with 19 Me'\? de'a:teronrs., 

Seve:r'al questions are raised by the results of the bombard.ments however a A 

large amount of 26=day ac·tivity (p-resumably Pa23.3) was found in the proton bom~~ 

bardment (a factor- of' 40 more than in the deuteron bombardment.)" The moE:t log:i.cal 

explanation is that it was contamination picked up somewhere in the chemic:al 

procedureo We have been unable to check this point since the 60=inch cyclotron 

has':llot been a·vallable for bombardments rec;entlyo 

In a.dd.1.t:'i.on we did not observe any L4 day Pa232 beta particles from the (d3an) 

reaction on the tf35 present in the deuteron bombardmento This is hard to under

stand if the 26=day activl.ty found in the bombardment is really Pa233 from a 

(d_,a:) reaction on the u235 and if the 23o 7 Illinute activity is Pa235 from a ( d~an) 
;.. " ...2,38 

reacv~on. on u-- o 



From closed energy cycles it would appear that this isotope would have a 

half=life of about 17 hours and a beta energy of about OGS3 Mevo ?fe have made on.e 

attempt to find this isotope~ working up a thorium backing plate which had been 

inserted in the 60=inch cyclotron in conjunction with a deuteron bombardment of 

ionium on the interceptoro By the time the ionium was worked up several days had 

elapsed a In addi tion9 a mix..-up in the chemist:r.y caused the loss of much of whatever 

actinium activity was lefto Consequently the run was unsuccessMG 

When the 60~inch cycloi:a."on is again available for bombardments however9 we 
c • 

intend to make a several hour bombardment of thorium metal and separate the actinium 

fraction by Procedure 89-2 in Appendix IIG Column separation will of co'UI'Se 

have to be used as the final purification step$ with Ae225 tracer to tell just 

when the ac·tini:um peak comes off the columnG 
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Bi.bliog.raphy of excitation functions for 
charged particle reactions 
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Chemical Procedures Used in the Bombardment Work
26 

r 



Q!!!MICAL SEPJtM.~IONS 

Elemen-t separa'tedg £L:!,smutg 

Parent material:; Tracer Pa228 and daughters 

Milking experiment 

Yiel.d~ 6CP/o 

UCRL=483 
Page 144 

Procedure byg Meinke 

Time for sepYn~ 1~1/2 hours 

Equipment requiredg 
Centrifuge.~> s"tir·rers, 
ta!ik: H2S 

Deg:eee of pcrr·ificationg Factor of at least 103 from Pa and at least 100 
from other activities., Factor of at least 5 from Pb., 

Disadvantage1:1;; Gives a thick plate m rather bad ±"or alpha pulse analysiso 

Proc:edureg Pu-rified tracer Pa in benzene = TTA solution (procedure 91·~1 with 
DIPK and TTA extractions only)., 

{ " l .l.J Stir organic layer 10 min ·with equal volume t?N HCl (daughter 
:lnto acid layer ··· most of Pa remains vvlth organic: layer)., 

(2) Wash the acid layer three times with double volume .,4 .M TTA in 
benzene.9 sti:roring 5 min eacho (Removes Pa)., 

(3) Dilute acid layer to ~ 2 li and add -1/2 mg Bi carrie1~, Bubble in 
H2S gas to ppt Bi and Pb sulfideso Centrifuge .. 

(4) Again add l/2 mg Bi carrier and repeat sulfide pptno Centrifuge 
and combine ppts of (3) and (/+) o 

(5) Dissolve su1.fide ppts in few drops hot conco HClo Dilute to at 
least 1 ll acid and reppt su~fides by bubbling in H2S., Centrifuge., 

(6) Repeat. step (:5) 9 four timeso 

(7) Dissolve sulfide ppt in few drops cone HCl.? dilute to~ 6 cc and 
boil to rid solution of H...,S., 

2 
" ) =? ( · ( 8 Add 1 mg Pb carrier, and ~pt Pb~O 4 by adding some SO 

4 
~ H2SO4~ 

(NH4)2SO 4.9 ete.,) DJ.scard precJ.pJ.tateo 

{9) RE'\ner-+. step (3) three times., 

(10) Add H;2S to supn f:eom last pptn and centrifuge out the Bi2S3 formed ... 

(11) Dissolve the Bi2S3 in hot cone., HCl.'> dilute to kno'\'i111 vol'!.1llle and 
plate aliquot for· counting.. Cautiom Do· not flame f,he BiCl3 
plate or much of the activity may be lost., 



Remarks:g 
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In step (3) if the acidity is greater than 21! the Bi will not ppto 

See Prescott and Johnson.~s Qualitative Chemical Anal;>rsis (1933) 
Po 157 for notes on PbS04o 

Iri some e:itpe:riments no Bi - Pb sepn is requirecl and the solution of 
st;ep (7) can be p1ated di.recrtly~ ' 

• 
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Procedure byg Ghiorso.\1 Meinke 

Target materialg Thorium metal (l mil) Time for sepnng 5=15 min. 

Type of bbdtg 134 inch protons Equipment I'equired~ 
special emanation closed 
system with traps 

Yield~ Small from metal' up to 50% from 
solutions 

) 

Degree of pa;rificatiom Free from other a activity· = does not separate 
from other rare gases., 

Procedv..reg 

(2) 

(4) 

(5) 

Remarks~ 

Metallic. strips of Th which have been bombarded 1".r:i.th the full eneriS'J 
pr··oton beam ar·e placed in a small closed flask and heated to red 
heat. with an induction heater for a period of one or two minuteso 

Argon carrier is then passed through the flask and through a 
trap cooled wi tb an i0e bath. 

'l'he c~arrier and Em are then frozen out in another trap cooled with 
a liquid N2 bath. 

The activity can be then :tntrodtwed into a sealed. counting chamber 
and counted for alpha ac-Givityo 

The activity can be shmzvn to be a rare gas by transferring i.t 
back and forth from counter to trap using the liquid N2 bath to 
:f'r"reze out the activity· and carriero 

The procedure described is simple but effective in purifying the Emo 
If further purification is required additional traps may be used., 

T~e same t·n)e of apparatus may be used wheng (a) separating Em from a solu~ 
tior1 O!' (b) m:l.lking Em isotopes from other elements,eogo.9Fr and Ato 

Care should be taken to check separation from At in these separations 
since in many cases~ at least a small fraction of the At present acts 
much like a gas and may pass through the traps. A speeial trap to 
specifically remove At may be necessary in some caseso 
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Element separated~ Radium Procedu.re by·: Meinke 

Target. mate:da.h · Thorium (,....10 gm metal) Time for sep~m ·,.J S hrs., 

Type of bbdh lS4n full enert;;.l particles Equipment r'equiredg Standard 
plus centrifuges of~ 

250 m1 capacity 
50 nil capacity 
15 ml capacity 

Tank HCl 
'Yieldg 25·"'50% 

Degree of ptu~ificatiom At least 107 from thorium9 and at least lCfl· from 
other aJ.pha activities present in high yield.o 

Advantagesr; Can be used "to separate Ra with Ba !'3ar~cier from large amounts of 
target material and {if coupled with col·wm1 Beparation) to g:l·~re weight113ss 
f'raction of Ra,. 

f•o "'\ 
\ . .!..; 

(J) 

(4) 

(5) 

{6) 

(7) 

Dissolve the thorium metal target in concentrated HN03 with drops of 
.,211 (:rm.6)2SiF6 soln added to make the soPn ....,.,Ol,M siF6~·:2" (A 
la:r."ge be~ker shuu~d be used to prevent bubbling over in the vigorous 
reactiono The solu·tion needs to be heated to start the reaction but 
once ste.rtied the reaction proceeds Yigorouslyo) Continue adding 
;orlC:o. HH03 and (N'Hi)2SiF 6 solut~on :mtil targ_et. completely dissolves 
vnay be an hoUJ.~ or two for 25 Tilll pJ.eces of Tt1.,) 

Evaporate off .most of HNO~ leaving Th(NO . .,.) l. c:rystalso Qa:q.tiom Do 
not evaporate to dryn.ess rlr the nitrate 1~ill turn to Th02 which is 
harder than the original Th metal to dissolveo·' If some ThO is ac.~ 
c::l.dentally formed use the same combination of conco HN0.3.s> c:Nti4)2SiF6 
~nd ~~at to dissolve i~o Th02 is considera.bl~,. easi~r to· ~issol~·e 
l.lTJDechately after forrrnng than after prolonged heatJ.ng and stand~ 
ing., (See 90=4)" 

++ Add 6 mg Ba carrier to the crystals and dilute ~vith water to 
~ 30 GC. Transfer to 250 ml centrifuge bottle" 

A~~-,.., 16 cc con~~ NH1.0H (precipi~at~ng Th(0£1)4 ) dilute to 200 cc 
W1.th water and m.ges~ for several nunutes., 

Centrifuge and pour off supn (containing Ba and Ra plus other activities). 

D::tssol;re ppt. (amounting to ,.J 125 cc volume) in ...; 16 ce c:onc, IDW3o 

Add 3 mg Ba -+ .. JJ. carrier:; d.il.ute ·to rJ 30 cc, 
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88=1 (cont ~a.) 

(8) Add,._,. 20 c:G cone. NH.~OH ppting the Th(OH) dilute to r.J 200 cc \nth 
wate1~ and di.gesi.; for several minuteso 4 

(9) 

(10) 

. (11) 

(13) 

fq 1) \.L ~. 

f···l [:..'~) ,.L . .; 

(] '/') ., .... 

(] .. o) 
.u,/ 

(19) 

Cen·t·ri.fuge and pour off supn. 

Repea·t steps 6 through 9o 

Combine the three supernatants f~rom steps 5.') 9 and 10., Evaporate com
bined solut,ions until,.., 200 cc., volume and t:ransfer to 250 ml cento 
'bottle~> 

Ado. 5··mf!? La ·H+ Garr.ie:r and precipitate the La(OH) 
3 

plus Th(OH) J.: from 
any Th+iJ. remaining by the addition of conco NH40H., Discard ppt: 

Evaporate the supn to ,J 40 cc and repeat step 12. 

ACid Na2co.3 solution t;o t.he supn t.o ppt. BaCO~~ (carrie~ Ra) digest 
t , -~ --; • t ,.., t . f' ·' _or severa.L rrunu es .. ven ;r1. uge., 

Dissolve BaCO,, ppt in minimum of' conco HCl (one or two cc~s pr'obably 
'1,.," ;; enougu)o 

:F'lac~-s: :l.tl J.J~,9 batJlo Add do11ble or t:ri.ple volume of etl1e1~ anc1 bubbJ.e 
in HCl gas until water and organic layen~ become mise:l.ble and the 
Ba ppts CU"~ as the BaCl2o Centrifuge .. 

D:l.ssc.l ve the ppt in minimum of H
2

0., 

~epea~ .. step~ 16 and 1'7 twice (t~tal of 3 BaClJ pptns), 
HCl~etl:Jer m1.xtuTes spatter read1.ly when warmEJa. 

'I'he Ba01·;:: can be used for a counting or further' purification can 
be made tising a resin aol.umn., 

Remarks~ 

Usually about 50 gms of 'fh metal can be bnrribarded at onc'e in the: 
cyclotron to prpdune the Ra22·\ Hence the large :-:.entrifuge is necessar~y 
for the separation of the or:tginal Th(OH) 

4 
pJ-tns and purifications~ 

The Th(OH)!. ppt is very bulJ~occupying more than half of the tube in 
step 4, How·?veil'_, with the Ba++ carrier added and the two rep!'ecipitations 
of t~e thorium it is believed much of the Ra is recovered in the supe:rnateso 

, The a:?ounts. of_ NH40H and HN03 u~ed should be calculated rather closely 
so as to aLlow lJ.ttl.e excess~ othe:rT!JJ.Se when the supn rs are evaporated. 
to IV L~O ec: (step 13) the solution wi11 be saturated with NHLN0

3 
and interu• 

fel'e with the Ba.Co3 pptns o + 
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In st.ep 13 som~; of the yield is lost through the solubility of some of 
tl:ia BaC03 o This might beJ~eovered by destroying the NH.l~O~ and reducing 
the volume drastically before the carbonate precipitatron.,·"' 

· OriginaJ.ly Ba and Ca were added as holdback car:r·ier~ in ·the Th(OH) I. 
ppts.. T'he Ca 9 howe,rer9 did not separate as well from the Ba as e:x:pectect 
in. the later parts of the procedure., 

When working up 50 gms of Th"' 10 gms at a time 9 residues mJ.ght be 
combined and fu.rther recovery of Ba lost in the origj_nal proced'l.u:e might 
be madeo Also the BaCO~~ ppt of step 14 (first 10 gms) can be dissolved 
in cone .. HN03 and used as carrier for the ·var'ious steps of succeeding 
10 g:m portions ·~ thus reducing the total amotmt of Ba in the final sample .. 

10 grams is about the ma:xi.nru.rn amm.m.t of thorium p:r'act:i.ca1 to wo:rk up 
at one time by this procedure using 250 rnl centrifuge boi:.;tleso 

If carrier free Ra is needed~ BaCO, ean be pptd from the water soln 
of the end of step I8o This BaCO can lSe dissolved in ac:id pH 1·,2 and 
absorbed on Dmvex 50 resin" The Sr;; Ba ancl Ra can then be eluted in that 
order by citrate at PH 7o5 ·- 8a0 (See Eo Ro Tompkins:> AECD 1998)., This 
c'olu:rru~ prooedures however., has not 'been included in the runs made to date .. 
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Element sepann.edz Actj1dum 
'·~ ) 

Proced.tlre 'by-g 'Meinke 

Parent materials TrB.ce:r Pa23° 

Milking exp.:;riment Equipment requiredg 
Standards centrifuge 

De5Tee of' Pur'if'~.cation:i Factor of at leasi; 107 from Pa.~ U and Th, 

Advantag~~sg Can separEd:;e v·ery· small amounts of Ac from large amoun~s6or !~·~. U ,.:;,:_vl. Th s_~tiv'}ty. In one e:xpe::;iment separs:~ed 500 d/m ~z:. ·2. f:pom 
.1 u .. , ;t.9t8 .. l. a/m 01 Pa2.30 and about eqm.valent amou:a.ts of U and jO rrL"Lnute 
Th"-'20

o 

?Ju"· ( ) Ps~ ln 6 li HN0;3 af'f~e:e DIPK extractions pr'LICedure 91=1 

{·· ') 
\ .l. ,. Take 10 cc of Pa s oln and add 1/,~ mg La.+++ and 5 mg Ca +++ c:arriers. 

(2) Add -10 drops of cone HF to ppt the fluorideso Centrifuge, 

(3) Metathesize ppt to La and Ce hydr"orldes by a.dding several ml of 
cone KOH solno Centrifuge out the hydr·oxides and vrash once with 5 
ml alkaline wa:ter., 

(4) Dlssolv·e ppt in f'e.vy drops 6 li HCl and dilute to 5 C\~. 

(5) Add 1/4 mg ZI'+4 carr·ier and H
3
Po4 to make 3 Jl P04 ~;J. Discard ppL 

(6) 

Steps 2 through 5 are repeated alternately or consecutively until 
the desired degree of pu.rification is obtained. For the purifi= 
cations noted above~ 10 :f'luoride pptns and 9 phosphate pptns were 
made, After 'tihe .10th fluoride ppt had been metathesized to the 
hydro:rJ.de,\1 the following procedure was usedg 

Dlssolve hydroxide ppt in 10 ~rr HNO-~~ make ,01 ~!I Fe+++ and oxidize 
ce+++ to ce++++ ·w:ith solid s'odiu.rrt'bismuthate (viarm to speed up 
reactiono) (ce+4 will now carry on the Z:r'3(Po4)ft ppto) 

• ( p:; ~ Ropeat s·tep , . ..- 1, 

(B) Repeat (2) and (3)" 

(9) Dissolve ppt in fetrJ o.r'ops 6 N HC1 9 dilute to knovm volume and plate 
sliquot for co·u...'l.tingo 
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The fltioride cy·cles decwntaminate primarily from Pa~ the phosphate 
.from Th" If further purification is required include more cycles in 
proc~edureo 

Orily one milking can be made from a given bateh of Pa by this procedure 
since it is difficult to again get the Pa into an extractable form 
once fluoride ion has been addedo 

It-has been found that the LaC13 solution makes a more adherent and 
tliinner plate than the LaF3 ppt.,. The amount of La+++ carrier used in 
step (1) shou~d be determined by the amount of bulk that can be tolerated 
on the final plateo 
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90·~1 

Element separated~ Th~ Procedure byg IJieinke 

Target matc·dal~ Tracer Pa separated from 
6011 bbdt of ioniu..mo 

Time for sepUn~ Se·veral hours. 

Type of bbcl.t~ (Milking expto) Equipment required~ Stirrers. 
and TTA 

Yield~ As high as 50% possibleo 

Degree of r.m.rif:lcation.Z Decontaminate from 107 c/m Pan 106 c/ro U and 
< 5 ;·· d -10 c m AD:o 

Adva.nta,ges& Gives carrier=f'ree Th.9 a thin plate for :p1.use analysis and good 
pu:eif:l.~ation although not Sp8EK1o 

Procedure~ 

(1) lBtrie £:t,cid used throughouto Make sample 6 D: acid and TTA extract 
(\vith oft~1 TTA in benzene) 5 times with double volume of T-TA=""·'~ 
sti.r:r'ing 5 minutes for eacch e:x:tractiono (Removes Pa into T'I'A 
~; 70% or more per pass) o 

(2) :f!}i!iJ.porate to d:M)rr1.ess (wash twice with wa-ter and take these washings 
also to dryness and take up in acid pH loOo TTA extract with 
eqvBl volume C,25M TTA in benzene) stirring 15 mim.rteso (Th into TI'A 
bu.t not U or Aco) 

(3) Repeat TTA e:xtn of (2) vdth fresh TTA and combine the extns 9 

{

< '\ 

4J 

(5) 

·~~s? '!"1-'A wit~1 ag.ual volume of pH LO soln for 15 mino 
tJ.on J.nto ac.1.d.,) 

'Wash TTA with 6 ll acid {equal volume) and stir 15 mino 

(U contam:ii1a~ 

(~?h into acid). 

(6) Repeat pa!'ts (2), (3)D and (4)o (Repeat wash as in (4) if neoessary 
for :further U purification.,) 

(7) 'Plate out the .. 25 .M TTA on Pt plates and flame~ 

Remarksi: See eurvss o:f Hagemann i'or % extn into TTA v·s Iii for Th and Ao, 
A'C Pi of 1 Th should go into the TTA almost C-ompletely but U should 
oruy go in 1es~s than 10% == perhaps as little as 2%, Ac w:Ul. not 
go into ITA tmtil about rH 3 or so and of cotmse Pa goes in up to 
a"t•fJ'''''':' h.-. ,.,.,., Q~J' 8""'1° d 

~ u.!.. - '"·' '--'t'; ·~··- 0 

pH c.onditlons for separating Th f'rom U by TTA extn:s ara quite eri ticall 

Equivalent and molecula1~ weight of TT:A :l.s 222 gmso 



Element sepa:.tated:i Thori:gm 

:Parent; mate:dalg 'I'rac~er Pa. and daughters 
(both a & K) 

Milking experiment 
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Proc:edure byz Meinke 

Equipment requiredg standard 

Degree of' petrification.,; 2=3% At'- carried per cycle •P other elements deeon·~ 
taminated by factor of at least lOOo 

AdYantBges·;; Good pro~::edure if Th present in I">J same amount as other activi.ties. 

Pa. dau.ghteJ:·a :'i..n 6 ;[ HGl after milking from Pe. in 'rl'A (91=1) o 

(1) 

(2) 

'T.'o .<V 10 CC daughtE::r' so1n add 1/2~,1 mg zr+4 l':'arrier and 8f!.OUgh 
H:lO 4 to 1:1ake "17 lJ![ in PO 1,= o Centrifuge ppt (carries Th''"4). 

Add to the ppt 3 mg La+++ carrier and d:J . .lute with 1 H HClo Add HF ~ 
digest and ;entrif'ugeo 

(3) Metathesize the fluoride ppt to hydr··oxide by adding eone KOH., 
Cer:rtrifu.geo Wash once with alkaline water., 

(i;.) Dissolve in HCl and repeat steps 1·~.'3 l"educing amount cf La ~arriero 

(5) Pls:t.e as the LaCl·::< ticln" flame and. coun'to 
,.J ' 

Z:i? ,{PO,) 1... ppt. quite sper..dfic for carrying Th+4 .from other elements in 
th~ he~y regicmo Yield lost in the LaF3 ~ I.,a(OH)3 pptns., 

Do-riot use this procedure if more purification needed than given by 
2 cycles since the Th y·ield will be very low., 

LaCl3 soln r1hen evaporated sticks to Pt plates rrru.eh be"tter than the ppts 
eneountered in this procedm·e o 
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Thorium metal can. 'be dissolved. :rapidly in cone HCl but a considerable 
amount of black insoluble residue is formed in the process" If a. few drops 
of (NHJ,)2SiF6 solution (enough to make ""'o.,O Is It!) are added to the HC1 before 
solutidn is sta:r>ted the black residue is dissolved~ leaving only a small 
:r'esidu8 of thoritun oxide (<., 1%) in the clear solutiono 

Tho:r]JJ.m. metal can. be dissolired in cone. HNO~ with the addition o.f 
(~m4):_)Si.F9 (or lU,! !'o .. ~1 l~o The r:e·~al bee;:ome~ ~assiv~ ·t~ solution from 
t::t,me t;o t:Lm.;:; 1"equl.I'J.ng I u:rt.her addl t1ons OI ac::t,d and SiF 6-. 

!.f:' th::, t7~r.:f:'BS8 HN0,3 is evaporated off' care should bE• -~.ks:n not, tc allovJ 
the soJ..ution to go completely to dryness or d:i.f'f'ic,u1 Uy so1ubl(3 ThO,;; vd11 ..... 
be for·medo 

If i.t i::J d.AsJ.red to dissolve 'l'h029 the HN03 ~ (Wd~) 2SiF6 solution should 
be use1d ·and. 'the mixture heated with stirring for severci::t. hours., ThO·) when 
f:'Lrst forrn.ed is much more soluble than after prolonged hea tingo ~"~ 

Hote'i: A bomba.:r.odment of 50 mg 13% ionium (Th2~30) in tho:ri.um (Th.232 ) m:tx-ture 
in the; dioxide form should be mentioned here., The hyd:ro:ldde was pptd. and 
heated. in a Pt (;r-uc.ible unt:Ll only the dioxide remainsdo This dioxide was 
then packed into a Pt llboatl'i 1 fW :X 1/2W8 X 0 ossn and wet with a felV drops o:f' 
sodi.·u.m- si11oate solno The mixture was then dried under a heat 1amp,9 mol'e 
sil:tcate added an,d agaln driedo The boat was then flamed over a Fisb.er 
burne:co 

It vvas found that a -!:;arget prepared this way could withstand consi.dera ble 
mechanical shock and. also the high target temperature produced by the 60" 
cyclotron deuteron beam without breaking the silica crusto 

I-t vvas also four1d that the targe-t material could be rather easily· 
se:ra.ped out of the boat and mostly dissolved in 5 or 6 hours '""~ after 
several add1 .. tions of HN03 ~ SiF6= solno 

Nevrtons Hyde 9 Meinke 
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Target.; materialg "--' 10 gms Th metal 2 hrso 

Time orbbdt;; 60~ n+ bbdt nnd 1:3411 

bbi·\r, ail partiole;:; 
Equ;ipm8nt :l"equi.red~ Centri.

fuge~ Kjeldahl flasks;~ 
dry ice and stirrers;o 

Degree :?f :ruri.f:ic:1:.1ti.on~ Sepc.:nrte f'rom all elements by a factor of at least; 
lO.:ln For fm:·the:r purification from Cb and Zr do more DIPK '\Tvashe;3~ 

Ad·v·Eultages~ G .. 1 ·v.ss c~aJ:nl11:t~~:r~ .... .f':re·~ ·pa o.n_ -~ve~ightlesB p:l~rtao f~or pulse anf!l.y·sis 
aJYi cortni:.in.g" rm'if'lcatl.on car:. 'be m:1d.e mors (,nd;e:osiv·~ bJr l:'epeo.tlng 
~t:n(liv .. LJ:u.::,.:~ .. st~aps o 

f-)"' 
V•) 

,. ""~"' \.. ;_,J 

(5''\ .. J 

N5.~;1':i·:s a(:id used. exr;ept, where indi·Jated otherTrisen Dissolv6 ,Th 
fiE·'tiE~I in eone: .. ID'ifO~ .,..j oOl !i in (NH p)~,S·J.F~ soln (25 c:0 acid and .3 
· .• , l .,. ··o ··· ('•£' " /5 Vii SiF "" ·1 -. " ~.~: ,,, '~-'f·'·" "." ... "' ,. - d·" "~ ·>1 ... , • .. ·:)-::.. :· :u: P"", v ... t 1 .. .;;~ 6 s ... 1 . .. n: tbtv3,.L.l.}' ..:-•.l~ .... .t.,:J.•;;:~C, r-~~ . J. . ..,;~v .ve 
,l., tJ gD1S. T'11 o ) o 

D 0 J l ~ p "11:"1' " .~ d T ... "~' p 6 r J.. .. uce t<> ,y '+ ~ 8.(~ld an '11 ·4- D©rlo 1.ess than Oo · 5 lJ ,Gl'eater· ;;~en, 
of .. In salt interfe::c®.Hd.th pptn.o) 

Add L5 c:c KMnO;; soln (;~O mg/cc), (Pa '.::ar:ri.ed quantitatively o:n L5 
'{ .. ,., " . ...,. '\ 

g.m.j.n:t;er Mn02. ppt" J 

Digest over water bath"' centrifuge an::l pour off su:pn.o 

(6) To ppt;" add few drops of /.,.. N acid a.nd dissolYe in a few d:rops of 
;sato scln of NH20:HoF.GL 

(7) D:JJ . .ute to requ:1.rcd volume and repeat pptnso -th.re•e times 9 l'educd.ng 
v..:.lume eac;h time" Final volum.e is a few 0c~ ~s" 

(10) 
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(11) DIPK extn repeated once and .. 1 li solns combined and made 6 N HN03o 

(12) Eq:ctal voltWJ.e of TTA (.,4 M. in benzene) st:l.rred for 5 min~ wit,h the 
6 N acid - (Pa in-to TTAo) 

(13) Organic Ia;rer washed onc:e with equal volume 6 H HN03., 

(1.4) The Benzene - TTA plated out on platinumo 

Remarks:; 'J:'fl~ amtt of F'~ ~n'troduced by the oOl ! (:r.1J-I ) 2SiF f, :is not eno~~h 
to complex an apprec1ahl.e amount of the Pao Tr~ces or Pa coppt wJ.:Gh 
good yield from 1 = 5 N, HNO. less than o65 .M Tht-1~ on L. 5 gat/liter 
M.no,·vJith good separation ftom. macro am't of Tho A concentration factor 
of at least 10 can be obtained by· these pptn cycles .. 

Al:J;;r 'fh and fission product that extract into DIPK a:r'El washed out in the 
acd.d;,.,sBlt washes o Ool N mm used to wash Pa out of DIPK keeps Pa fl"'Offi 

hydrolyzing to the colloid s~ateo 

The l'a must never get ·,rery near a neutral rH or it will go into the non·-· 
extrac-table eolloido 

TTA separates Pa from all elements formed in bbd.t exeept Zr_9 Cb.? and Hf' o . 

DIPK ext,racts only Pa and U at these ccnso Nl.n.02 carries Pa.:> Zr.:~ Cb and.
mybe .some o"thers.9 but does eliminate things liKe I which might 
sol vent exhaet through the other chem:l,cal proc.:: edures o 
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Element separatedg ~ot~~ctini~ Procedure by~ Meinke 
.. . 

Target materialg Th(N03) 4 or thorium metal TLme for sepVng 2 minute 
:rniidnrum;average 15 mino 
with metal 

'Iype of b'bdt~ 60" & 184" c. all particles 
Equipment require& stirrer 

Degree of tn.rr'ifioa·tion~ Factor of at least 100 from all elements present. 
except; Zr_, Cb_9 Hf" 

Ad:vantagesg Fast,9 weightless plate of Pa.? good for alpha pulse analysis., 
Z:i• &. Ch fission products coming through procedure make Geiger counting 
of Pa impossible without more chemistry., 

(2) 

Dissolve Th metal in cone., HNOJ. -v .,Ol]l! in {NH4) SiF6 soln., (25 
e0 .. acid and 3 .or 4 dro~s oF 17~ M SiFtS: s?~~~ ~rif~icient to dlssolve 
1.0 gms .. Tho) Th(N03) I+ c;an. be dJ..ssolved. dJ.re(.;tly ~n Lt. N HN03o 

Dilute to "'v 4 I! acid, 

(J) Add equal volume of TTA ( .. 4! ih benzene) and stir for 5 ffiD1uteso 
(Pa_, Zr_, Cb into organic layer)., 

I? ") \.4 

(5) 

Remarksg 

If want somewhat better purification wash TTA layer with equal · 
if'Ol1Zfie. of 4 ]! HN03., (May lose up to half Pa yield in this wash.,) 

11ate out benzene~TTA layer on platinumo 

TTA separates Pa from all elements formed in bbdt except Zr.9 Cb_9 & Hf .. 

This method used for excitation function work where as many as 
16 ·foils are- worked up simultaneouslyo Identical amounts of reagents are added 
arid each sample subjected to the same procedure9 ~ving approximately equal 
chemical yields for each foil (to within 5 or 10%)~ 
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92-1 

Element separate& Uranium Procedure byg Crane 

Ta:r,get rna. te:r'iah #\!) 20 gm of Th metal Time for sep ~ns Sev·eral hrs o 

Type of bbdts 184" bbdt . Equipment requiredg Centr:i.~ 
:f.'uge, Kjeldahl flasks, 
dxy i~e and stirrerso 

Yieldg 90%o 

Deg:r'ee of purificationg Separate all elements in Th fission by factor 
greater tha~ 106. 

Advantagesg Gives carrier free Um:ni11.'!Il 

(1) 

(2) 

(4) 

Nitr:i.c acid nsed except wher·e indicated otherwise.. Dissol'\re Th 
me-tal in conco HN03 & "-<~' "'01 M in (NH4)2SiF 6 (50 cc acid and .-v 6 
drops 1/5 Xi! S:iF6= = Solution usually suffi0ient to dissolve .20 
g~ram Th me tal).,. 

Evaporate to near ~mess & ~edissolve in 1 M HNO~ and satur~te 
= -" 

wi:~~ NH4No3 .. 

Ether exGract uraniu.m. using 3 separate portions of ether and 
combining' wash twice with ol ! IDJ'0.3 + 10! NH4N0.3o 

Extrat:tt uranium back into water solutiono Add La+++ c:arrier ~1 
mg/cc solutiono 

,\·~) ( ) ,_, ppt hydl:'oxlde with NH40fL carries ·uranium , 

(6) Dissolve in 6 M HN03 and add zr+4 scavenger (IV'l mg/ce)~ dilute to 
3!! acid., · 

(7) Add iocU.c acid. to ppt ZrO(I03)2 to scavenge/solution., 

(8) 

(9) 

Remove superna-tant and ppt La+.3 as hydroxide .. 

Dissolve in 1 .M IDiO'l" Saturate with NH.l_N03 and ether ext:ract 
using 3 separate pof'tions of ether and combining, 

(let) Wash tvd.c.~e with ,1 M BI~0.3 + 10 ]!! NH 4No3 and re ... extr'act uraniurca 
into watero 

Rernarksg Use one part ether, two parts salt solution in ext:roactiono Wash with 
equal volume salt solutiono · Re-e}."traot into half volume water, 

In step 7- do not add excess ·iodi.c acid or La will also be pptd, Add just 
enough to ppt the Zr as Z:rO(I03)29 otherwise much y-ield will be los·to For ether 
extraetion of uranium seeg A. S. -Newton~ Phys., R.evo ~'72.,9 209 (1949), 


