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NUCLEAR TRANSMUTATIONS USING ACCELERATED CARBON IONS

Jack Marvin Hollander
Radiation Laboratory and Department of Chemlstry
University of -California, Berkeley, California

ABSTRACT

As part of ; general heavy ion ACCeieration.program; this work
has been the investigation of some nuelear reactions induced by car—.
bon nuclei accelerated in the Berkeley 60-inch cyclotren,

Excitation experlments have been done with the Au 97(0 hn)Atzo5
and Au 97(C,6n)At2 3 reactioﬂs using the stacked foil technique,

and the results are discussed in terms of the statistical‘theery

of nuclear reactions. Cross sections for these two reactions are

also estimated.

' The fission of urdnium with carbon ions has been studied, and .

‘the observed cross section compared\with that estimated from yields

in the U238(C 6n)0f2l‘l+ reaction. The general theory of carbon ion
induced f1331on is dlscussed

Bombardments of copper with carbon ions have resulted in the_
production of a new isotope of Sromine, tentatively assigned to
Br 4 produced by a Cués(C,Bn)Br7h reaction. Also observed was

76

1.6 hour Br75¢ The mass assignments of Br = and Br!! have been

verified by bombardiné As2d3 with heliﬁm ione-of various energies.
To the e#tent.that these novel. reactions haﬁe been studied,

tﬁe indications are that carbon ione beheve as "normal® nuclear

projectiles; and that their reactions can be described adequately

in terms of more or less "standard" nuclear models.
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I. GENERAL CONSIDERATIONS

The cyélotron has been a very useful devicé.for accelerating posi-
- tive ions to high energies; whérevthey'may bé used in_the stuay of

nucléar reaétion§, HYdrogen, deuterium, aﬁd helium nuclei have thus .-
far been successfully accelerated; and have assumed the role of
commonplace research tools in nuclear:physicsu However, a glarice
at the equations of the cycloﬁron will show that, in theory at
least, many other nuclei could be accelerated in the same machines.

The centripetal force on a particle in a inagnétic field (directed

perpendicular to its path) is given by:

F = Bre°v

. in which B = magnetic field intensity

]

e = charge on the particle

v

velocity of the particle.

_ The path of a particle traveling at constant velocity in a uniform
magnetic field is a circle;, and one may state that the centrifugal

force and the magnetic force are equal, so thats

or v

]

w
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e ]
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in which r is the fadiué of the circular path. The period of revolution:

u¢=2“r'eg__41!‘..'
v Bg
nm

.ﬁhich is independeﬁt“of the radiué, and>(£6r a given'field)”dependé
only upoﬁ.the charge to mags. ratio of the paftiéleg- Tﬁﬁé, g-éiﬁén
~cyclotron with a8 frequency of osclllatlon set to be in ‘resonance
for a certain e/m ratio should be able to accelerate ‘any ion of that
. ratio° |

- The Berkeley 60-inch cyclotron normally accelerates ions with

Blo
RV L
T (e

| where € is £he eléctronic charge and Q the mass ﬁnit Small variation
in mass of the several ions is compensated for by appropriate adjust=

" ment of the magnetic fleld, B, The fqllowing ions have Qﬁn - 1/2,

L 6*** 'o+++++

and should be in resonancé4'ﬁ21f; Hz*s'ﬂe 9 Li 5 Bl ,'t

012+*+#+* Nlhr7 O16 6, etc° Gurrently, the feasibility of using

"~ all of the‘abqve ions in Pransmutation wo:k is being studiedp and

the prégeﬁt reseércg yﬁs iﬁiﬁiated_as a phase of that program.
Sincé thésé ibﬁé woﬁld émerge'from the cyclotrOn with'ﬁhe same

- velocity; their kinetic energies would be in the ratio of their

massea° This can be seen, since fbr ;ons in resonance ’

‘V‘s m
%

' &R = 2ﬁg;§x where R » radius of the dee

2m n? R2
_.___7?___ :

ER =

's‘(constant) m, (for a giveﬁ%maéhige)o
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The 60-inch cyclotrdn produces deuterons of 19 Mev, so the follow-

' ing energies would be available from these heavy ions:

1i8(+3) = 57 Mev

B10(+5) = 95 Mev
cL2(+6)

WA (+7)

114 Mev

133 Mev

oLé(+8) - 152 Mev.

It should also be possible to keep certain sub-multiples of the
above charged ions in resonance. For example, an ion having l/B(e/m)Std s
such as Lié(+1), would travel at orie-third the velocity of an ior with

e/m = 1/2. Once in resonance, this ion would feel an attractive im-

-pulse once in every third reversal of polarity of the oscillatdr; the

rest of the time it would spend in the field-free region inside the

dees. The Lié(+l) would emerge with onéfthird the velocity, or

one-ninth :the energy of the L16(+3) accélenated in the 'same machine.
An ion of 1/5(e/m)std° could be accelerated in the 1/5 harﬁonic,

but would attain only 1/25 the energy of its corresponding ion with

"e/m = 1/2. It should not be possible to utilize the even harmoni cs;

for.any ion would be out of resonance after only half a revolution.
Thus, if their charges could be maintained, one would also ex-

pect to find the following ions accelerated:

L16(+1) = 6.3 Mev
G12(42) = 12,7 Mev

, Blo(+l)b= 3.8 Mevv
WA (e1) = 2.7 Mev.
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.Accelérationfof such ions would be feasible; though, only in a.
c&ciotron'ﬁhose dees are fairly close, and which is operating at a ’
High.dee‘voltage, so that on the fifst revolution the ion is alreaay
eiroulatlng at a large enough radius to ensure that it will be

effectlvely out of thelrof° field. Otherwise, the ions would be
| immediétely thrown"ou.tvof.phase° |

u,The first'successful acceleration of heevy“ioosrwas recorded by

C,‘A,‘Tobiesgl ﬁho ﬁsed 002 as the source of ions in the 60-inch
eyclotron, He was able to'identif& high energy carbon ions in the
external beam in the presence of r351dual helium 1ons and protons
by means of cloud chamber ¢ollision photographs, and also by: the _v
hexghtvof the earbon pulses in an "oscilloscope. . Because of the
very small carbon ion currentvootained (around 10-6 microamperes)
he’ did not attempt to identlfy whether nuclear transmutations could
actually be 1nitiated by these carbon ions.

At the start of this work, the external carbon ion beam was

investigated inothe same msnoef as that of Tobias, anditoe similar

| -coﬁolusioo was reached that the iotensity of the beam was far too

" low for meaningful transmutation stuoies to be carried on. At best,
106 ions/second were being collected; which corresponds to 10°6

microamperes° .

Judging from the fact that the internal depteronsor-helium ion

beam current is ‘usually ten.to twentyfold greater than the corres-
.ponding_external beem,'ooe‘wes naturally eneouraged‘fo hooe‘for
similar_enriehment of the carbon ion beam, Since at first no very

sensitive ourrent:meaSuring.devioe wes aveilable for use with the

i



i SR

intemal beam, radioactivation wa.s selected as the means @f’ beam de==
tectiong and this has @ontinued to be the most r’eliable monitoro

\'.

o S.éle;ﬁtion of Monitor

The utilization of 'gold as & monitor for the .mbénion'begnﬁ was -
prompted by the following c:cmsﬁ..cler’a:i;:l.,ons° | |
| - (a) (C,yxn) reactions on gold. would lead to ‘the production of
N '.recently studied2 neutron deficient isotopes of astatin@ ( 85‘%’)
whose iden_tification could be effected by analysis of their N
half-lives and alpha.particlé'.l ejne_rgia;s;. .'_Thie 'particulaix‘ _'astati;né
}iso'tc';peaf sougi)t could not be formed .-byjhelium iqné on bisauth
-‘ impl_miitiesvor Ibiy helium ions or d‘euterqns‘v on heaViefx‘%.eflemexits;,.,i'
;.(b). ‘fﬁe fact :thé.t,"' t,hesa isbﬁdpes are 'aiibha radioactivfe wouid'
serve to. distinguish them even in the presence of a great ex=
cesg of beta: radioaetivity (products of: deutemn and helium ion
‘ %reactione on gold due to the large: amounts of residual beams
'. in the cyclotron) 5 both by si,mple @ounting in an alpha scaler
-.and by’ pulse hei@xt amlysisog- B ‘ o
'J(c;) The physical pmperties ‘of gold; s(eemed to ‘be well suited
for use a.s a mom.tom it is readily available in the fom of
ey thin foils; 1t is du@tileg f’ai.rly high melmng (1060"0)9
- and is obtalnable in ver’y high purityo | :
" (d) Gold has only ons stable isotopeg 79Au~979 presen‘@ing ‘a,n
‘ideal situatlon f’or beam monit.oring a.nd “for exc;ita.tion ﬁmcwhion

_ experimentap
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Several trial bombardments of gold using the internal carbon beam
'had yielded a fair amount of alpha activity, which was identified as
. being due‘to astatine.h Withlthis encouragement, gold was selected

as the monitor, end;studies were begun on the Au(C,xn)At reactions.

Experimerital Technique .

It had beén fOund_hy tracer experiments‘thet astatine can be
quickly and quantitatitely separated from gold (with which‘it'had
been coprecipitated by S0, reduction of the gold) by heating the
gold to melting in a quartz cup and collecting the volatilized aetatine
" on the tip of a cold "finger" snspended in_the cup. Melting the gold»_ ﬁ
J,was‘sufficient.but not necessary for this-seperation;‘becanse"theu‘. |
»‘coprecipitated astatine tracer could also be volatilized out of the_
solid at considerably lower temperatures However, the rete of |
~ this alternate process was much slower and quite temperature sensi-
tive, for 1t is essentially a process of diffusion of a gas through
‘a‘solido Thus the yields of astatine recovered in the latter pro-
cedure nere_quite veriable, depending upon the length of time and
| othe temperature of-heating. Results of a typical experiment are |
given to illustrate the variation of yield with temperature at con~
' stant length of heating. |

. Condition of Quartz - Percent Activity Collected
?'lfirst sign of redness S . 6
‘dull redness . - .': 36v
'I'bright redness"‘ Lo : 56 .-
qull white . 6

melting point of gold - ~100
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.On the other hand, when thevgold was melted; the yield of astatine -

out of the liquid was always virtually Quantita.tivé9 évén if the‘burnér'

‘was removed from the gold immediately after melting took place; thﬁsv

this latter proceduré.was followed in éll subsequent expérimentsa
The épparatus used in these experiments was a modification of a
stainless steel distiller which had been used® to sepafate'astétine

from.bismuﬁh]targetée The bismuth had‘beén melted by haatiﬁg with é

blast lamp, and the volatilized astatine collected on a platinum disk

-suspénded'in a cold "finger® about half an inch above the bismuth.,
Stainless steel Wwould not be suitable for use with molten gold,

80 a»qﬁarbz,b&ttomisectioh was designed to clip on to the existing

'condenserol A diagram of this boiler is shown in Figure 1.

The .resonance position of the carbon beam was estimated from the

fact tﬁat
(e _(e\ .. .
Q). @)z 0o

s§ the first few bombardments were made with a magnetic field very

close to that for the helium ion resonance, These resulted in ample

alpha activity for identification; At205 and A£203 were shown to be

present by alpha pulsé analysis; thus establishing £hat the follow=

-ing reactions had taken place:

Al 97(G, 4n)at 203
aut97(c, 6n)at203,

No other alpha activities were observed in eompérable yield, Iﬁ

should be noted, however, that Atzoh and A£206 would probably have
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COLD  FINGER U

. |
(STANLESS STEEL) QUARTZ GUP

MU_2118

Fige 1

Astatine Boiler
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been missed in the above analysis because of their low alpha-branching
ratios, and At?%L or 4t?°2 because of their short half-lives; there is-
no doubt that other reactions than the (C,4n) and (C,6én) occurred.

The growth of a smali amount of_Po2oh

alpha activity into the sample
was taken as evidence for the’(C;Sn) reaction, also.

-Tbe astatine frections aiso were extremely beta radioactive; thie
high electron background.made-aocufate alpha pulse-analysis very diffi-
cult. One suspected immediately that the excess of Geiger counter
detectable ecbivityjinvthe volatilized fractioniwas.due to the presence
of'thallium.isotopee produoed from (a,xn) reactions on the gold. This
was verified in the followihg way:f-The.acinity wae leached off the
platinum counting'disk, andbwas shown to carry elmost.compleiely upon

a precipitate of~thallous iodide. The actiVity so carried showed two

distinect periods of approx1mately 2 hours and 7 hours; it was therefore

198 199

concluded that 1.8 hour TL ! and 7 hour Tl had been produced in

high yield by (a,3n) and.(q,Zn)‘reactlons on the gold.

‘The Anomalous Carbon Ion Resonance; CYclotron:Parameters

It was noted in several bombardments that the amouht of helium
ion contamlnatlon in the carbon ion beam, radloassayed with gold as

above, was not constant;, but seemed to depend somewhat on the magnetic

| field strength Some effect in thls direction mlght have been antl—

cipated from the fact that the e/m of 012(+6) is 0.07 percent less

than that of Heh(+2), but because the half=w1dths ‘of the resonance

;peaks are so much broader than such a spac1ng, it should not have

been p0331b1e to note 8o 31gnificant a resolutlono Thls belng the
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case, the procedure in locating the internal carbon beam had been to
adjust ﬁhe magnet current regulator a certain prescribed amount lower
| than the position at which the external helium lon beam was located
“(the latter détermination‘is‘a daily routine of the cyclotron opera-
tors). When this method failed to give reproducible results; several
careful éxperiments were done in which the beam current was studied
as a function of various adjustable cyclotron parameters, as:.

(a) Horizontal and vertical position of target probe

(b) Radial distance of probe from ion source

(c) Position of ion source

(d) Oscillator power

(e) Tank pressuré .

(f) Magnet curreﬁt,

The Aul97(C,4n)At205 and Auwl97(C,6n)At293 reactions were again
-used to monitof'the relative bea.m.cu‘frént° It was found.that of
the abové parameters, only fhe variation of the magnet current proved
critical, and this surprisingly so. The peak of the carbon ion reso-
nance was observed at a maénet'ﬁurrent positién'which;wés 1.1 pércent
lower than the helium ion resonanceé thislis fifteen times the ex-
‘pected ghift as calculated from fhe réﬁioglof_the e/m. 'The experi-
mental results are shown'in‘Figufe 2, | | | |

Perhaps the mbét interestiﬁg ébnseqUenpe of this ekperimeﬁt was
“the disco?ery of.whaﬁ was called the "burn-out resonanée".— an intense
beam of particies of very short rangé Whidh actually mélted thé gold
targét-foils° This "burn;oﬁtﬁ'beam ﬁas bgen very reproduciblé, always

occurring at a magnet current ~0.2 percent lower than the carbon
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resonanceo. The range of these particles corresponded roughly to eafbeg
ioﬁs with E‘s BOAMev, and wes‘much too short to;be.attributed'to a beam
of deuterons; protons, or helium ions. - | |

" The latter point was further ruled out by the acceleratlon of
13(+6), using CO enriched in that 1sotope and employlng a higher
(13/12) field strength to compensate for the lower e/m of 013o These
. conditions‘ere far off resonance'for deuterons, protons, or helium
:1ons, and yet the intense but useless beam was again found at the
same place relatlve to the 013(+6) beam° Because of their low energy,
these partlcles cannot penetrate the nuclear coulombic potentlal
barrier, 80 no_transmutetionslhave been observed which could be cor-
.related with them. The intensity ef this beam‘has been_verified
visually by its intense heating_effect on the target foils (which are
not heated'to-ihcendescenee by the C(+6) beam)'andvﬁy acteal current
imeaSurements,'iﬁdicsting currents of ﬁhe order of 1»'100-:vmicroamperes°
.Ffom'theSe and other observations,_iﬁ hes been concluded that this
'beam is composed of 0(42) ions of approxiﬁstely 12 Mev energy which
are_accelerated iﬁ ﬁhe;l/B harmonic.

Aidiscussion of @he theories of Beem fermation ﬁill be given in
~a later section afﬁer'the results of some more»fecent experiments
_haVe.been described° | |

An attempt was made to evaluate a mean energy Qf the internal
~ carbon (#6) ion beam at full radius by ﬂaking a rough absofption
curve in tantalum. Although lack of thin foils at the time made it

impossible to carry the curve into the lower energy regien, the

results were definite enough to establish that the most probable energy
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is far below 114 Mev; as calculated from the cyclﬁtrén constants, and -
is in reality somewhere between 75 and 85.Mev. These data are shown
in Pigure 3. This unexpectedly low valﬁe was in contrast to the range
measurement (in aluminum) of the exterhal carbon ion beam by J. F.
Miller, which indicated that the energy of the external beam is close
to the calculated value of 114 Mev.,

A sensitive current measuring probé, designed by A. G&iorso, was
used in conjunction with a vibrating reed electrometer to measure ﬁhe
beam current directly: An average value of the 012(*6) current over
the period-of most of these experiments was about 10°8 am.pefes°
Recalling that the intensity of the external beam is'uSuaiiy approxi-=

12 amperes,; one sees that the ratio of internal/external

1y

beam current is of the order of 107, in contrast to a ratio of 10 to 20

mately 10~

found with standard bombarding particles. However; in view of the
energy measurements this ratio is understandable, because the.ex?
ternally deflected beam will-pass only ions of the Np corresponding
‘to ufull® energy; and these are seen from the range curve to consti-
tute only a very sméll étéil" of the Qistribution curve, which is

.-, probably a very br’oad:Gaussian°
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. II. EXCITATION FUNCTION EXPERIMENTS ON THE (C,4n)
AND (C;6n) REACTIONS
An insight into the mechanisms of nuclear processes can often be
gained by studying the energy dependence of reaction probabilities,
and by correlating this dependence with predictions based on current
nuclear models. Besides shedding iight on the validity/of the

models; such a study also provides sound basis for confidence in

" planning future experiments in which these reactions may be utilized.

It'is at once recognizéd that at the present stage of the heavy
ion program, the.uhcertainty in expérimental parameters will render :
aipreaise interpretation of excitation curves quite dif‘fi‘cult°
Nonetheless, such studies have been begun on the two reactioﬁs which
haﬁe_proved.most'accessibleg the (C,4n) and (Cs;6n) reactions on gold.

The stacked foil technique was used in making these bombardments;

‘each foil having a thickness of 0.2 mil, Separation of the astatine

activity from the bulk of the gold was done by the method described
earlier, Identification of the At?03 and At?%° was made both by

alpha pulse analyses and by direct half-life measurements with an

" alpha counter.

In order to facilitate the interpretation of these excitation
éxperimentsg a group of range;energy‘curves for carbon ions has
5 for‘othef ions of the

same e/m ratio, using the following approximate rule: A c12(+6) has

1/N the range of particle X of 1/N the energy,

where N = E288 of-Cli _ {? for alpha particle%}

mass of X |6 for deuterons
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This rule may also be stated ass A‘Clz(+6) has N° the rate of

energy loss of particle X of 1/N the energy. These curves are given

in Figures 4, 5, and 6.
| The results of two 5 minute bombardments aré given in the follow=-
- ing summary:

197 205

Bombardment A Bombardment B Average

Activity in 4.6 x 10% ¢/m  1.18 x 10* ¢/m
first foil | |

Activity in 1 , 1 o 1
first foil '
normalized

Activity in 0.913 - 0.483 0.698
second foil . :
normalized

Activity in 0.139 0,313 . 0,226
third foil . ‘
_ normalized ' ‘ L . ¢

. Activity in. - . 0.040 - 0.040
fourth foil
normalized

Activity in 0.013 0.013
fifth foil
normalized
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197 203
79Au (Céén)SsAt |

Bombardment A Bombardment B Average

Activity in 1.5 x 10° c¢/m 3.4 x _lOLP ¢/m
first foil .

Activity in 1l 1 1
first foil.
normalized s

Activity in 0.246 - 0.165 0,205
second foil ' ' B
normalized

Activity in 0.043 0.062 0.052
third foil
normalized

These data are shown graphically in Figure 7; from which the
quélitative‘conclusion is drawn that at the higheéﬁ engrgies, the
yiéld of the (C,hn)'reaction is approaching its maximum,value, while
the (C,6n) yield is still increasing.

In order to considér the excitation energies responsible for
these reactions; an gveragé energy of the beam must be specified.
From Figure 3, a'vefy apprbximate value of 80 Mev has.been selected;
because of the unusually wide energy distribution encountered with
the carbon ion beam;, the error introduced at this point is probably
serious.

Computing the energy loss in each 0.2 mil foil; the data are

tabulated as a function of energy.
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Foil Average field» Yield

Number Carbon - (C,4n) (C,6n)
Energy
1 mn-80 1 1
2 62-T1 0.7 0.2

3 52-62 0.2  0.05

Carbon ions of energy less than 55-60 Mev should not contribute
appreciably, since they do not have enough energy to overcome the

potential barrier; which is given by:

R T

Ry A

Vo ™ M vy ]
° T 17 A2

0.96 ZlZQ R A .
/3, A21/3 Ay + A, L

A 1t A2

58 + 0,057 B, (Mev)

:?he fact that appreciable yields of the (C,4n) reaction are
' found in the foufth and fifth foils camnot be explained on the basis
of ba¥ri§r éenétration,,whichnwillvbe'shown to be quite unimportant°
Reactioné iﬁ these foils mﬁst_haveiﬁéen caused by the smaller number
of particles which constitutes the high enérgy #tail" of the energy
distribution. An ion of 110 Mev; for ekample, will still havev
approximately 70 Mev when entering the £ifth foil.

(r14,0) to ablory svidslef

Consider théoexabtabmdrsendripogivehrisy a carbon ion of 80 Mev

to a gold nucleus. First, the available kinetic energy in the center
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of mass system will be 197/209 x 80 = 76 Mev. The binding energy of

012 to Au}97 is approximately =22 Mev, as can be seen from the follow-

" ing scheme: .

i

At209 815 4§+ 5.8 Mev

B3 205 > T120L & ¢ & 4.6 Mev (estimated)6
11201 > 417 + o + 4.1 Mev (estimated)

34— 012 +'7,3 Mev.

a7 s g2 o 44209 L 22 Mev

Therefore, the excitation energy will be % (76-22) ® 54 Mev,

One éan use the statistical tréatmént of*Weisskopf7 to estimate
the most probable numbef‘of neutrons emitted from a nucleus of At209
~excited to 54 Mev. |
Considering the nucleus as a degenerate Fermi gas of neutrons
. and protons, the total'energy of excitation (measured above the

T = 0 level) is given by:
E = a(kT)? + b(kT)* + ....

The second term is generally neglected. The constant; a, can be
evaluated from experimental data on nuclear level densities; and is
given, for A > 60:

a = 0.84(a-40)Y/? ‘

- 0.84(A-40)1/2
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For-At2099 at an exnitation of.5h Mev,

KT = \U 2k
, 0.84(169)1/2

kT

2.2 Mev .

i

.The treatment further develops that the neutrons are emitted with
greatest probability around an energy kT.- So we may now estimate
“the most'probable'numbgr of neutrons emitted by the compound nucleus
At209, assuming an averége binding energy fér the last neutron as

8 Mev.

Nucleus Eéxcitétién ‘KEneutron
- (Mev) -~ (Mev)
at?09 5L 2.2
P8 438 20 .
0T a3 ¢ 0 17
A£206 221 1.4
At205 | »'10;7 1.0
A£204 1.7 SR

This approximate analysis shows, at least9 that reactions of
the order of (C,5n) should be exhibiting their peak yields under the
conditions of thé'gold bombardments. Such an interpretation would '
predict that the (C,Ln)‘curve'should'be bending over at this point,
while that for the (Cs6n) should still be rising. This is the

situation which is observed experimentally.

¢
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Some Yaverage" energy has been asgumed for the :dbove considera-
tions; perhaps the only justification being simplicity 'of‘calc_ulation°
But. one must add to this the comﬁiicatién resulting from the broad
energy spread of the cafbon béam. Since the (C,6n)‘reaction rgquires
more excitation than the (C,4n), it is reasonable to assume that in
ﬁhe seéond and ﬁhird fdils, an increasing fraction of the.(C,én)
proéesses would have to be initiatéd'by high energy carbons from
the tail of the diétn{butién curve. This in itself would sérve_to

decrease the ratio of (C,6n)/(C,in) in the inner foils.

Leakage of Carbon Ions‘Through Potential Barrier, where E<V,

It can be shown that the quantum mechanical phenomenon'of
.barrier;tunneiing is far less impoftant in the case of carbon ions
than with other cybloﬁron accelerated barticles; the heavier a body
becomes, the.cioser it approaches cilassica{l'_behenrior_° i
8

. Consider first a one dimensional rectangular barrier.

~

One repfesenﬁé the beam of incident particles as a plane wave,

traveling to the right, so that:
Co L dkx
(Pinc, = ae

whefe k =R = Y‘QEE
I | P
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and the reflected wave is: -

The transmitted wave is:
o ikx
Y e

Inside the barfier, the wave function becomes

llfﬁ = Ke In? W°&E5 * + Le #f (Ta®)

The transparency of the barrier is defined as

ST
. --transmitted intensity . ._ IdeII| _ Iy
incident intensity |tpihc‘2 |a|2

The constants are determined by making use of the usual continuity

conditions across the two boundaries. The transparency is found

to bes

- \’-2-9 V. -E) b
'T.=62»‘52(0'..) n

The order of magnitude of the transparency df a barrier of

another shape can be obtained by;finding the average height and

treating as a rectangular barrier.
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" Then, for a Coulomb barrier:

V.
V() f-—--1
Q _
b
2B (y o
, -2 5 (Vo-E) c
T-¢ R I'B dr ='e
7 2 ’
. YAV
Now, Vo i S
r

AV _
."_G =2 -2-=E' [ Lg_ - K dr s
-h2 r .
| J R d o

The integration gives:

2l

[¢)
O
w
 €!$‘
]

o |50
g
c‘lw'
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The penetration curve‘for carbon -ions on}gold-has‘been-calculated,

using:

1.5 x 10713 [1971/ 3,1 3}

R =
= 1;2 X lO==12 cm
at r = b, E =.Vo
2
Z.2 e
b = 12

Figure 8 illustrates the extent of ieakagé'for cérbon ions oh
gold. For cqmbarison, a similar curve has been included showing
proton leakage,through fhe potential barrier of uranium, which‘is
Quite appreciable. |

The above calqulation, when considéred in the light of a thrée
dimensional barrier; fefefs only to those particlés which approach
the tafgetvhead-on, (S-wave collision). When there is relative
' angular mqmeﬁtum bepween.the two nuclei;, the effectiye barrier is
inéreaSed by the "centrifugal pétential" term; the result of this.
'additional fofce'is to decrease the barrier pénetration even further
for thoée particles which hit off’center. A'further result is that
even at E = V,s only those particles which approach head-on will
pénetrate to the range of nucle;r forces; others are scattefed;off
bécause of £he higher barrier,- ClaSsically; this is equivalent
to a Ruthérfofd (coulomb) séattering process, which will keep the
éffective’cross.éection of the target less than nRz, approaching
this value at the limit of very high energies. Such an argumént‘

is in agreement with the sharp rise of experimental yield curves
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-ing will be discussed‘further in a future section.

for reactions which are limited by a bafrier'higher than the energetic
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i

threshoid, such as the (C;4n) and (C,6n) reactions. Coulomb scatter-

Estimate of the (C,4n) and (C,6n)=Cross Sections

The follow1ng estimate 1is made on the basis of the amount of

i

‘astatlne produced in the first gold f01l durlng two average 5 mlnute

bombardments. It is admittedly rough; but as good as can be done at’

- the present time.

The experimental data are summarized below:

Yield (a ¢/m) Yield (a ¢/m) Average:Ion " Thickness Length of

of ‘At205 . of At203 | Current. = of Foil  Bombardment
,Tl/é = 26 min - Tl/é‘='7 min (ampereg?- (atoms/bmz) (minutes)

L5x10% 0 1.5x10° 10% . 4x10Y o5

1.2x10% U 33x10* 0 1008 4 x 1009 5

(C 4n). Cross:Sectionemm The average yield of At205; correcting‘

for geometry of the alpha counter, was, approxlmately 5 X 101+ alpha
tdlslntegratlons per minute. At205 15 a nucllde whlch decays predomlw

‘nantly by electron capture; but the eXact‘branching ratio has not yet

been determined, so it is difficult to convert alpha disintegrations
into total decay rate. An extrapolation may be made, however, on
the basis of the known systematics. of alpha deeay,6 These data would

predict an alpha half-life of the order of :three hours for At2059
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which would establish its alpha branching ratio as 26/180 % 15 percent.
:USing this figure; we'may‘caloulate a cross section from the relation:
N(t) =Inot

total numbér of atoms pfoduced (neglecting decay

where N =
during bombardment) = *QQ_
' - dt/\
I-= flux = 10"~ amperes = 10 - carbon ions/second
n = number of target nuclei = ia;xgloigynuclei/dmz

/0 = ¢ross section

ct
[}

length of bombardment = 300 seconds

5 x 10% 26 1 1

therefofe o= A 1_ .
015  0.693 1010 4 =x10'9 300

10727 am?

[x4

2 0.1 barn

gg;én) Cross Section.-- An average of 9 x 10% alpha disintegra-

tioﬁs per minute of At203 s produced in.these irradiations. Simi-
- larly, eétimatihg an alpha half-life for At203 t5 be roughly 30
minutes, the branching raﬁioibecomés.: 7/30 ® 20 percent. Becaﬁse
of the short half-life of At203, we use the following relation:

AL

N(t) = 1_1;2_(.1%’ ) .



In this cases

C(1-e™) 2 0.5

_ 2 AN(t)

In

o dAN fey
2~a?(t) -
In

A°;2°9Xl0h0 l ‘;o.l
- 0.2 . 1010x60 4 x 109

4 x 10'='26 cm?

13

22

0.04 barn.

The absoluté magnitude of these figdres is, of course, no more
precise than thé‘ﬁarameters involved in computing them; the actual
 beam cufrgnt may have been diffegent f}om.the.figure given by a
-factor df three of.fbu:, s0 these cross séctiqns must Be éqceptéd
accordingly. |

The relative magnitude of the cfoss seépiéns shoﬁld»be more
reliable, for the validity.of this ?atio depends mainly upon the
predictions of alpha‘decay systematicsg which in the past have(prpved
surprisingly accuréte’° One;nbtiCeé that this ratio is in agreement
with that which wouldvhave‘béen‘predicted from the shape'of‘the
excitation cﬁr§esg since the (C,4n) reaction seems to be near its
maxi mum va]:uég while the slope of the (C,én) yiéld“c\irve‘ is still

quiteISteep at this point.
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Because of the wide spread in carbon ion energies, it would be
SHOT VOHMAAD HTIW mJ'l U0 0T8T <LiX
more precise to _express the observed_cross sections as:
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© III. THE FISSION OF URANIUM WITH CARBON IONS
A great stimulus toward the study of carbon ion reactions has
been the hope;that £h¢‘s&ﬁ§hesis of transcalifornium elements will
be made pdssible by'éﬁch-réactidhé as:'ﬁ:‘

93Np237(09xn)99<248'

o, PuZ>7(C,2n)10072%0

Accordingly,‘a.knowledge of thé (C,xn) cross sections in the
'regipﬁ of urénium would be of great help in.the design of future
-experiménts_witﬁ heavy élement production in miﬁd° Of comparable
interest ié,the fission cross éection of uranium_for carboﬁ ions,
since the competition of the fission process with (C,xn) reactions
~in the region Z - 94 is likely to be serious; or even prohibiﬁive°

Also of interest in its own right is the shape of the fission
yield curveg'frém this datum some clue to the mechanism of the
fission process may be found. |

Several bombardments of uranium with 6arbdn-ions have beén made;
in which the production of szhé and szﬁh Bas been verified, repre-
éenting the (Cs;4n) and (C,6n)-rea§tionsa9 Fréﬁ an aliquot of the
original térgét solutionvof one of these bombardmentsg an analysis
was made for radioactiﬁities of silver,‘strontium, and barium. The

chemical separations proceeded as follows:
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(1) To the target solution, 10 mg of standardized silver carrier,
and 20 mg of standardized barium and strontium carriers (as °
nitrates) were added.

(2) Fifteen ml fuming nitric acid was added, and the solution

-cooled for several minutes while stirring.

(3) Precipitate was centrifuged, and supernatant (Ag") set aside.

Precipitates of Ba(NO3)2 and Sr(N03)2 from A,

- (1) Precipitates were dissolved in 2 ml~H20° | .

(2) Ba(N03)2 and Sr(N03)2 reprégipitated with 15 ml fuming HNOj,

 centrifuged.

(3) Precipitates again dissolved in 5—10 ml"H20°

- (4) Five mg Fe T carrier was added; and Fe(OH)3 precipitated

by addition of 2 ml NHAOH@ Precipitaté wés centrifuged

and discarded. Tl

Supernatant solution from B.

(1) Neutralized with 6 N HNO,.

(2) One ml 6 M HAc and 2 ml 6 M NH,Ac were added, and the

solution heated nearly to boilingo

(3) One ml 1.5 M Na,GrO,

added dropwise with stirring,

‘and sdlution allowed to stand for several minutes.,

(4) Precipitate was centrifuged, and supernate (sr*) set
aside.

BaCrO, precipitate from C.

A

(1) Precipitate was washed with 10 ml hot H20, then dissolved

in 1-2 ml 6 M HC1.
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(2) Fifteen-ml HCl - -ether reégentiwas added;, and the mixture

stlrred for several mlnutes

(3) Prec1p1tate of BaCl centrlfuged, and the supernate dlsearded
2

'(4) Ba012 was dissolved in 1 ml H,0; and repreclpltated as in (2).

'(5) The preclpltate was transferred to a welghed alumlnum disk

with 4% HC1 in alcohol,

(6) Precipitate was washed thrice wlth ether, and drled in a

vacuum de91ccator
(7) Preclpltate was welghed as BaCl2 " H0,
Supernate (S? ) from C.

(1) Two ml concentrated NHhQH added, and solutlon heated nearly

- to b0111ng a ¢

(2) Five ml saturated (Nﬂh)zc2 , added slowly with stirring.
(3) Mixture stlrred for several mlnutes, then centrlfuged

(4) Precipitate was washed thrice with 5 ml dllute hot NHAQH,

 likewise with 5 ml 95% alcohol, and 5 ml ether

(5)'Preeipitate transferredjtouweighed aluminum dish; and dried
iﬁ'; vacuum desiccator. |
(6) Precipitate was weighed as SPCQOA ° H0.

Supernate’ (Ag" ) from A o | -

(1) Solutlon was boiled, then diluted to 5=6 N HN03

(2) AgCl was prec;pltated by the addition of 1 ml 0.5 N HCL.
The precipitate was coagulated by boiiing with a microburner.
(3) Supernate was dlscarded | o |

(A) The AgCl was washed twice with 10 ml 1 N HNOB.containing-a

drop of 2 N HCl.
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(5)'_A301 was qis;olied'1nf>z_"__”.,',_,_1'_‘6v_y_' mi'hndn»,f and the solution diluted
to 10 ml. | | o
(6) Approkimately 2 mg Fe'*" was added, and the Fe(OH)3 precipitate |
" was centrifuged and discardedo '

(7). The Fe(OH)3 scavenge was repeated as in (6)

i(8) Supernate’.” from (7) was saturated with HS. in the coldo_

(9) Precipitate of AgyS was washed, then dissolved in 2 m
- concentrated HNO3. f | },_ v‘ ' ) (

(10); Solution boiledp then diluted to approximstely 4 1\1°

(11) AgCl precipitatad by the addition of 1 ml 0.5 N HCl, and:
washed as in (4). _ o
- (12) AgCl dissolved as in (5) and solution diluted to 10 ml.
(13) Scavenge twice with Fe™** as in (6) and (7) |
(14) Ag2$ precipitated again as in (8). |
, (15).Preeipitate:dissolved in 1 ml concentrated HN03, and the
, solutionvboiledo , : |
(16) Solution diluted to 6 ml.. ;_ |
(17) one mg Fe™* added, and solution made basic with NH,OH, and
the Fe(OH); discarded. | |
(18) Solution acidified to approximately 2N with HNOB, and 2 drops
< 6 N HGl added e ,

(19) Wibure was boiled to coagula.te the AgCl. . |
(20) AgCl centrifuged, washed thrice with 5ml 0.5 N HN039 same
with 5 ml alcoholg transferred to waighed aluminum dilk°
(2) Precipitate was dried for 10 minutes st 110°C, and weighed
as AgCl. . | | |
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The following activities were found:

Fraction Nuclide Half-life  Yield Yield
' : - (dis/min) (atoms)
Silver A2 & 413 L) hours 5 x 104 ~107
sttt 7 days 160 3.2 x 10°
Strontium Srgl 9.7 hours V9OO 7.6 x 105
'Sr89? | long <20 , -
Barium Bal40 12.8 days 42 1.1 x10°

The approximately 4 hour decéy period observed in the silver
- fraction undoubﬁedly represents an unresolved mixture of 3.2 hour
Ag112 and' 5.3 hour AgllB, so we ghall assume thaf approximaﬁely equal
amounts of each were formed. Figure 9 shows thekobsefved yields.

* The data accumuiated in this experiment are neither numerous
nor reliable enough to allow one to draw any definite conclusions
as to ﬁhe shape of the fission product distribution. However, it
ié of interest to consider how the various possibilities would .cor-
relate with existing pictures of the fission process.

On the basis of'the liquid drop model of Bohr and Wheeler, and
Frenkel, iﬁ haé been possible to estimate the activation energies |
necessary to reach the "critical shape” fér fission.lO This activa-
Jtion energy is given in termsAof the function ZZ/A, From this
"fissionability parameter” it is found that for nuclides such as
vU235 and Pu239, where Zz/h ~ 36, the activation energy is less than

the binding energy of a neutron; thus these nuclei will fission with
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.’slow neutrons. Associatéd with slow neutron fission, but as yet
unjustified theoretically, is the familiar double-humped fission
product distribution curve with its valley centered at about half
the mass of the parent nucleus. |

Nuclei whose activation barriers are higher than the binding
energy of a neutron can still be caused to fissioé, if the requisite
energy is supplied as kinetic énergy of the bombarding particle.
~ However; the process of fission wili riow -have to compete with emism
sion of heavy particles; as well as with gaﬁma emlssion. In the
case of such "fast" fission, distribution curves have been observed
from the extreme of a single humped (symmetrical) curve in the case

of bismuth fissiont 12

1 t6 a shallow double-humped curve for uranium.
In their study of the fission of bismuth with high energy deu-
* terons, Goeckermann and Perlmanll point out that the fission seems

199 or POZOO, only

to occur most probably_from the parent nucleus Po
after about 10 neutrons haVe evaporated.from'thé original compound
nuéleus° At this point Z2/A = 36, andvthe éctiyation energy'is
approximately equal to 6 Mev,liThus, it seems that the aétivation
energy necessary for fission must be leés than or equal té the
‘neutron binding energy before fission will compete with neutron
emission, |

If this reasoning may be e;tended to another case, one would

predict that the fission of gold with 80 Mev carbon ions will 6ccupy

a very small portion of the total cross section; for in the reaction ’

: | v ¥*
T G2 [.8 5“2(‘)9]

' ‘ ~\\\“§(ngn) reactions

> fission products
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at ieast seven neutrons would have-io be boiled off before the point

is reached where fission would oompete with neutron emission; and

we saw above that at 80 Mev; a (C;8n) reaction should not be too likely. -
Perhaps entroby considefations may help one understand why

fission doesvnoﬁ compete with neutron emission until the barrier energy

is of the ordéf of the neutrpn binding energy. va-the excitation

energy for fission is higherg then the fission frag@ents must take

off a greater amount of kinetic energy than a heutron, which will

on the averagevescépe with only KT of kinetic energy; Thus, the

residual nucléus from fission will be left in a state of lower-energy;

that is; a state'of lower levél density and lower entropy. Here,

neut:oh emission will pfedominate; ‘Buﬁg»when the fission barrier

is of the order of the neutron binding energy, then'the enﬁropy

effects are‘more or lesé the same for both processes; and fission

> 36,

competes with neutron emission. This occurs when 22/A
In the bombardment of uranium-with carbon ions; the compound
" nucleus 15'980f2509 for which Zz/h ~ 38. The fission activation
energy for nuclei of this Z2/h is given by Frankel’and Metropolile
as % 3 Mev, considerably less than thg'neutron Binding energy. One
is then led to.the'expectation that in this instance, fission will |
be the predominant mode of energy'dissiﬁation° .Neutfon emissipn
will be unlikely from ﬁheAcompbund nucleus; of course; the fission
fragments will be foﬁmed‘in a state of high excitation, perhaps
high enough to evaporate quite a few nucleons. This predominance
of fission may ﬁake it difficult to prepare sufficient quaqtities

of transcalifornium elements by carbon ion bombardments, because



of the neutron deficiency of the product'nuclei, which leads to high

* values of Z2/A, For instance, in the reaction

. . * - '
50239, sl2 251 , (251-x)
o1 Pu 39 + (& -—--fglioo‘5 ] —> xn + 190. .

the value of ZZ/A for the compound nucleus is 39.8, indicating a fission
‘barrier of only 2 Mév°
49

Even though the hypbthetieal_fission of Cf2 “with slow neutrons
would undoubtedly shoﬁ a double humped fission pfoduct distribution
curve, it would be much more likely in the case of the splitting up

ot 0220

formed with carbon ions on uranium to find a symmetric
distribution, or at most only a small valley;/the high poténtial
barrier (;60 Mev) prevents the formation of the compound nucleus
at low excitation; SO'présumably those nuclides undergoing fission
at high excitation will follow the mechanism usuallj postulated for
fast fission, fesulting in a symmetric distribution, and an unchanged
Z/A ratio in the fission fragments.

A thofough study of:the characteristiGS-of carbon ion induced
fission would be very desirable; as soon as the experimental limi-

tations are reduced sufficiently so that quantitative work becomes

feasible.

Calculation of Fission Cross Section

An estimate of the fission eross section of uranium for carbon
jons (60 < E < 90 Mev) may be estimted. Making the rough guess of

a 3 percent fission yield for the nuclide Agllz,'one has: -
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LN
-Int
where N % 3 x 10° atoms
I % 10-8 amperes & 1010 ions/second
n =6 x 109 apoms/bm?
t = 2 hours = 7200 séconds
50p % 0.1 barn ;‘

This figure seems to Be rather low; in view of the conclusion
reached above that fission should be the pmimanyzreactiOncl.However,
one must take note of the fact that coulomb scattering will playra
significant role in reducing the effective total cross sectioﬁ,

‘when the interaction‘is between a heavy element and so highly charged
a pfojectilé as a carbon nucleus. This c@n be shown b& the follbwing
approximate calculation based on élassicalﬁRutherford scattering

formulae.’

A = target nucleus
.q = distance of closest approach
b =

impact parameter
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The Rutherford scattering formulae ares:

Q = b cot 8/2°
b =K tan © where K = :
25
_ R
( = —2E Vo

In order for reaction to occur; the particles must approach each
other within the rangé of their forces. We will gpproximate_thié
condition by setting q = Rp = Ru + rg, the éum of i';he nuclear radii
of _tar’get and-' projectileo Eliminating © from ﬁhese two equations;

one hass

.
- KR

i
=]
HJM
N
g
o IR

A .
Rf2< = E0> ' whereV < E

The effective cross section will be b=,

‘Thus o off = Ry (' = —%)
v
. o
= Cgeom (} - ?5;>

" For an average energy of ~80 Mev
_ _ %geom
eff = L

1 barn

22
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Tp;s figure is still high. However, if the potential barrier,
V09 should be higher thaé‘that.estimated, the enérgy of the beam
might fall below V, in the latter part of the foil. This would reduce
n (effective) below 6 x 1019 atoms/cm?, and would further raise the
calculated value for the observed cross section.

It is interesting to note that the yield of Cf2hk obtainéd by
: _Thbmpson, Street; and Ghiorso in this bombardment corresponds to a
cross section for the_(C,én) reaction which is smaller th;n the
fission cross section by at least a factor of th, This ratio.is

in agreement with the general argument presented in this section.
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IV. PRODUCTION OF BROMINE ISOTOPES FROM COPPER

One of the more practical'applicéti@ns of high energy carbon ion
beams is iheir utilization in the production of neutron.deficient
radionuclides. In the center portion of thefperiodic system, one must
add an average of 1.7 neutrons for-eﬁery proton to follow the line
of stability; whereas in'a typical carbon ion reaction (eogO,'C,hn):
only 0.3 neutron is added per protoﬁo In short;'this is one ‘of the
best methods'of adding'proﬁons to a:nuéleuéa

'The study of bromine isotopes produced from bonbardment of
copper was advantageous, siﬁce thevchemistry in&olved is simple and
the target material is readily available in high purity and in foils
of any desired thickness° Bombardments of thin copper foils with
the carbon beam have resulted in the prédﬁction of two ligﬁt_isotopes
of bromine; one of which had previously been'reporfted.,l3

A chart 6f the isotope section under consideration is shown in
Figure 10. |

The chemical procedure which has<Been used to isolate the
bromine fraction is as follows:

1. The copper foil was plaged into a distilling flask, and 10 mg

each of arsenic; sélenium;_and brominé carriers added. |

2. Several ml concentrated HCL was added, and the flask closed.

3. 30% Hy0, was.added dropwise to the flask (via a built-in

funnel stopcock arrangement) while heating.

L. The Br, was-swept.over into a»CClh =‘HQQ trap by a slow air

stream,
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5. The HQO and CClh layers were éhaken, and then separated.
6. The Brp was reduced out of the CClL layer with NaHSO3 into
a few ml H200

7. A few drops of Ag” carrier were added, to precipitate the Br~.

A typical decay curve bf the bromine fraction is shown in Figure 11.
This éUr?e represents the results from a 10 minute bombardment. All
experiﬁents gave very similar decéy curves; except forvsmall varia-
tions in.the ratios of the two components, due to differences in
length of bombardment. The half-lives of the.two activities, clearly
fesolved, haVe been determined as 35 ¥ 5 minutes and 95 : 5 minutes.
| + The 95 minute_activity:is in all 1likelihood the saﬁe isotope of

75

bromine which was reﬁorted by Pool.et al, 13 as 1.7 hour Br'”, produced’
from the (p,X) reaction on selenium:enriched in Sern*e From Pool“é
data, it is fairly ceftain that this isotope ié either Brr“F or Br75,
- but his assignﬁent of the’activity to the latter does not seem to be
definit;i've° He states, "In the decay curve 6f activity from Se7h + D
bémbardment; al2s ts day half=iife appeared which was presumed to
be that of Se75°v The ratio of’cr§ss sections for production of the
1.7 hour Br activity compafed to the 127 day Se75 activity by proton
bombardment was determined toAbé approximately one. This indicateé
that the 1.7 hour Br activity decays into the 127 day sel beriodu“
However; in the absence of kndwledge of the decay schemes of these
nuclides, one cannot come to a conclusion such as the above withoutv
making some assumption regarding their céunting efficiencies;

experience with K-capturing isotopes with small amounts of positron

branching has shown that such assumptions can be quite misleading.
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Though one acknowledges that ﬁhe parent of the 127 day activity was,
v~indeed, Br75, whether or not it was the 1.7 hour isotope is still in
doubt. | |
Theré are’some‘considerétions to favor thefargumenﬁ‘of Pool:
~ that the (p,Y) cross section should be about as large as ﬁhe (p,n)
'éross section in his bombardménts‘pf selenium,.in view of the factr
that protons of 5 Mev ﬁeré usea.‘ Quite high threshold energies are
often required by (p;n) reactionsiwhére the transition is from én
even-even to an~odd-odd nucleus, és it is in ﬁhe>ca§e 6f
| 3L3e7h(p9n)35Br7h; A rough calculatioh.using.the mass equation
indicates the threshold in this case to be approximately 7 Mev,

75

| whéreas the (p,Y) reaction to give Br'- is exothermic. Thus it is
quite possible that these bombardments were done at an energy very
close to the (p;n) threshold, and that the (p,Y) reaction constituted
a sizable fraction éf the total cross section. |

Beryllium absorption measurements on our 90 minute activity

showed an end point of the beta spectrum of approximately 1.8 Mev,

- in qualitative agreehenﬁ with the value of 1.6 Mev as reported by Pool.

The difficulty of ascertaining the mass of this nuclide is in-
creased by the fact that the several bossib%é daughters are either
stable_of very longelived, éo.that chemical isolation of the daughter
would be of no value. Such a situation<might best be met by care-
fully controlled excitation experiménﬁs with helium ions on arsenic
(which contains only one stable isotope; 33As75)°

bombarding energy between 40 and 60‘Mév, one should be able to bring

in successively thé (a,4n) to (a,6n) reactions; the mass number is

By varying the ~

<
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~assigned by noting wﬁere the 90~mihute activity first appears.
>Ih.the bombardments of cbéper with carbon ions, the decay curve
of the bromine fractions showed only the two activities, and in all
experiments decayed to background level without ﬁailing out into a
longer-lived component. This would indicate that the new 35 minute
activity is not the parent of 7.0 hour Se73, which should have‘

Br/2

appeared as a tail in the decay,curven is not ruled out,

because of the "long" half-life of its daughter, 9.5 day Se'2.
. Therefore, the present choice of mass assigmment for the 35 minute

bromine rests between Br72 and Br7h; half-life considerations would

favor th-e'latt‘er°
To rule out thé possibility thét the 35 minute activity might
be Selt (Lk minute B*) impurity, the following were done:
(a) In one bombardment, the chemical procedure was altered to
the following:
1. Thgvcopper target was dissolved in HNOB’ and 10 mg Br~
carrier added. |
2. Solution was made 1 N in HNOs;.

3. Bqual volume of CCl, added, and 0.1 M KMnO, added

b

dropwise until Br, color persisted. Br2 was extracted

into CCl, several timesﬁ

L
4. To CCl, layer, 10 ml H,0 and 0.1 N NaHSO4 were added
until the CClh,layer became colorless upon shaking.

5. H,0 and ccih layers separated.

6. Steps (3) and (4) repeated twice.

7. Br~ precipitated from solution.by addition of Ag'.



~55-

The activities found were. theé same as in all other experiments.

(b) A bombardment of copper with carbon ions was made, in which
. , y

a selenium fraction was separated. ?eriods of ~40 minutes;

71

7.0 hours, and 9 days were observed, corresponding to ‘Se
5572, and Se73 from the (G;p5n), (C;p4n), and (C,an) reactions
“on Cu®? and the (C,an), (C p2n),'and (C,pn) reactions on Cu63°
- The repeated absence of the last two perlods in bromlne fraction
decay curves rules out the ‘presence of selenium impurity,; in
view of the fact that the 35 minute ‘period always occurred-ln
high abundance (comparable to thaﬁ'of the 1;5 hour period).
| To rule out the possibility that the 35 minute activity might
be 38 minute Zn63 made in Cu63(d,2d) reactions from deuteron con-
taminationein the carbon beam, the following experiment was done:
Copper was bombarded in iﬁe regular deuteron beam of the 60-inch
cyclotron for 10 minutes, and then subjected to the bromine distil-
.lation chemistry. Very little act1v1ty wa.s dbserved in the "bromlne"
fraction; what act1v1ty there was decayed with periods either
<20 minutes or >6 hours.
Assignment of the 35 minutevbromine activity to Br'n+ seems the
most reasonable in light of present data° fhe reaction would be

cub5(c,3n)8r 4,

Mass Assignments of.Br’76 and Br77

In the course c¢f the bromine work, 1t was con31dered advisable
'to make certain the 1sotop1c as31gnments of Br77 and Br 76 These

nuclides had been characterized in the Table of Isotopeslh as follows:
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Br/! - 57 hour"§+9’K Element certain, isotope probable.

Bg76 = 16 hburfﬁ* " Element qértain,'mass assignment uncertain.
Sincé arsénic has.buﬁvohe'stéble isotope,'33As75§ the method‘pf criti-=
cal excitation was selected for this problem, utilizing the following
reactiqns: | |

Aszs(ﬁgn)Br789 threshold‘estimated at ~§.Mevo'

~ 4s75(a,2)Br77, threshold estimated ‘at. w1, Mev..
: As75(a5,3n)Br=76 threshold estlmated at m26 Mév

Three bombardments of A5203 powder. wrapped in platinum envelopes
were made_inithe 60=inch'cyclotron helium ion‘beamo Thg.thieknqss
of the platinum was.changed.in each bombardmentg to-providé the

variation in beam energy.

2

(a) 2 mil platinum, Eq ® 33 Mev,

ol Mev.

22

(b) 3 mil platinum, E,
11 Mev,

22

(¢) 5 mil platlnum, Eq
.Separation of the active bromine from the As,03 target materlal
was effected in the follow1ng way:e
(l)‘The Asy0q powder was dlssolved in hot dilute KOHE and
several mg of Br~ carrier addedon‘ | | N o
(2) Solution wa‘s'fplac'ed in dispiliing flask, with slow air
"stream ﬁassing tﬁrougho ( o |
('3)_ Solution slowly acidified by addition of HNOj with héating; .
- and the Br, swept over 1nto a 0014 trap. | :
(4) The CClh ‘(containing the Bry) was shaken w1th a few ml 0.1 N
| HN03 to whlch had been added a trace of KMhOA

(5) The Br. was reduced out of the CCl, with NaHSO3 and then

2
preelpltated from the aqueous phase by addition of Ag o
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. The decay curves from the three bombardments are shown in Figures

12, 13, and 14. The activities prqduced‘are given below: .

Run  Platinum Beam Energy Activities Observed Reaction
Thickness Reaching Target

(mil) (Mev) ,
(a) 2 ’ ~33 16.5 * 0.5 hour (as3n)
| | 57 % 1 hour . (ay2n)
6 ¥ 1 minute . (ayn)
(b) 3 ) w2l 57% 1 hour (a,érx)
_ 6.5 £ 1 minute (asn)
(c) 5 | v W11 6.5% 0.5 minute. . (a,n)

From these reéults; it may be inferred fairly unambiguously that
the isotopic assignments as given in the Tablg.of'Isotopes are correct.

76

The positron spectrum of the 16.5 hour Br'” was examined; using

the crude beta spectrometer, or "bender." hn end point of the posi-

tron distribution was observgd which corresponded to an energy of‘BOS-M_ev°
An electron conversion line.oﬁ 350 bt 50 kev was observed; this

line decayed with a'half—life of 53 5 hoursg indicating that it is

associated with a gamma ray from-Br77o This waé_verified by bombard-

ment {b), in which also the upper 1imit of the positron spectrum of

Br/! was found to be 400 50 kev.
77

'Tbe electromagnetic radiation from Br'' was cursorily examined in
a gamma ray pulse.analyzer which is still_ih the developmentél stage.
A very compléx spectrum with manj lines was seen; howevery; in addition
to the intense annihilation gamma line at 0.5 Mev, there seemed to be

an indication of strong lines at ~0.8 and ~0.3 Mev. These figures

are probably quite rough.
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'V. PRESENT THEORY OF CARBON BEAM FORMATION

Recent experiments by A. Ghiorso and B. Rossi have established
that 90 Mev Clz(¢6) idns are found at a smaller dee radius than would
be possible if these particles had-origihated at the ion source, in
the gebmetric‘center of the dee., This inférmation plus the fact that
the intensity of the C(+2) beam and the C(+6) beam seem to be related
have led to the following theory of the C(+6) beam formation:

The ion source; which does not produce eléctrons of sufficiently
high energy to stfip the carbon atomAcompletélj, produces an in-
tehse beam of C(+2) ions riding on the‘l/B harmonic,‘as disé@ssed
‘earlier. zSome of the C(+2) ions lose electrons by collisions with
air mplecules (or fast electrons) near tﬂe ion source, and aAsméll
fraction of these ﬁhigh reach C(+6) get in resonance and are accele-
rated to the full radius. This mechanism is able to expiain the
following pheﬁomena: |

(é) The unusually large raﬁio ofﬂextefnal to internal'cérbon

beam intensity. Because of the manifold centers of fgrmation‘

" of C(fé).ions,'thé resulting beam will have componehts with
many‘radii,of curvature; only a small fraction of these will

be pasged by the exit channel for the external beém°

'(b) Wide energy distribution of the beam. Thoée ions whicﬁ

reach the C(+65 resonanée far from the ion source will travel

a much;shorter.distance thanlthose jonized near the center

in reaching the periphery; énd will attain a much lower energy.

(c) of bordn, carboﬁ, nitrogen,‘okygen, and fluoriney dnly

\

carbon ions have thus far beeﬁ'successfully accelerated in

(%2
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theméo—inch ¢yclotron. Since the voltage of the ion source is -
not high.enough to completely ionize any of these atoms, it
should be necessary to initiate the beam.in‘a sub--harm.onico

The 1/3 harmonic is possible only in the case of Clz; the

‘successful utilizétion of lower harmonics such as 1/5, etc.,

is prbbabiy much less probable.
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