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“OBSERVATIONS ON LITHIUM AND BERYLLIUM
'NUCLEI EJECTED FROM HEAVY NUCLEI BY
HIGH EHPRGY PARTICLFo '
Luls Marquez and I. Perlman
Radiation Laboratory and Department of Chemlstry
Unlversity of Californiay, Berkeley, Callfornia

\- November 17, 1950 :t

ABSTRACT

Theeyie;ds qf Be7 produced by 335 Mev protons on nuclei of‘different
atomic number have been determined and found to'decreaseuwitp inc:easing
atomic number. Reactions are described in which the irradiation of an.
elemenﬂ with protons or alpha particles resultsin products higher by three
in atomic number. These reactions are interpreted tentatively as second
order processes in Whieh the initial step is. the.production of ‘high energy
liﬁhium»pﬁelei”Whiéh.infturn,cause nuclear reactions .of the_type (Li;xn).

From the observed over-all yields, deductions are made as to the cross

sections for the separate steps.
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OBSERVATfONS ONILITFIUM AND BERYLLIUM
.. NUCLETL EJECTED FROM' HEAVY NUCLEI BY L
HIGH ENERGY PARTICLES B
SR - Luis Marquez* and I. Perlman f, :
Radlatlon Laboratory and Department of Chemlstry
University of California, Berkeley, California
e INTRODUCTION
¢Tb§4g9ﬁdiﬁiéﬁs}aﬁd mechanisms by which nuclear frégments of mass number
greater;thgnffounbgré‘ejéctedvfrom'heavy nuclel are beginning to rgceive con~ . -
siderationur The f1581on of elements in the region of uranium is a spe01al
reactlon which does .not fall 1Qto the: category under discussion.
f'ﬂa_ﬂhe,appearancefof fhammer" tracks in photographic~emulsiqns-strﬁck”ﬁy-
cosmiQuréys ié qggindication that L18 can be-produced in a nuglear disinte-
gration;i*uﬁdervbéiter céntrolled conditioﬁs of projectile'envergy,»Li8 has been
observed with high energy protons and deuterons on a variety of gases;.and with
26.7 Mev x-rays in a photogfaphic emulsion.,2 Evidence_thatra;wide varieﬁy of
reactiqns can take place with medium-light elements in which aggregatesvof
nucleons are split off has been obtained by Batzel and Seaborg.3 How éuch
reactions differ from heavy element fission is not clear, but there probably

are differences stemming from the fact that they are endoergic while heavy

element fission is strongly exoergic.

3
Now at the Institute for Nuclear Studies; University of Chicago,

Chicago, Illinois.
lS. C. Wright, Phys. Rev. 77, 742 (1950).
2C. H. Millar and A. G. W. Cameron, ibid., 79, 182.

3R. E. Batzel and G. T. Seaborg, ibid., 528.
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There is also.mounting evidence from cosmic ray studies thatva:variety
of charged fragments may be ejected from nuclei and that some of thesg may have.
kinetic energies of the order of 100 Mev. The me;hanism by_Which a complex of N
nucleons can be given such high kinetic energy is not understood. The phgnomena‘
appears to be not unlike that which is the subjegt matter of the present studies.
The question of cross section for such reactions is ppobably a crucial pqint in
consideration‘of the mechanism, but at this'stage there is no significan£ data
applicéble. | |

i The preéenﬁhétﬁdiés were introduéed by some observations of abnormal charge
‘iﬁbreaséiin nuclear reactions. It was foﬁnd:that if bismuth (element 83) is
irradiated witH high energy deuterons, isotopeé Sf astatine (elémeht°85)iare
produced.9 It waé éuégested that high energy deuterons eject dlpha particlés
from éﬁé bismuth ﬁhiéh invturn react ﬁith bismuth bj well-known reactions of

the type a,n to produce astatine. Subsequently, other reactions have Been '
observed in which irradiation with alpha particles resulted in products with an
increase of three in atomic number. In such a case it would be inferred that

a seéond:order~reaction has occurred with lithium nuclei formed in the primary

reaction.

»

MG. F. Powell and G. P. S. Occhialini, Nuclear Physics in Photographs

(Oxford Uniﬁefsit& Press, London, 1947).

5A. Bonetti and C. Dilworth, Phil. Mag. 40, 585 (1949).
68} 0. C..égrensén, iéig,, 94T. R |

7?? E.'Hodgéon énd.D..H; Perkins, Nature 163, 439 (1949).
8. B. Harding, ibid., 4O.

9D° H, Templeton and I. Perlman, Abstracts.qf Papers (Meeting of American

Chemical Society, Portland, Oregon, Septamber.13f17, 1948), p. 55-0.
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The present report deals partly with reactions of this type. 1n which it

was found that 1ncrease of three in atomic number could be obtained w1th high

4 ot 1 « - N : .x .
T I. , . 4 b B (’

energy alpha particles or protons The energy of the'prOJectile rather_than'
1ts type is most 1mportant in determining the yield. Measurements have also
been made on the yields of Be7 produced in high energy nuclear encounters

as this nucleUS is one of the few of this size which can be identified.

Be! FORMATION
The lightest nucleus above helium which can be identified by its radioactive
'propertles 1s Be7 which was chosen for 1nvest1gation of oonditions for productlon

7

" of such fragmentso. The disadvantage of the use of Be' for this purpose is its
low sen51t1v1ty for detection because of the relatively long half—life (52. 9
days) and low counting efficiency (one gamma-ray of 0.48 Mev in 10 disinte-

11.12
grations).” .’

Methods

Beryllium, carbon, aluminum, copper, silver, and gold were irradiated
with protonsfof 335 Mev incident energy. Stacks-of foils, .2 X 4 cm, were used-
and aligned so that the circulating proton beam penetrated in the direction of .
' the 2. cm dimension- The beam traversing the different targets wae-therefore
degraded in energy different amounts; for example, the energy range 1n aluminum
was 335-320 Mev;, in silver 335-290 Mev, and 1n gold 335 2(0 Mev :'The | |
accuracy of cross sections determined and the 1nferences drawn are not snch
as to warrant corrections for energy loss nor for attenuation of the beam

through. nuclear reactions which becomes appreciable for the heavier elements.

10g Segre and C., E. Wiegand, Phys. Rev. .75, 39 (1949)..
11 . ’ . . ] .

R, M, Williamson and H. T. Richards, ibid., 76, 6li.
12

C. M, Turner, ibid., 148.
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The foils were held in. place against a copper block and the two foils closest
to the block were discarded to avoid contamlnatlbn from rec01l atoms originat-
ing in the hclder. In some cases thin aluminum foils were wrapped around the
target foils to serve as arbeam moﬁitor since Na4 from the reaction
A127(p;3pn)Na24‘ is known to be produced with 0.010 barn cross section with
protons in the energy range 100-350 Mev.l? B

After 1rrad1atlon for one to five hours, the targets were worked up and
the berylllum fractlon 1solated u31ng a known welght of added beryllium to
check the yield. In the case of the carbon target extremely high purity
gfaphite was used and since no conflicting activities were produced,.there
were no chemlcal separations made. .v

From the aluminum target the only confllctlng long-llced.dsotope produced

is Nagz.

The target was dlssolved in HCl, diluted to about 1 liter, some
sodium and 10 mg of Be(II) added, and the mixed aluminum and berylldum hy; |
droxides precipitated with ammonia. The pre01p1tate was washed dlssolved
in dilute HCl and the process repeated tw1ce. Only Be7 could be detected
after this treatment. | |
The_Be7 was separated from the copper, 81lver and gold targets maklng use
of its amphoterlc propertles. The targets were dls olved in sultable ac1ds;
10~30 mg of Be(II) carrier added and pre01p1tated w1th armonia from the |
copper and 51lver or in the case of the gold target the gold was extracted
* into ethyl acetate. The resultlng berylllum concentrates,were dlssolved 1n‘.

dilute acids and sulfide insoluble substances removed by precipitating a

mixture of sulfide insoluble carriers. Several precipitations were then made

13p. G. Stevenson and R. L. Folger, private communication.
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from sodium hydroxide solution using iron and other hydroxide insoluble -

substances as scavengers. ‘Beryllium is soluble in sodium hydroxide solution.

Finelly,.befyiliﬁm as the basic acetate'was extracted eeveral’tiﬁeSfinto\:‘ '
chioroform in the manner described by McMillan014
Tdentification of Be7

7

Since the radiation from Be con31sts solely of a gamma-nay of O 48 Mev;
the absence of ‘electrons as well as decay with pr0per ha1f~11fe and “the dlS—
tlnctlve chemlstry were used as criteria for the purlty of the Be7; In all
cases except that of the ‘gold target it was pos51b1e to show that the gamma-
rays had the proper half-thickness in lead The act1v1ty 1solated from the
gold target had but six counts per minute and p031t1ve 1dent1f1cat10n could
not be'made espe01ally since there were some shorter llved 1mpur1t1es wh;ch
had to be fesblved; o | "

Cross Sections

The means of monitoring the besm were different for the'diffefént tafgeté.
For the berylllum target ‘aluminum foils were used and the Na? mcasured as |
already mentloned The amount of Na24 also served to monitor the beam for thel
aluminﬁm'target For the carbon target, the yleld of ¢l was used accordlng
to the exc1tat10n curve of Peterson15 which shows a cross sectlon of 0 040-
0.050 barns in the: energy range 350 - 200 Mev for the reaction Clz(p,pn)cll

The annlhllatlon ‘radiation of the Cll positrons was also used to callbrate

14E° M, McMillen, Phys. Rev. 72, 591 (1947).
,;5Aamodt,:Peterson, and Phillips, University of California Radiation

Laboratory Unclassified Report UCRL-526 (November, 1949).
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the efficiency of the counter for the Be7 gamme-rays making'the_assumption

"that ihe counting efficiencies:forgthe 0.48 Mev and 0,51 Mev gamma-rays
would be“the same,

vTﬁe croes‘section for the copper target wes-determined using the yield,
of Cu64 ae a moﬁiior-which-has been shown. to be 0,025 barn for'BAO Mev pro-
tons.l6 aFor the silver target, the yield of 8.2-day Ag106 was determined
in aiseparate,irradiation with an aluminum monitor after which it served
as a monitor. The éold targets were handled»similarly,basing yields on‘an
arbitrar& poiﬁt on the decay curve of the gold fraction two days after
irradiation. The reason for the secondary monitoring for the copper,'eil-
ver, and gold tefgets was to eliminate introduction of Be7 into.thevtarget‘from
the aluminum monitor by recoil.

7 gamma~-ray was determined

Asvmentioned, the counting efficiency of the Be
by calibrating the counter against annihilation radiation of cll, For the
argon-chlorine Geiger tubes used in these studies, the efficiency was found
to be 0.65 percent., Finally, to calculate the cross sections for production
of Be’, the yield of 0.48 Mev ganma-rays vas taken to be 1 in 10 disintegra-
tions.ll’12 The efrors in crose section include those from counting statis-
tics, counter efficieocy calibration, chemical yields and uncertainties in.
monitor effectiveness; We estimate that the combined unceftainties are some

 30-40 percent for the targetsiother than gold, while the yield obtained from

the gold is probably reliable only within a factor of two or three.

léR. Batzel and G. T. Seaborg, private communication.



UCRL=667
. =10= Revised

'The yieldé'pf Be7 from 335 Mev protons are plotted im Fig. 1 against the
mass number of the target° The general decrease in yleld with-increase in’

B

atomic number or mass number is apparent and amounts to a factor of 1000 Be-

7.results.from different

tween carbon and gold. It is highly probable that Be
process'in{the different targets. From carbon, one may visualize Be7 as the
residue from spallation reactions of the type, Clz(p,pan)Be7,'but'from the

7

heavier nuelei, the Be/ must be considered as the ejected fragment.

On the'basis-that the turning point in principal mode'of’fOrmation

7 as en ejecte&'fragment “

might be‘;eached at aluminum between formation of Be
or asxég;paliatipn_résidue, several spallation products of aluminum were
ekaminéd. .Thevyields are shown in Table I for 335 Mev-protons on aluminum.
Since ﬁhe yields decrease in the expected manner and that of Be’ is Siightly
below q11; it is not unlikely that at least part of the Be7-ariSes as a
séallationvresiduew

Table I.

‘ Yields of products from irradiation of aluminum with 335 Mev protons.

Nucleus - _Yield (barns)
Na2 1.0 x 1072
Na22 ' 1.2 x 1072
Fl18 5,5 x 10™3
¢l 1.9 x 1073
Be’ E 14 %1070

»

Returning to Fig. 1, it is noted that the yield of Be’ from a beryllium
target (Be9) is lower than that from a carbon target (C1?). Without further

study, it is not possible to give an explanation., One factor which could
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contrlbute to a low yleld of Be7 from Be’ is the follow1ng It may be

, assumed that the most 1mportant form of excltatlon in the reaction is the
oreatlon of an exc1ted state of Be9 31nce the dhcomlng proton willhnot stay
in the nucleus. After thls, Be7 would be reached by evaporatlon of two
neutrons.- The flrst step would result in an exclted state of Be8 from whlch

dlssoc1atlon 1nto two alpha partlcles would compete with further neutron

evaporatlon.

ABNORMAL CHARGE INCREASE.
In irradiations of tin with ~350 Mev alpha particles and protons, it has
been observed ‘that iodine activities are produced:which means that an increase
of three in atomic number has taken place. The iodine activities were identi~

IlZl, 1123

fiedl7 as the new neutron deficient isotopes 1120, as well as

126; therefore, none could have come from B~ decay

previously known 1124 and I
processes. It was also poss1ble to rule out falrly conlus1vely 1mpur1tles in
the tln as the source of the iodine. The most llkely explanatlon is that the
iodine nucle1 result from second order reactlons in which llthlum nuclel are

postulated to be eJected from tin and these in turn transmube other tln nucle1

1nto iodine, The 1mpllcatlons of the yields obtalned will be dlscussed.

Methods -

The tin targets,were irrédiaied in the circulating beam of the cyclotron
for periods of one to eight hours. After irradiation, the'targets>were placed
in a distilling flask with 10 mg of I; and 30 ce of-HQSOA. Upon heating, the.
tin was dissolved and the iodine was distilled over probably as hydrogen iodide.

and was trapped in either ice-cold solution of sulfur dicxide or in sodium

17, Marquez and I. Perlmdn, Phys. Rev. 78, 189 (1950).
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hydroxide soiutlgno The solutlon in either éase was acldlfied W1th sulfurlé
acid and the 1od1de oxidized to 1od1ne with excess nltrlte and dlstllled as
1od1ne 1nto’§§éium gydrox1de solutlon. Upoﬁ acidlfylng, the 1od1ne was ex-i'y'v
tracted into carbon tetrachlorlde. After removal from the carbon tetrachlorlde
w1th sulfur d10x1de solutlon or sodlum hydrox1de, the extr;ctlon cycle was‘.
repeated three tlmesov The 1od1ne was flnally 1solated as s11ver 1od1de .
which was welghed to determine the chemical yield. o

The iodine activities were resolved by following the decay curves and
using the counting efficiencies previously estimated,l7 the yields were-
calculated. - From the longer irradiations, it was possible to identify with . .
a spectrometer the conversion electron 1ine“of 1123, the positron spectrum

124, 1126

of I™*%, and the §~ spectrum of

) N N
Ylelds of Iodlne from Tin '

TablevII shéws cross sections for the several 1od1ne act1v1t1es resultlng
from.hlgh energy protons and alpha partlcles on tln° The dlfflcultles of |
accurate resolutlon of the dlfferent Spec1es were con51derable and no greaf
cénfldence can be had in any particular value. Probably comparison of the sums
of the several cross sectlons is more meaningful. It is seen that the total
yield with alpha particles is somewhat greater than with protons but not
‘significantly so. It may be mentioned that 4-minute 1122 and 56—déy 11?5”
ﬁrobably were. formed also, but the one was not detected because of its short -
half-life and the ‘other, because of its long half-life and low counting effici-

ency.
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Table II. Cross sections for formation of . .

:iodine activities from high energy particles on tin.

_Isotope‘ _ -‘ t35O Mev protoner(barn) 350 Mev aipﬂas (barn)
30-min, 1120 0.5 x 1075 0.9 x 1077
1.8-hr, 743 0.1 x 107 1.1 x 1077
13-hr. 1423 0.7 x 1075 1321075
4 5-day TH4 0.4 % 1075 0.4 x 1075
13-day IM20 0.6 x 1077 0.1 x 107
TOTAL . 2.3 x 1077 3,8 x 1070

' In order to see how the yields of iodine ad¢tivities varied with particle
energy, excitation functions were determined for both protons and alpha -
particles 'and are shown in Figﬁres 2 and 3. The values for energies below
100 Mev became Quite uncertain because of low'activities and at about 25 Mev, "
no iodine could be detected. The threshold of detection appeared to be at
about 50-60 Mev.

The possible role of impurities in the tin as the source of the iodine -
activities can best be discussed at this point. Spectroscopic examination of
the tin showed only traces of the elements 1ead copper, iron, arsenic, anti-
mony, bismuth, and 31lver, each of whlch was estlmated to be present to the
' extent of less than 5 ppm.. Slnce the formation of 1od1ne with 350 Mev alphav
partlcles was found to have a cross sectlon of ~ 107 5 barns, antimony is
ruled out as a source of the iodine. The actual cross sections expected from
antimony are at least 100 times lower than would be-required, Furthermore,

it would not be possible to explain the similar yields for pfotons and alpha
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particles; Tellurium cannot be ruled out quite so ‘conclusively from the
chemical ana1y31s because 11m1ts of detectlon are poor, . However; if-tellurium
wvere preseﬁt’ the treﬁé;vof the exc1tat10n curves are thé opp031te of What
would be expected Also 1130 gng 1131 would be formed and in us1ng a low~'
resolution beta»ray spectrometer;,helr spectra were not encountered ‘ Elements
of higher atomic numbervthan iodine were ruled out by analyzing for barium
radioactivities. Barium.activity would be encounteted in higher yield than
iodine, yet an upper limit for its formation cross section could bé set at
lO"6 barns and it is probebly much lower. The iodine‘ectivities<eould not
arise from thorium or:ufaeium.through fission, sincevthe-wfong iodine isotopes
are found aed,'in'aeyvcase, tery low limits could'beveet'fof the'pfesence ef
these elementefffomethe iﬁatility to detect alpha radioactivity which would be -
found in high yield from spallation productsn Iedine itself as an iﬁpurity‘
in the tin was eliminated from consideration by chemical analysis which
showed that less than 10 ppm were present. From the yields of comparable

18

reactions to form light antimoﬂjtisotopes from an antimony target,” the iodine
would have had to be present to an extent at least ten times greater than“the

upper limit measured,

Discussion
Tﬁe explanation for the observed reaetion produéts by meené of seeond
order reactions involviﬁg lithium nuclei demands examination'with'regard
to expected and observed ylelds. The mechanism is in qualitative agreement
with the features observed that 1s, it accounts for the partlcular 1od1ne

1sotopes found, the increase 1nvy1eldrw1th increase in projectile eriergy,

18 N
M. Lindner and I. Perlman, ibid., 499.
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and the fact that the activities and their yields are nearly the same whether
alpha particles or protons are used., - That lithium nuclei can be éjected in
high energy nuclear reactions is also inferred from the~probf that specific
nuclei L18 and-'Be7 are formed., The objective islthen to pieée together
cohditibnsvfor each stem of the two-step process which could give the
observed over-all results,
‘There are three important parameters that enter into the determination
of the'o%er—alivyield fof none of which do we have values: (1) the cross
section (Oii) for the production of lithium nuclei, (2) the energy distribution
of the lithium nuclei, and (3) the cross Sectionifor the formation of iodine
_isotopes from lithium nuclei on tin, The_energy distribution for the lithium
nuclei (item 2) is of greaf importance, nét only in its effect on the cross
section for producing iodine from tin, but also as it determines the ranges
of the 1ithium nuclei in the tin.
| 4LThe3fifs£ simplifying assumption made is that regarding the cross section
of the lithium reactions with tin to give iodine, It is assumed that all .-
lithium nuciei“ﬁhiéh enter tin nuclei result in iodine isotopes; that is, all
three protons which enter remain, This assumption is probably not seriously
in erfor because it is known that for alpha particles in the proper energy.
raﬁ@e,'reéctibns‘df tﬁe”typé a.x are most prominent in medium-heavy and

heavyinuélei} Reéenfly, it has been shown thaﬁVClZQXh reéctioﬁs.occurlg’go

with appféciabie érossfsection which means that six protons entering a
nucleus can all remain. We shall then assume that the cross Section for the
formation of iodine isotopes is nearly the same as the penetration cross

section for lithiwm into tin given by the formulas

19iller, Hamilton, Putnam, Haymond, and Rossi, ibid., (November 1, 1950).

20Ghiorso, Thompson, Street, and Seaborg, ibid., (in press).
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6" = TR2 (1 - B/E),

where B is the potentlal ‘barrier height (taken to be 30 Mev), E is the -energy
of the llthlum 1on (E > B) and 7TR2 is the geometrlc cross sectlon of tln i
(1.7 x 10'246m2')° The total cross section for the production of iodine
isotopes (O°1) is estimated from: the -measured values for full energy protons or
alpha particles to be 4 x 10727 cn? (see Table II).

The cross section for formation of lithium nuclei in the primary reaction
can theﬂ'Be'dalculated for various assumed values of monoenergetic lithium

ions of energy -€_:

o =
Li

T RR ‘ qg(l-B/E) dx
E=B

in which M is the number of tin nuclei pef en’ and x is the disténcé £rayéigd
by the lithium ions. The relation between E and x was qbtained from the ﬁheory
of interaction of heavy ions with matter and the integrations were}ps%fofmed
numerically. Some typiéal results are shown in Table III from,whichtiﬁ ié
seen that the cross sections are surprisingly high_gnd only:thqse seem :
reasonable which -assume that the lithium ions are ejected witﬁlhigh”ene:gy;
say 80 Mev orﬁhigher,‘ Even if it is assumed that the effective energy of the
lithium ions is 80 Mev, the resultlng cross section is 0,05 barns whlch is.

500 times greater than that observed for the formation of Be’

from 511ver.
The differences in yields for these two cases would have to be reconciled by
the arguments that in the one case the sum of a number of lithium isotopes is

compared with the single isotope, Be7, and the greater charge of beryllium as

compared with 1lithium should make its ejection more difficult. - -
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Table IIT. Relation between calculated cross

section and energy of lithium nuclei ..

€ Tiev) 3% L0 50 B 50 300

04 (barn) 3.0 1.2 0.3 551002 2x10% 5 x1073

If the deduction that the lithium nuclei are ejected with high kinetic
energy should be borne out by some form of direct measurement, it woﬁld seem
impossible to explain this phenomenon throﬁgh a compound nucleus model, In=~
stead one must assume that such fragments are ejécted Before the excitation
energy is distributed in order that they may carry away a large fraction of
the available energy. Indeed, it is probable that when energy of the order
of;goo Mev is évenly distributed throughout a medium heavy nucleus, a frag-
meﬁ£ containing three protons would compete very‘poorly in evaporation pro-
bability with particles such as protons and especially neutrons. Qualitatively
these arguments &re restatements of the picture given>by Serber21 for high
energy nuclear reéctions. The cosmic-ray work alreédy cited in which charged
particles of high energy are expelled from nuclei may be concerned with the
same process, although neither the nature of the exciting particle nor cross
sections are known which would be necessary to make comparisons.

This work was pefformed under the auspices of the U, S, Atomic Fnergy

Commission.

RIR, Serber, ibid., 72, 1114 (1947).
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Fig. 1. Yield of Be' with 335 Mev protons.

s .
S

Fig. 2.: EXcitatidn}fungtion.for protons, (totel -iodine cross section).

Fig.'B. Excitation function for alphas (total iodihe cross section).
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