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ABSTRACT

Some methods for beam monitoring of protons and heavy ions at the
ERA are discussed in terms of sensitivity and susceptibility to interference

from competing reactions. Results presentéd of a pilot exposure at the 88-
inch cyclotron compare calculated and measured production rates of 149Tb

151

and Tb from bombardment of a cerium target with 55.48-MeV nitrogen

ions. From this work we conclude that at 1east.10“ ions (@ 5 MeV/amu)

are needed to produce a measurable amount of alpha activity.

Introduction

The electron-ring ot collective-effect
accelerator uses dense charge clusters of
electrons, which produce larger fields than
are normally produced externally, in order
to accelerate positively charged particles.
Ions trapped in these self-fields gain energy
at a rate determined by the ratio of the mass
of the ion to that of the electron. |

Initially, we are concerned with the de-
tection and measurement of protons of 4 to 5
MeV in the presence of much larger numbers
of electrons of 15 to 20 MeV. Interference
from electrons, bremsstrahlung radiation,
and neutrons rﬁay pose severe pri)blems in
making measurements of the positively
charged component of the beam by conven-
tional methods.

Nuclear reactions induced by the pos-

itively charged particles may be used as an

independent or alternative monitoring method.

. This report deals briefly with some of the

possible reactions for measuring protons in
the energy region of a few MeV, and dis-
cusses in more detail some monitoring meth-

ods for heavy ions.

A. MONITOR REACTIONS FOR PROTONS
1. Lp+, f) Reactions

Cross sections of the proton-induced fis-

sion reactions in heavy elements decrease
rapidly below the Coulomb barrier (10 to 20
MeV), and are, at 4 MeV (according to the
measurements made by Choppin et al. ”), as
232 238
Th and 4 to 5 pb for U.

(See Fig. 1.) These measurements agree

low as 2 pub for

rather well with those by Tewes and J'ames3
for energies between 6 and 21 MeV, with
those by Butler et a1.4 for 6 to 7 MeV, and



with those by Jones et al. > for energies be~
tween 12 and 20 MeV.

At the low prbton energies, hoWever, with
which we are concerned at ERA, we must ex-
clude proton-induced fission reactions as pos-
sible monitors because of the competing
gamma- and neutron-induced fission i‘eactions,
which have vcrovss sections 104 to 105 times
as high.6 (See Figs. 2 and 3.)

2. 7Li , 8Be

This reaction evokes great initial interest
because of the high energy of the y ray (17.6
MeV) resulting from it. We calculate that,
using this reaction, we could detect one event
per ERA beam burst, as suming the following
conditions: ' . _

_ 10% detection efficiency for a 4X4-in.
NaI(Tl) crystal, totalling under the photopeak
and the first and second escape peaks,

isotropic y-ray emission,
3 X 4w st),

average cross section 1 mb,

geometry factor 1073 (10~
beam intensity 1010 p+ per pulse.

As the ERA burst lasts only about 5 nsec,
the maximum number of events that could be
r}egisteredy with a single detector is' limited to
one event per burst. .

A Cerenkov counter used for this purpose
would have the advantage of fast response,
which can be used to discriminate against the
The
electron-produced bremsstrahlung spectrum
will extend up to 20 MeV, but the electrons

are lost earlier near the trim coils, whereas

high backgroun& from bremsstrahlung.

the protons travel further down to a LiF tar-
get placed about 3 ft downstream from the
electron loss point. The bremsstrahlung
quanta would reach the detector with the ve-
locity of light and within negligible time
spread, but the protons having about 0.1 ¢
would hit the target about 30 nsec later, thus

allowing the counter to be gated off during the

period of high bremsstrahlung background.
Further, in a lead glass Cerenkov counter the
directional response could be used for select-
Ac-

cording to our estimates of bremsstrahlung

ing vy rays from the proper direction.

intensity the detectors would have to be

shielded by 20 cm of lead, corresponding to a

shielding factor of 106 at 10 MeV/photon. %
Fi‘gure 4 shows the excitation function for

7Li(p, y)8Be at low proton el’lergies.7’ 8 Ap-

 propriate pre-absorbers would have to be

used to define the proton energy because the
reaction has a low threshold at about 100 keV.
3. (p,n) Reactions

We have selected some (p, n) reactions

with low threshold energies leading to iso-
topes with suitable half-lives and decay
schemes. The reaction products listed in
Table I are all positron emitters, These iso-
topes could be counted outside the ERA vac-
vum; it would be, however, much easier to do
the counting inside in some lateral extension
of the vacuum system to which the tdrgét
could be transferred remotely. In this way
the detector would be somewhat remote from
the acceierator axis, and could be shielded to
prevent radiation damage. Near the point of
electron impact the dose rate is estimated to
be 10*

As an example we consider the first re-

to 105 rads per pulse.

action listed in Table I, for which Fig. 5
shows the measured “B(p, n)11C excitation

function. After a steep rise at 3.1 MeV, the

' cross section remains constant at about 15

mb/sr up to 5 MeV. However, there are

some competing reactions which could also

produce 1iC. ‘mB(p,y)“C has a threshold -
at about 0.8 MeV, as shown in Fig. 6. The
cross section is much lower, and the iso-
topic abundance of 10B is only about 20%, but
with a high proton flux a misinterpretation

with respect to energy is possible. The same



applies to the 10B(d, n)“C reaction (Fig. 7),
which has also a threshold below 4 MeV. To
determine the proton energy one has to make
additional exposures with absorbers in front

of the boron target.

B. MONITOR REACTIONS FOR HEAVY IONS
At the 1969 Yerevan Conference the Rus-

sian team working on their electron-ring ac-~
celerator reported that they had accelerated
nitrogen and produced 14()Tb in a cerium tar-
get. We have studied this and some other re-
actions for the purpose of monitoring heavy
ions. Table II gives some of the selected re-
actions. We assumed that the ions listed are
easy to inject or to produce in the electron

ring.

1. Calculation of heavy-ion reaction cross
sections

A program (CSPLOT) developed by Sik-

keland was used for calculating heavy-ion re-

action cross sections. 11 This program has

been used succes sfully to calculate the pro-
duction cross sections of nuclei formed by
evaporation of three to eight neutrons from a

compound nucleus. The program simply cal-

culated the cross section o_ = 0
x cn

Ocn is the cross section for the formation of

+P , where
X

the compound nucleus, and P, is the probabil-
ity of emission of x number of neutrons. Sik-
keland's program uses for P_ an expression
based on '""Jackson's formula'. 12

For heavy elements, such as uranium,
the competing fission reactions are also taken
into account when calculating cross sections.
We have chosen the program option to omit
fission reactions on account of the medium-
weight target elements we studied.

The parametérs used in our calculations
are those recommended by Sikkeland:
1.25x10° 13

~-70 MeV

radius parameter cm

nuclear potential

diffusion parameterv 0.46
1.0
1.2 MeV.

Reaction Q values and binding energies

I ratio

nuclear temperature

- for the first nine neutrons in the compound 3

nucleus are taken from Myers and Swiatecki.

.The program CSPLOT calculates cross

‘sections in mb and plots them on semilog

paper. Figure 8 shows the results of one of

these calculations. Cross sections are not

The

comparison between measured and calculated

normalized to the measured values.

cross-section values for the reaction
140Ce(14N, 5n)149

the rising edge of the excitation curve there

Tb is shown in Fig. 9. At
is agreement within the error limits between
calculated and rﬁeasured cross sections.
Above threshold, the calculated curve rises
faster than the experimental Qalues, indicat-
ing that for the compound nuclei with high
angular momentum, production of 4.1-h 149,
is lower than expected from the simple model.

Four-min 149m

Tb is a strongly competing re-
“97b from

Alex-

action channel for production of
heavy-ion interactions with cerium.
ander and Simonoff14 conclude that this iso-
mer production is a very effective shield for
inhibiting pfoduction of4.1-h 14()T‘b from the
compound nuclei of high spin. Comparison of
the calculations with experiments for the
140Ce(i‘lN, 5n) 149Tb reaction should be possi-
ble for the low-energy portion of the excita-
tion function, where the production cross sec-
149me' is low.

tial waves with high angular momentum be-

tion of It increases when par-
come important.
Table II gives some of the results of the

The energy threshold is given
~29

calculations.
for a cross section of 10 crn2 for a target
element with a single isotope. For other tar-
get elements the energy is given for a cross
section of 10-29/f cmz, where f is the iso-

topic fraction of the target isotope considered.



From this energy threshold we obtain the ap-
proximate energy at which a measurable
amount of radioactivity produced at saturation

can be found. We have assumed a counting

efficiency of 45%, a penetration length ofabout- -

10 mg/cmz, and a decay rate of 5 dps, at which
a measurement could be made with reasonable
‘accuracy. For some reactions, however, we
calculated the expected decay rate more pre-
cisely by taking into account both the penetra-
tion length of the heavy ion and the shape of 4
the rising edge of the excitation curve.

We made the following calculations:

E
eff
production rate (dps) -=9%’§ _ o(E) SP(E, I aE
0

where
¢ = ions/sec into target, assixméd to be
1010 ions/sec,
f '= fraction of isotope in target element,
N = Avogadro's number, 6.02X 1023,
E = minimum energy required to pro-
duce the necessai‘y target activity,
A = atomic weight of target, '
o (E) = cross section in cm2 from CSPLOT,
SP({E ,1) = stopping power as a function of ion
energy and ion type.
From the above equatfmh we get
Eetf
gx 1074 %=S‘o o E) (mg/cm®)/MeV dE.

The values for E__. which satisfy this

equation are listed ine'If‘i;ble II. Calculations
were made for only a few reactions, and in
these cases both the effective and threshold
values agree closely. A comparison is made
in the last columns between measured and cal-
culated threshold energies fdr two reactions

of given experimental cross sections. Iﬁ these
two cases, for which experimental cross-
section values wei‘e available, the agreement

between calculated and measured excitation

energies on the rising part of the excitation

curve is satisfactory.

Most of our effort has been directed to-
wards the interaction of nitrogen ions with
cerium targets. We were particularly inter-
ested in.Egff at which a measurable amount
of 4.4-h 1¥9rb could be produced. Before at-
tempting to measure the cerium target ex-
posed at the ERA, we ran a pilot exposure at
the LRI, 88-inch cyclotron at a known nitro-

gen ion energy.

2. 88-inch cyclotron pilot exposure -

A thick cerium target, mounted as a
charge integrator, was exposed to a beam of
N+++ in the high-level cave of the LRL 88-inch

The ion energy of 55.48+0.5 MeV

was determined precisely in a proton res-

cyclotron.
onance spectrometer. During the 4150 min of
irradiation a charge of 2.41x 10”3 coulomb
(corresponding to 4.95X 1015 ions) was.col-
lected on the Ce target. Following irradiation
the activity of the Ce target was counted in a

Frisch grid ion chamber a-particle spectrom-

eter, and on a Ge(Li) y-ray spectrometer.

a. Experimental results

Figure 10 gives the a-particle spectra ob-
tained at different time intervals after irradi-
ation; the background has been subtracted. It
can be seen that a peak near channel 96 de-
cays within a few hours whereas a smaller
peak near channel 75 survives for a some-
what longer period. The total counts plotted
against decay tbime are shown in Fig. 14. The
counting rates are in good agreement with the
assumption that two a-particle-emitting iso-
The half-
life of the first isotope lies between 4.1 and
4.2 h, and that of the longer-lived isotope be-
tween 17 and 18 h. The analysis of the data

topes are present in the Ce target.

gives )
(i) 8.3 cpm for the 18-h alpha activity, and
p P
) (ii) 42 cpm for the 4.2-h alpha activity.



With an a-pérticle counting efficiency of
45% we compute
(i) 3.4 dps for the 18-h activity, and
(ii) 4.6 dps for the 4.2-h activity.
The half-lives and channel locations of
these activities suggest that they are due to
151Tb and 14’9Tb respectively.

b. Estimation of the 149Tb and '15'1Tb pro-

duction rates

Cerium has the following isotopes:

136ce  isotopic abundance  0.1937
138Ce isotopic abundance 0.25%
140Ce isotopic abundance 88.84%
142Ce isotopic abundance 11.07%..

From the calculations of the cross sec-
tions of reactions with various numbers of
neutrons evaporated we can see that for the
149

formation of Tb with nitrogen bombard-
150174 would be

too close to the desired end product (only

ment, the compound nucleus

one neutron evaporated) and the -compound nu-
cleus 156Tb too far from it({seven neutrons
evaporated). We have then only to consider

13 8Ce and 0Ce through the

1527, {(three neutrons evap-

production from
compound nuclei
orated), and 154 Tb, respectively (five neutrons

evaporated). The values for the integral

E
dps = AN go o (E)- SP(E,1)"

are given in Table III. It can be seen that the

only appreciable amount of 149Tb is produced

138 151
Ce, and of

Ce, for an energy limit of 55.48 MeV.

from isotope Tb from iso-

tope 140
For an irradiation of 150 min and a con-
stant flux of 5.5><10“ .N+++/sec we calculate

the following production rates at saturation:

1. 12.4 q particles per sec for 29Tp

when an o-branching ratio of 0.226 is used, 15
151Tb

-5,
is

2. 1.86 a particles per sec for
when an @-branching ratio of 8.3 10

used.

-5~

The integrals were graphically evaluated

‘and were found to be 9.15 mb(mg/cm ) and

149T

10.6 mb (mg/cmz) for b and 151Tb,

respectively.

The alpha-branching ratio for 151

Th

given in the compilation by Lederer, Hollan-
der, énd Perlm:«.u'x1 and based on measure-
ments made by McFarlane and Seegmillerié
and Rasmussen, Thompson, and Ghiorso, 17
is 4.8x107°

more recent evidence that this ratio might be
18

It seems, however, from

Recent measurements by Toth
-5

too small.
give a branching ratio of 8.3 +£2.5x 10 We
have adop‘ced this latter value because our
measurements of 1> 1Th decay made with the
Ge(Li) spectrometer tend to confirm it,

The 151
mined by the Ge(Li) measurements, is
2. 85>< 10 /sec
calculated value of 2.24X 10
in Table IV the calculated and measured val-
'149,:[.b and 151

integration rates.

Tb production rate, also deter-

This compares well with the
We compare
ues of Tb production and dis-
We feel that the agreement

is satisfactory. We are confident that we

‘have found in this pilot experiment at least

the two a-particle activities of 14 9Tb and

151Tb We further see that the predictions

" made on the basis of calculated cross sections

are reasonably accurate. Production of 1491‘“10
by nitrogen in cerium below 56 MeV (4 MeV/
amu) is possible only through 138Ce, which
is 0.25% abundant in natural cerium.

At 55.48 MeV we have about 5 dps at sat-
uration with a flux of 5x 101 This
is about 50 times the minimum required to
497h. we esti-

nitrogen

ions/sec.

measure the alpha decay of
mate that at 56 MeV, at least 10 14
ions are needed to produce a significant
amount of 149Tb from -138Ce‘
Production of 149Tb from 14
is about 103 times as great at 70 MeV as that
from the same isotope at 56 MeV; it follows
that at least 1_011

(,)Ce isotope

nitrogen ions would be



required to produce a measurable amount of
149Tb, '

'C. CERIUM TARGET EXPOSED IN THE
ERA TEST RUN

During a 3-day test run at Livermore in
December 1969, a 30-mm-thick elemental
cerium target was exposed in the ERA accel-
eration tube. Dﬁring this exposure it could
not be established with certainty whether ni-
trogen ions were ac.;celerated to 4 MeV/amu,
nor could an estimation of beam intensity be
made. The cerium targét was counted at
Berkeley 3 hours after irr'adia,tion. Our re-
sults were negative, thus indicating thaf less
than 1014 nitrogen ions of 4 MeV/amu im-
pinged on the target ciuring the last 10 hours
of exposure.’ )

It was noted that our unirradiated foils
exhibited unusually high alpha background on
one side only. This activity may be due to
thorium contamination of the foils, because
cerium is found in minerals containing tho- '

rium.

D. CONCLUSIONS ,

It is possible to monitor heavy ions ac-
celerated in the ERA by using suitable reac-
tions léading to eésily distinguishable a-

Even at energies of about
11

particle emitters.
5 MeV/amu a total of about 10

be needed to produce a measurable amount of

ions would

a-particle activity. Short-lived isotope.s can
be used in arrangements allowing remote re-
- moval of the irradiated target to a shielded

counting facility, preferably inside the ERA
“vacuum.

' Monitor reactions of the type described
can also be used to measure the composition
of the residual gas in ERA. With different v
ions, different alpha emitters can be pro-

duced simultaneously.
Preliminary experiments atthe ERA (De-

cember 1969) have shownthatlessthan 10 14

nitrogenionwere acceleratedto =4 MeV/amu.
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Table I. Reactions used for proton monitoring.

Reaction Threshold® Branchingb Half-lifeb Target
(MeV) ratio

11 11, s s '

B(p,n) C 3.02 1.0 . - 20.34 min Boron
4 Nep, n) o 3.78 1.0 70.91 sec NH,F
185 (p, ) 18F 2.59 1.0 109.7 min BeO

cap,n)*3se 3.07 0.88 3.92 h Ca0

455e(p, ) *2Ti 2.90 - 0.84 3.09h Sc’
lri(p, my v 3.77 1.0 33 min  Ti
195(p, n)17Ne 4.24 1.0 17.4 sec  L4F

2From Ref. 8.
bFrom Ref. 9.

10

-Table II. Eth from program CSPLOT, Eeff calculated for 5 dps at saturation with 10"~ ions/sec.
: ) Energy
fon Target £ eteams  ——Bredueed e, By B MeV o m:m‘?;m
Z. A Z A . __out Sz A {mb) (MeV) (MeV) amu (mb) _ (MeV) _ (MeV)

Li 3 7 Sm 62 144 0.031 2 " Tb .65 149 4.1 h 0.32 19 19.6  2.80
C 6 12  Sm 62 144 0.031 2 Er 68 154 5 min 0.32 46  46.5 3.88

C 6 12 Nd 60 142 0.27 3 Dy 66 151 18 min 0.04 47 3.92 56 54 52
N 7 14  Nd 60 142 0.27 4 Ho 67 152 2.4 min 0.04 56 4.00
N 7 14 Ce 58 138 0.0025 3 Th 65 149 4.1 h 4.0 54 565 4,04

N 7 14 Ce 58 140 0.89 5 Tb 65 149 4.1 1.1 0.011 62 4.4 11 67 68
o 8 16  Pr 59 141 1.0 5 Ho 67 152 2.4 min 0.01 ‘76 4.75
e} 8 16 Nd 60 142 0.27 4 Er 68 154 5 min 0.04 68 4.25
5 Er 68 153 36 sec 0.04 82 5.12
Ne 10 20 Cs 55 133 1.0 4 Tb 65 449  4.1h 0.01 71 72.3 3.62
Ne 40 20 La 57 139 1.0 7 Ho 67 152 2.4 min 0.01 110 5.50
Ne 40 20 Mo 52 92 0.16 4 Te 52 108 5.3 sec 0.063 - 80 4.00
5 Te 52 107 2.2 sec 0.063 96 4.80
A 18 40 cd 48 112 0.24 3 Dy 66 149 10-20 min 0.04 137 141 3.52
A 18 40 Sm 50 116  0.14 3 Er 68 153 36 sec 0.072 142 3.55
4 Er 68 152 10.7 see 0.072 139 3.48

a
149Dy then decays into 4.4-hr 149Tb.




Table III.  Ce{N, spall) Th, Cross section and stopping power.

N Stgpping poer 138ge 149, 140¢, . 151, 140¢, o 149y 138, 5%,
e a
C(Mev)  \mg/em?) (mb) v/ee (mb) 7/ (mb) /o (mb) o/se
45 2.115 7.84 1077 3.74x107° 8469 x107°  441v107° <107 1? 3.69 x10°® 174 x107°
46 2.095 5.27%x 107 2.52x10°% 6076107 2.90x107% | <1072 4.86 x10°% 232 %1078
47 2.075 2.42><w'3 1.16)(10'3 2.85 x1073 1.37%107° <10712 6.36 §<10‘6 3.06 \'10'6
48 “2.085 T T 8961073 436x1070 1.07 x10°%  o.s2x 1072 <q0712 8.27 10 4.02 x107°
49 2.035 2.71x 1072 1.33x107%  3.27 %1072 1.61% 1072 <107 12 9.26 x10°8  4.55 ><1o'f"
50 2.020 . 8.09x 107 % 4.00x10°%  9.85 x107%  4.87x107% <1072 1.20 x107°  5.93 x10”°
51 - 1.995 2.3 x107? 1.5x10” ! 280 x10°! 1ls0x107? C<a07t? 154 w107 72 x107
52 1.980 6.29x 10! sarx10”l 775 x107t 3911071 <10712 197 x10”°  0.99 x107>
53 1.960 1.67 0.852 2.07 1.06 <10712 2.5 x 407> 1.28 x107°
54 1.940 431 2.22 5,31 2.74 <1072 341 %1072 160 x107°.
55 1.920 10.48 5.46 12.8 6.66 <0712 3.74 x107° 493 x 107>
56 1,900 22.55 11.87 29.5 15.5 <0712 4.03. x10"°  2.12 x107°
57 1.880 44.32 23.57 50.7 26.9 i <1072 4.44 x107%  2.36 x10°°
58 1.865 69.63 37.04 76.8 0.85 <q0712 416 <107 2.21 x107°
59 1.845 90.15 48.86 108 58 <10° 2.07 <107° 1.2 x10°°
60 1.825 104.3- 55.50 - 120 65.8 <1071 5.12 <1078 2.81 x107°
61 1.805 : 786107 0 44 0713
02 1.785 : : 395 107" 2.48 <107"
63 1.765 6.55¢ 107" 3.71 1073
64 1,745 B 1.13x 10"’ 0.643x 1071
65 1.730 7.53¢10" " 4.35 x 107}
66 1.710 2.96 1.73
67 1.690 ) . 8.34 4.93
68 1.670 . 18.7 11.19
69 1.650 - ‘ _ 35.5 21.5
70 1.630 59.6 36.6
Table IV. Production and disintegration rates.
Ge(Li) Alpha Measured
Isotope  Calculated measured branching ratio Calculated alpha alpha
production rate” production rate taken from the disintegrationrate disintegration
(dps) , (dps) literature (dps) (dps)
1495y, 55 0.226(15) 12.4 4.6
151y, 22400 28500° 8.3x 107>(18) 1.86 3.4

#Baged on saturated activity and a flux of 5.5X 10“ N+++/sec.

PBased on gamma transition intensities taken from Toth, Ref. 18.

*,
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Fig. 8. Drawing derived from typical
CSPI_40T output, showing the production

of 15

Tb from 14N on 140Ce. Numbers

above each curve indicate number of -

evaporated neutrons; curve labeled 5 in-
dicates the cross section for production
of 154Tb with subsequent eyaporation of

five neutrons, leading to

9Th.
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Fig. 10. Alpha spectra at decay times from
2.9 to 44 hr from cerium bombardment with
14N+t at 55.48 MeV at the LRL 88-inch cy-

clotron.
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Fig. 9. Comparison between calculated

(CSPLOTI-ncross—section values (which in-

ii%de 1;12 Thb ?roduction) for the reaction
N, 5n) 49Th and measured values

adjusted for two different values of the a-

branchingr radio.

~ CSPLOT calculation; includes
production.

/A Measured, 1497y, only (Ref. 14). Data
multiplied by 4/a; a=branching
ratio= 0.4.

0 Data of A adjusted to an «-branching
ratio of 0.226 (Ref. 15).
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Fig. 14. Alpha-particle counEi“ng rates
from cerium irradiation, indicating
presence of two a-emitting isotopes.
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