CHAKGE EXCHANGE LOSSES DURING CYCLOTRON ACCEIERATION:
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Abgtract

Quantitative estimates of charge exchange {CE}
losses during aceeleration are very important in the
design and operation of heavy ion cyclotrond. Such
estimates have been made using a vacuum model computer
code which was developed to establish vacuum reguire-
ments for the MSU heavy ion oy
This code uses pressure and cross-section data to
calculate the radial loss of beam due to charge
exchange. Since CE cross sections and radial pressure
profiles are not always well Xnown, certain specific
measurements have been made using the LBL 8f~Inch
Cyclotron to previde exporimental data needed to test

is equa? to the charge stripplng cross section and
this value can be obtained from the Bohr-Leinhardt
equation.3 It is then assumed that the pichup cross
sectien between these two pointa is given by

UP(E) - GPiB-O) e_YE . where & is the pickup creoss

gectinn, E is the energy, Y is the constant for the
two pickup cross section points described above.
Examination of experimantal cross section data with
thic assumption reveals good agreement.

The chazge s:nppxng crogs section has used the
h

ths code. These include of p e
versus radins under vacuum conditions closely approxi-
mating those existing during acceleration of

“NM and dohrm beams. HBeam intensity verswus radius

data demonstrating transmission losses for three beams
are presented. Comparisons with theoyrutical predictions
are given.

Introduction

The vacuum requirements for heavy ion acceleration
in cyclotrons m the past have depended primarily
upon the 1 of beam ion
data and the asscciated problems of data interpretation,
R preferable approach is the construction of a
theoretical model that calgulates the necessary vasuum
requirements forx any beam desived. In recemt years,
advances in theory and exp2rimental measurements of
charge exchange loss cross sections have made it posw
5ible to construct such 2 vacuum model for heavy ion
cyclotron acceleration. However, many simplifying
assumptions are made in the model and a check upon
the model validity veraus the experimental beam
attenuation results is required, The following sections
contain & brief outline of the vacuum model, experi~
mental descriptions of the 88-Inch Cyclotron equipment
used for vacuum measurements, followad by comparison
of calculated attenuation losses with experimental
results observed on the 86~Inch Cyclotron in Berkeley.

Heavy Ion Vacuum Model

Transmission of a heavy lon beam threugh a
cyclotron is graerally described by the function
exp(~gpx) where ¢ is the charge exchange c¢rofs section,
P is the prespure and x is the path length. The CE
losses for heavy ion acceleration are composed
of charge pickup end cherge stripping processes
{i.e, 0 = Gp + 05) + The charge pickup prociss dominates

at low energy. MNo theoretical model of charge pickup
cross section as a function of energy (relevant to
cyclotrons} exists, Recently Olson and Salcpl have
developed theoretical equations for charge pickup

at very low energy, 1,e. essentially zexro enargy fer
cyclotrone. Another cross section data point for
charge pickup con now be obtained from a_different
%i.d of experimen.al data. Namely, SetzZ has derived
an empirical equation for relating the energy at which
the accelerated ion of charge q is in equilihrium
with the charge pickup and charge stripping processes.
Hence, at that energy ths charge pickup cross section
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with the loss cross section
set canstant after the ion velocity exceeds the outer
electron velocity of the accelerated particle, Aan
example of the cross section calculated from this
wodel is shown in Figure lia) for 238yl2+,

/—10‘7

i o 71.\1
$% 1077

=3

Transmission

0~ 238 i+ Sx10°6
L Dee volts = 100 kV .
490 MeV
0.01 | | 1 i i ! I
40 120 200 280

Energy (MeV}

xbL TR9-1T7H

Fig. 2. a} The theoretical loss cress section for

238u12+ is shown. It is composed of a low energy
portion due to charge pickup, and a high cnergy portion
due to charge stripplng. b) The transmission of
238u12+ t:hmugh a R = 450 MeV, 3-dee cyclotron is shown
for P than 90N will ke

transmitted for a pressure of 10 Toxx,
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The transmission of the particlea thru the
accelerator is numerically calculated for each turn
assuming circular orbits. Input parameters are the
dee angle, dee voltage, mumber of dees, the rf harmonic
numbey and the cyclotron X value, The pressure is
assumed to be constant and the salsulations are done
fcr a saries of pressure values, Pigure 1{(b) shows
the transmission results for 238u12+ jn a X = 490 MeV

acceleration ¢hamber, Figure 2 indicates the locaticn
of a vacuum analyzer and five lonization gauges, foux
of which are used in normal operation. Xan gauges
deaignated IGO2 and !GO3 as well as the vacuum analyzer
are located on the RF reponator tank, considerably
removed from the accelerating region. IGO2 is an
1Np-trapped gange. IGO6 is very close to the cryopanel
and its when tha cryop. 1 ia is

£ lower than the pressure encountered by the

cyclotron with three dees for i « Thege
calculadons indicate that for gxessures better than

5 % 10”7, moce than 75¢ of the 438ylZ¥ peam will be
transmitted from the center fdgion to the point of
extraction.

Pressure Measyrements at the G8-~Inch Cyclotron

The Berkeley B8-Inch Cyelotron has a 25,000 R
main vacuum chamber consisting of an accelerating
regivn or dee tank and a large volume RF rescnatar
tank, The schematic in Fig. 2 indicates the locaticrm
of four LN,-trapped diffusion pumps; two in the dee
tank and two in the resonatoy tank. Also shown lo
a cryogenic pumping surface (0,33 m® at ~ 20°K) which
was in operation during 2ll of the measurements reported
here.

The total pumping speed an the acceleration
chamber is calculated to be 15,000 ~ 20,000 R/5. The
pumping speed inside the dee ie plgnificantly lower
than on the dummy dee side. Rates-gf-rise measurements
indicate the total tank leck rate to beg typically
0.92 Torr~i/s.

Thexe are many problems iated wath a ining
the pressures at various points within the accelerating
region under operating conditions. Fox example, at
the 88-Inch Cy both the p and the aensi-
tivity of the tank iocn gauges exhibit a sma)l dependence
on the main magnet field strength. The comprossion on
the main geal i with § ic field,
reducing the leak rate through the wmetal gaskat.
Magnetic shielding is utilized whe:: practical to
minimize the effects of stray field on the ion gauges.
There is, nevertheless, an apparent vacuum improvement
of up t& 20% due to the combined effects of the magnetie
Eield., Anothar problem is the losation and type of
yacuum measuring gauges and gas loads entering the
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Fig. 2. Plan view schematic of the Berkeley 88-Inch
Cyclotyroh ghowing the location of pumps and vacuum
gauges. The ion gauge cn the radial dee probe wap
u“wed for memsurim3 che pressure inside the de¢,

beam. IGl0 is a nude gauge and perhaps provides the
best single of the p at the beam

platter during normal epexuuun.

In order to estimate the pressure within the
dee, where the pumping speed im the most limited,
a VGlA type ion gauge was mounted on a remotely
controlled dee probe shaft {see Fig. 2) of the type
normally used to obtain intemsity s radius data.
Figure 3 shows the radial pressure profiles obtained
under various ion source gas flow rates of argon and
nitrogen. Since, for these tests, neither the main
field nor the ion source arc was on, the indicated
flow rate of gas into the source represents the actual
flow of gas into the accelerating chawber. When the
pource is operating, not all of the indicated gas
flow enters the mccelerating region - a pubstantial

fraction is “pumped” by the source itself. Recent
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a) argon and b} nitrogen source gas under various

flow conditions.
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measurements of this effect using the internal PIG
source of the 88-Inch Cyclotron indicated that for

©2 gas only 5-20% of the measured flow actually entered
the dee tank, The variation depended on the mode

of arc operation - for low gas flow conditions

{2.£-3 atm cc/min) only ~5% of the flow entared the
tank, while for high gas flow (25 atm cc/min} about
20% entered the tank. Oxygen, being very chemically
active, may not be typical in this respect. We have
observed, for example. that when operating the source
with oxygen gas, an unsually high flow rate is required
in contrast to comparable operation with other gases
like N2 or Ne,

Ancther problem which arises in these mcasurements
is estimating the composition of the gas in the dee

tank. Using Ne background gas instead of W2, for
examgle, when calculating the CE losses for a 112 MeV
mﬂe * peam increases the predicted attenuation by

2 factor of two. The vacuum analyzer nn the RF
resonator tank of the 88-Inch Cyclotron indicated

N2 and 02 to be by far the gtrongest components in
the residual gas spectrum under all oparating conditions
considered here. In the dee tank the component due
to the source gas will certainly be higher than was
measured by the vacuum analyzer. However, considering
the measured source gas flow rates, the source pumping
effect and the total vacuum tank leak rate of

~1.6 atm cc/min (based on total rates-of-rise
measurements) it seems likely that N; and O have

the largest partial pressures of all the gases even

in the accelerating region, This assumption is made
ip considering the sensitivity of the ion gauges to
different QBEEEA and in choosing the background gas
used in the transmission calculations presented helow.

Comparison of Calculated and Measured Transmiesion

Calculations were made for three different heams
run ac the 88-Inch Cyclotron: a) 104 Mev +
by 112 Me¥ 2Ome? and o) 224 Mev 40ar®* and the results
are shown in Fig. 4. FPor these calculstions an average
accelerating was for each
case at a radius corresponding to 60\ of full enexgy.
For the 104 Mev 1604+ case, the pressure inside the
dee was normalized to the data of Fig, 3b with a flow
corresponding to 958 source pumping, a value determined
at the time of thi transmispion measgurement. The
pressure in the dummy dee half of the acceleraticn
ck~~her was assumed to be 104 higher than tha average
of 1606 and IGl0. No reliable trangmigsion data could
be obtained below 20 HeV due to the uncertain contri-
bution of out-of-phase beam to the dee probe surremt
signal. Pigure 4{a) shows the calculated and measured
transmission for the 104 Mev 16g%* pesm,

To obtain the calculated txansmizaion curve for
the 112 Mev 20" bean ghown in Fig. 4{b) and the
224 Mev 405:8* pean shown in Fig. 4(c) a similar
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Fig. 4. Comparigon of thecoretical and messured

transmission curves for three 88-Inch Cyclotron beams:
a) 104 Mev 1609+, b} 112 Mev Onedt, o) 224 mev 0arSt.
The calculated results are shown as a sclid line and
the circles represent measured dats points.

Discussion of Results

Given the uncertsinties in the molecular cross
section data and in the estimatas of the actual
pressures under operating conditions, the agreement
#een la Fig. 4 iz thought to be reascnably good. For
examples the calculations could be brought into excellent

e for es ng the B
was followed except that the ion mource was assumed
to pump only 50% of the Ne or Ar gas supplied to it.
The argon calculation is not sensitive to this asgunp-
tion since, as can be sesn from Fig, 3{a), the amount
of Ar required to run the ion source has wery littles
effact an the dee tank pressure. The Ne and Ar
transmigsion results were taken during the same run
under the same cyclotron tuning conditionm - only
a sligh® change in frequency separates the two beams.
Ho relisble tranemission data could be obtained below
1 MeV/micleon in these cases due to the uncartain
contribution of cut-of-phame Lwam to the dee probe
current signal. It should be noted that the cryopanel
does not pump Ne, making the vacuum analysis for this
case legs certain.
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with the data if estimates of the pressures
or the cross gections were 1.5 to 2.5 times too high.

It is extremely useful to operating cyclotrons
to bo able to predict transmission lesses for new
beams and for very low intenaity beams where treditional
dee probe current monitoring cystems lack sensitivity.
It is even more useful for new cycletrons or other
accelerators to predict vacuunm requirements early
in their design stage. Further compariscns of the
type described in this report would be usefal in
refining the vacuum model code. Furthermore, with
sufficient care in the analysis of the vacuum in the
accelerating region, it should be passible t» make
improved measurementr of molecular cross section data.
A cyclotron is wcll suited to this tas nce the
energy dependence of the molecular cross sactions
comes dirsctly from the transmission data.
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