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Au3?t BEAM INTENSIT

ABSTRACT

A study has been conducted to gain understanding of
the intensity losses observed while running Au®%* ions
in the AGS Booster. It was determined that the intensity
loss rate has a sensitive dependence on beam momentum
and the injected number of Gold ions. In this work, we
model the beam loss by considering two mechanisms, (i
charge exchange interactions with the residual molecu-
lar gases in the Booster vacuum chamber and {ii] intra-
beam Au®2+charge exchange. We present a brief review
of the theory of charge exchange relevant to these pro-
cesses, and compare the predictions with the measured
rate coefficients and cross sections extrapolated from the
data. The results for the measured beam loss vs. beam
momentum are in qualitative agreement (up to a factor
~ 3) with the losses expected due to beam-gas charge
exchange interactions. On the other hand, the beam
loss rate increase with beam intensity was found to be
significant and any proposed mechanism for the loss has
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intra-beam charge exchange were quantified, and esti-
mated to be necligible
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deterioration in the Booster is also presented.
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1 INTRODUCTION

The mechanisms responsible for the beam intensity
losses observed while accelerating Gold ions in the AGS
Booster continue to be poorly understood. Previous
studies conducted in the 1993 and 1994 heavy ion run
while accelerating Aul®+and Au®3* suggested beam-gas
interaction and degradation of the vacuum pressure as
the underlying mechanism for beam loss(1,2] . In par-
ticular, for Aul®*, the beam survival time was limited
by the observed sensitive dependence with the injected
number of ions. During the 1995 run, the scheme con-
sisted of stripping Au!?* from the Tandem accelerator
to Au®2* before injection into the Booster at a momen-
tum of 41.5 MeV/c/nucleon!. This note consists of a
study undertaken in order to probe the beam loss prop-
erties for Au3?*. Emphasis was placed on understanding

1The Booster injection momentum is set by the Tandem volt-
age, and was pot changed throughout the study.

the dependence of beam intensity losses with beam mo-
mentum, the number of ions in the Booster, and deter-
mining and comparing the extrapolated cross section for
charge exchange interactions (electron capture and strip-
ping) with the theoretical predictions. Also of particu-
lar interest is to model the beam loss by the inclusion of
charge exchange processes (intra-beam charge exchange)
between Gold ions in the beam (eg. Au®?* + Au®?+ —
Audlt + Au3B+),

The contributions of ion intra-beam charge exchange
have been previously considered in storage rings (eg. HI-
BALL II, heavy ion fusion accelerator) running scenarios
with Au'~ jons [3]. In such machines, the limit of ac-
ceptable storage time is affected by the large number of
ions (N 4,1~ ~ 105 ions), leading to a higher number of
ion-ion interactions and consequently shorter beam life-
times. In the case of the Booster, the relatively lower
ion intensity (N ~ 108 — 109 ions) and fast acceleration

cycle would suggest intra-beam charge exchange to be of
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the importance of intra-beam charge exchange has been
noted in prp\nnne Booster studies with A|!15+,
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beam loss rates have been observed to remain constant
independent of whether the beam is bunched or not [1].
At any rate, the corresponding probability (rate con-
stant) for such 2 mechanism in the Booster has never
been quantlﬁed. In this work we present the first ex-
perimental estimates of the rate constant and cross sec-
tion for Au32+intra-beam interactions, thus quantifying
the contribution of such a mechanism in the Booster.
Studying these effects is not only an important source
of information about atomic collisions and processes in
complex atomic systems; but also of utmost interest as
we attempt to reach the desired Gold beam intensity re-
quired for the operation of the Relativistic Heavy Ion

Collider (RHIC).
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electron capture and loss (stripping)2. These processes
have a sensitive energy dependence, and occur with high
probabilities. Any such change in charge leads to imme-
diate beam loss from the Booster due to the incompat-
ibility between the magnetic rigidity set in the machine
lattice, and that required for the newly formed heavy
ion charge state. Discussion of these processes in the
Booster have been previously studied by Hseuh[4] with
Au33* among other heavy ion species. In the following
we briefly recapitulate the revelant formulae describing
beam-gas charge exchange.

2.1 ELECTRON CAPTURE

To predict the cross section for single electron capture
by the heavy ions, we employ the empirical scaling rule
proposed by A.S. Schlachter et al. [5], which gives the
best agreement (fit) to pre-existing experimental data,
and allows for a determination of cross sections for a
variety of projectile-gas target systems. It is expressed
in terms of generalized reduced coordinates by

G =0.Z583/Q%S, 'E = E/(ZkBQ%T), (1)

where o, is the electron capture cross section, Q the ion
charge state, E the ion energy (MeV) per nucleon and
Zr the atomic number of the gas target. The capture
cross section o, [cm?] is then determined through & by
the expression

§= 1'—1%_;:’-—8 [1 ~ exp (~0.037E”‘2-'2)] 2)

x {1 —exp (—2.44 x 10'51557*)] .

Eq. (2) above, is valid for reduced energies in the range
10<E< 1000, and applicable to the heavy ion energies
involved in this study. It is important to note that the
contributions of electron capture to beam loss are pre-
dominant at low ionic energies and decrease rapidly as
the beam energy increases.

2.2 ELECTRON LoOss (STRIPPING)

The loss of one or more electrons from the heavy ions
results from ionization processes, whereby energy trans-
fer to the electrons by interactions with the residual gas
particles is sufficient to overcome the ionization potential
of the atomic nuclear field. To describe the process, a
modified empirical version of the Bohr Linhard formulae
developed by Betz {6] is used:

0y ~9.0x 107°Q 321 Zp Bt cm?]. (3)

2Nuclear and multiple Coulomb scattering are expected to be
several orders of magnitude smaller. Their contributions are there-

fore neglected.

Here, Zp corresponds to the atomic number of the heavy
ion (projectile), 8 the relativistic parameter (v/c), and
Q and Z7 as described in eq.(1). Note the strong de-
pendence of the stripping cross section on the ion charge
state (0,(Au!5+) ~ 100,(Au®?*+)). In contrast with elec-
tron capture processes, the electron loss cross section de-
creases in magnitude very slowly with increasing 3, and
its effects are dominant are higher energies.

2.3 MODELING CHARGE EXCHANGE BEAM-
GAs Losses

To first approximation, the rate of beam loss in the

Booster can be parametrized by the first order differ-

ential equation

& = —an(), (4)
where N(t) represents the number of ions in the Booster
as a function of time, and « the average beam loss rate.
To describe charge exchange interactions with the resid-
ual molecular gases in the vacuum chamber, we expect
the loss rate a to be a function of the total charge ex-
change cross section (0; = 0. + 0,), the interacting
ion velocity (Bc¢), and the number density of molecules
in the vacuum chamber. We can derive such a relation
from simple kinetic principles. Given that the interac-
tion mean free path between the heavy ions and residual
gas molecules reads

= ﬁCT = (Mg)—l, (5)

where c is the speed of light , 7 the mean free time be-
tween successive interactions, n the number density of
gas particles, and o, the total charge exchange cross sec-
tion calculated from eq’s (1) and (3), we can approxi-
mate the loss rate (inverse beam-lifetime after integra-

tion through the cycle) as

1
a~ == onfe. (6)

It readily follows from integration of eq.(4) after sub-
stitution of eq.(6), and imposing the initial boundary
condition N(t = 0) = N,, that we can express the frac-
tion of beam loss after transversing a distance dl = [cdt

as

{
_val/_ =exp(-—/0 ondl). )

Where Ny denotes the initial number of ions in the
Booster.



2.4 MEASUREMENTS OF BEAM-GAS LoOsSSES
In order to study the dependence of beam-gas losses
with beam momentum, the length of the Booster main
magnet cycle was increased from the 200 ms used for
Heavy Ion Physics program to 800 ms, and was con-
figured to include intervais of constant magnetic field.
The magnitude of the magnetic plateau was varied ac-
cordingly, and the momentum of the Gold ions was con-
firmed from revolution frequency measurements taken
using a frequency analyzer. The data consisted of nor-
malized current transformer traces taken at the end of
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27% CH4, 23% COq and 7% CO [7]3 The measured ring
at an average temperature T = 250 K, the xdeal gas law
equation of state yields a uniform number density of 2.1
x10% molecules/cm3.

Figures 1-5 display the data taken for the differ-
ent beam momenta ((3’'s) at comparable intensities (4-
6~ x10%o0ns @ RF turn off) with a 730 us pulse width.
A median filter has been used to remove unphysical high
frequency structure from the current transformer traces
while maintaining edge information. The solid line rep-
resents a least squares fit to the data, and the dashed
lines the theoretical capture and strip loss rates, and
their combined contribution predicted by eq (7)(refer to
legend). For purposes of comparison, note that the cal-
culated loss rates has been constrained to graphically
intersect the measured best line fit. The results, as pre-
sented in Table I, include the predicted and measured
total charge exchange cross sections and the correspond-
ing average loss rates.

Some interesting results emerged from Table 1. First,
the rate of beam loss decreases substantially and progres-
sively as the beam momenta is increased. Inspection of
Figures 1 and 5 indicates that for 3 = 0.044, up to ~ 70%
of the beam is lost during the 700 ms period, whereas for
B = 0.140 it only amounts to ~8%. Hence, suggesting

3The purity of the actual distribution of residual gasses in
the vacuum chamber is affected by gases introduced by the RGA
(Residual Gas Analyzer) filaments during the gas scan measure-
ments. Thus, the high abundance of complex molecular gases ob-
tained (hydro-carbons, eg. CH4and CO0). The high pressure, as
oppossed to measurements previously reported (~2 x 10~ Torr),

is likely due to the vacuum problem experienced on 1/17/96 at the
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ment suggests that the losses are not solely attributed
to beam-gas charge exchange interactions.

It is important to note that we have adopted an ad-
ditive rule when calculating the capture and stripping
cross sections with the residual molecular gas. In other
words, we have assumed that at the ion energies in-
volved, the target molecules appear as a collection of
individual atoms, whereby the molecular forces can be
neglected. Thus, the predicted total cross section is de-
termined by adding together the individual cross sections
for each atom in the molecule. Wittkower and Betz (8]
have noted that in the treatment of ion-target systems
with complex molecular gases, the contributions do not
neccesarily add in a linear fashion, and as a net result
the calculated cross sections are overestimated. There-
fore, it is necessary to keep in mind that the theoretical
loss rates are likely to be of even smaller magnitude.

The surprising agreement observed for 3 of 0.088 and
0.102 is not consistent with the findings of previous stud-
ies {2]. Even though the data at these energies yielded
a poorer least squares fit, it is clear that the measured
beam loss more closely approaches the predicted beam-
residual gas induced loss. We note that a slight pressure
degradation in the Booster vacuum was observed at the
C6 injection location a few hours before this measure-
ment was taken. However, the observed effect produced
by a small pressure bump would be the opposite under
these conditions. The results are summarized graphi-
cally in Figure 6, which shows the dispersion between
the predicted and measured average loss rates. The
overall trend would suggest that at the lower energies
(B < 0.088) studied, some other mechanism other than
bculn-saa bhul&c C;\bhﬂllsc is l@wlmlblc fUl uhc ROS‘SQ%,
and as the beam energy increases the loss rates become

ous intensities. In this case, the Booster mput number
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of Gold ions was increased by solely varying the Tan-
dem beam current aperture®, and data was acquired at
a fixed beam momentum of 82.3/nucleon/c (correspond-
ing to 8 = 0.088). It is determined from the various
intensity scans, that the average beam loss rate is not
constant at a fixed momentum, but rather that it is a
monotonically increasing function of the injected number
of ions (see Figure 7). In addition, a departure from the
predicted beam-gas charge exchange induced loss rate is
apparent as the number of ions increases. This result
is not expected, since charge exchange (beam-gas) in-
duced losses is not an intensity dependent mechanism.
On the other hand, it could be understood in terms of
other possible loss processes which might be at work,
e.g. intra-beam charge exchange and the possibility of
vacuum pressure deterioration due to beam induced gas
desorption and/or beam losses throughout the injection
part of the cycle. Other intensity dependent processes,
such as space charged induced stopbands, and coherent
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Discussion of the vacuum pressure deterioration will be

treated in section 4.

3 INTRA-BEAM CHARGE EXCHANGE
There are two relevant reactions by which Au3?* jon-ion
charge changing collisions can lead to particle loss in the
Booster(3]: electron capture via

Al 4 Au3?t o AP + Au33+, (8)

with cross section o.(E);and by ionization through

o.+ 0i), (10)
since two particles are lost per reaction (8), and both re-
actants can simultaneously act as projectile and target
particle. The total cross section (10) for the combined
process (8) and (9) has never been determined experi-
mentally for Au3?+.

5Increasing the Tandem aperture correspondingly increases the

beam size. Hence, we expect the possible contribution to vacuum

degradation resulting from beam losses at the inflector throughout
the injection phase-space painting process (Pressure readings were
not taken as the aperture was changed. This should be look at
cloeely in future studies).

Following Budicin et al.[9], we use the beam tem-
perature approach in order to extrapolate the rate co-
efficient and the relative colliding energy of the ions
allowing an estimate of the cross section for particle
loss. Using this model, the interaction energy of the
ions can be determined from the longitudinal momen-
tum spread of the beam and the transverse velocity dis-
persion arising from the betatron oscillations about the
equilibrium orbit. Given the beam and machine param-
eters during the Booster study which varied beam inten-
sity, Au3?*ions with rest mass M, 32+ =1.83457 x 10°
MeV/c?, charge state Q= +32, kinetic energy Epin =
0.714 GeV relativistic parameters 3 = 0.088 and vy =
1.0039, r.m.s emittances e,(,. m.s) ~ 13T X 107% m rad,
and &y(r.om. a) ~ 347 x 10~5, betatron tunes v; = 4.720 .
and vy = 4.820, momentum spread ép/p ~ 2.0 x 1073,
and the Booster average radius R = 32.114 m, we can cal-
culate the interaction energy for each degree of freedom®.
We then obtain

2

1 5 1 - 7/ 80\
5"Vlong = éM(&’U)‘ = §MAu32+C‘ﬁ k;ﬁ’) = 2.84 keV,

1 1
Wiran, = iM i EEkmEz(r m. a) = = 3.83 keV,
(12)
and
~ 1 2 l
bWtran,, = §M v — '2'Ektn5y(rm s) = = 1.82 keV.

(13)
Thus, since the interacting energies are of comparable

‘magnitude, we approximate the velocity field as nearly

isotropic, and hence the beam to be close to an equilib-
rium state. It follows that we can treat the beam as a
gas with an ion average distribution of energies charac-
terized by the beam temperature

3 1 7 \?
EkBTbcam = '2'MAu33+ (\/(6v)long v)tran, ( )?rany)

= 8.49 keV,

where kg is the Boltzmann constant.

SThe r.m.s emittance was not measured during the study. How-

ever, we estimate its value in the Booster from a beam size
measurement taken on the firet multiwire (Mme\ in the RTA

line{10}, while extracting Au32+ jona at E,m. = 95 23 MeV/n
within a few hours after the study was undertaken (N~ 1.7 X
10°ions). The change in beam size due to intensity increase is not
taken into account.




3.1 MODELING INTRA-BEAM CHARGE EX-

CHANGE AND ToTAL BEAM Loss
In the comoving frame of the particles in the beam, the
number of Au32* ions decreases according to the relation
dN

=5 =—R0), (15)

where R(t) denotes to the reaction rate, and it depends
on the beam density, cross section, energy and beam
volume(9] by

R()=1 /V n2(r,£) (o) dV. (16)

Here, (oTv) represents the rate coefficient for particle
loss,

Emax
(orv) = /0 or(EWf(E)E,  (17)

and or(E) is the total cross section as described in
eq.(10), E the relative colliding energy, v the relative
velocity in the ion-ion collisions, and f(E) the distribu-
tion of energies which we assume to follow the Maxwell-
Boltzmann distribution function.

In order to indirectly estimate the total cross sec-
tion o, we assume the mean square fluctuations of the

ions is small, that is; (%ﬁ < 1), and approxi-
mate the rate coefficient as (orv) ~ (or) (v). Where
(V) = +/8kTbeam /M 4433+ is the mean relative ion veloc-
ity possessed by the Maxwellian distribution of ions in
the beam. Thus, if this condition is satisfied, the rate
coefficient will be a quantity averaged over the velocity
field, and the estimate for the total cross section will
only be meaningful at the mean relative velocity of the
distribution.

Further, the debunched beam is assumed to have a
uniform density and constant volume throughout the
machine lattice”; that is,

n(r,t) =n(t) = EVL)’ (18)

where N(t) is the number of ions in the ring as a function
of time and Vpeqm the beam volume given by

Vbeam = 4 ﬂzsz(r.m.a) \/_ﬁ-;ey(r.m.s)lbeam' (19)

Here, 3, , ,y are the average horizontal and vertical Booster
lattice beta functions (by definition, Bz, = R / vzy),

7The problem can be treated more rigorously by taking into
account variation in beam density due to strong focusing. In such
case, the volume bas dependence Gy (t) and By (t) for different
lattice elements as a function of time[9), with more interactions
occuring where 8z ..., and the ion density is higher.

and lpeam the beam length (the Booster circumference,
C = 201.78 m). We then acquire for the reaction rate

N ()
v (0’7"0) . (20)
By substitution into eq.(15), the rate of beam loss in the

Booster due to ion-ion charge exchange interactions can
be expressed as

R(t) =

aN oTv
- = T @19 pagy). (21)
The solution for eq. (21) reads
N(t) = ——, (22)
~ + Kt
where again No = N(t = trpoyrs) denotes the number of
ions in the Booster at RF turn off time, and x = 554,

the rate constant (s™1).

Since the ion loss due to beam-gas charge exchange
interactions cannot be neglected, a more satisfactory de-
scription of the total beam loss requires that we sum
the contributions from eq.(7) and eq. (21), yielding the
model equation [11]

%V_ = —aN(t) - kN2(t). (23)

Once again, « refers to the average loss rate due to beam-
gas interactions (eq.(7)), and & the intra-beam charge
exchange rate constant. The above differential equation
can be solved by separation of variables yielding the ex-
pression

a
a(x: + £)explat) — &

Note that for £ = 0 we recover eq. (7).

N(@)= (24)

3.2 RESULTS

To test the validity of model equation (22) and (24)
and determine the average loss rate «, rate cuunstants
% and coefficients of particle loss {o7v) , we performed a
nonlinear least square fit, (using Levenberg-Marquardt’s
method) to the various ion intensities data scans taken.
For purposes of comparison, the predicted and best fit
to equation (7) representing solely beam-gas charge ex-
change are also presented. Figures 8-13 display the evo-
lution of the beam intensity along with the best fitted
equations. For Figure 8 and 9, only ~200 data points
were sampled, whereas for the remainder of the inten-
sity traces, sets on the order of 1600 points were taken.
Table II presents the results obtained for the titted pa-
rameters. The standard deviations were extracted from
the variation obtained from each subsequent fit to the



data. Thus, the rate constants obtained represent aver-
age values.

As can be seen from Table 1I, the average rate con-
stants obtained indicates that as an upper limit, ~ 2
out of 10° Au32* ions are lost per second, making
the contributions of intra-beam charge exchange in the
Booster absolutely negligible. Secondly, we note the
anomalously high rate coefficients obtained. In compar-
ison, Muller et al. [12] measures dielectronic recombi-
nation rate coefficients of 10-7cm3s~! for Au?5*. In
our calculation, only uncertainties in the beam volume
Vieam(~ 2.73 x 105cm?) would affect this result, and we
regard our estimates as a reasonable upper limit. How-
ever, it is important to keep in mind that in the cur-
rent analysis we are assuming that the beam losses are
attributable to only charge exchange processes. In the
presence of other possible (unknown) beam loss mech-
anisms, the magnitude of the fitted rate constants as
described by eq.’s (22) and (24) are subjected to inaccu-
racies.

The estimated total cross section is consequently also
of high magnitude. Since these measurements repre-
sent the first cross sectional estimates for Au32+.Au32+
collisions, we are unable to make absolute judgements.
Nevertheless, we compare the experimental results of
Melchert et al.[3] with Au~!negative ions, which yielded
or ~ 3 x 107'%cm?. We emphasize that these relative
differences may be due to the limited data, validity in
the model, and/or the different electronic structure for
the respective ion species.

An essential feature providing clues about the validity
of the model equations and the results outlined above, is
the obtained dispersion for the rate constants from each
intensity scan. If the model equations are to be regarded
as satisfactory descriptors of the beam losses observed,
we require the fitted rate parameters to be constant, in-
dependent of the beam intensity . As we can observe,
the dispersion for x in eq. (24) at the 20 level of con-
fidence is larger in magnitude than the yielded average
value, putting into question its validity®. Moreover, the
best fitted beam-gas average loss rate a for eq. (24)
is 0.58 £0.49 s~!, which yields the total cross section
o = (1.01 £ 0.86) x 10~!®cm?. Thus, in rough agree-
ment with the cross section presented in Table I for the
corresponding energy (2.98 x 10~7¢m?)%. In contrast,
the fitted rate constant x in eq. (22) displays minimum
dispersion, and interestingly, it differs to that of eq.(24)
by roughly an order of magnitude. With these notable

8 A more definite quantitative confidence analysis for these re-
sults would require a larger data sample. Although, the construc-
tion of synthethic data sets through the use of Monte Carlo simu-
lation methods is equally suitable.

9However, caution must be taken since the result for o (8 =
0.088) in Table I is likely to also have a large associated uncertainty.

features in mind, we regard the intra-beam constants
and cross sections extrapolated from eq. (22) as merely
estimates.

4 BOOSTER VACUUM DETERIORA-
TION

The increase in beam loss with the number of ions sug-
gests the beam is affecting the residual molecular gas in
the Booster vacuum chamber. Indeed, a "multiple pulse
memory effect” has been observed in previous studies,
where allowing the machine to cool (~ 1 min ) substan-
tially improves the loss rate for the next few subsequent
cycles [1]!0.

Table III. displays the calculated ring pressure increase
Puf £ii— necessary in order to reproduce the ideal fit to
eq. (7). Assuming the cross sections have not been un-
derestimated, we speculate this pressure deterioration
can be attributed to outgassing produced from beam
losses resulting presumably throughout the injection pro-
cess (e.g. at inflector), and to possible desorption pro-
cesses{1].

To explore the discrepancy obtained betweea the cal-
culated and measured beam loss rates, we consider how
the ring average pressure changes with the injected num-
ber of Au®2+ions. A relationship between the decay time
constant T (inverse beam loss rate) and the ring pressure
can be phenomenologically established by introducing a
quadratic factor in time in model equation (7), which we
rewrite as

N(t) = Noexpl~= = (2)?]. (25)

Where the parameter } corresponds to the average loss
rate o (eq. (6)). Writing eq. (6) in terms of the aver-
age ring pressure (P = nkgT) and differentiating with
respect to 7 yields

72T @ ksl (26)
Substituting into eq.(25) then gives
_ Po.fBc dPorfc, ,
N(t) = N, exp[—( kaT )t + ar BT . (27)

Thus, for a given beam energy, number of Au®?*ions in
the ring, and vacuum conditions (P,T) we can study the

1015 addition, since the study was performed on Booster USER2
while USER1 was active, this multiple pulse memory effect can
consequently affect the vacuum conditions when the USER2 (due
to USER1) beam loss data was taken. Thus, yielding a larger
disagreement between model and theory.



evolution of the ring pressure as a function of the decay

time constant
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We have fitted eq. (27) to the beam loss data gathered

7oA eI

at the varicus intensities { =~ 4% LUn8 —~ 1.2 X LUnQLU'HnS}

Fig. 14 and 15 presents the obtained average loss rate

dP o~
a and §- (Torr/sw) respectively for the intensities ex-

plored. We expect to mcrea.se and saturate as the de-
cay time constant uecreas& {number of ions increases).
However, the results show there is no clear apparent
trend between the two quantities. Interestingly how-
ever, the posmve magmtude for the “—‘? extrapolated

indicates the rmg pressure is acnuauy lmprovmg as the
beam circulates the ring. This result could be attributed

ren et rRa e sz oo e o P

to considerable vacuum pressure degradation at injec-
tion and acceleration. Thus, assumlng the beam in-

duecad nreaars

e ] Py P
uLcu ylmurc dcucl Ioravion m ucsusu.uc aer 1\-[‘ bul -

off, the number density of outgassing particles will de-

cronca as tha avoala avalueas wnoases [,

nd +ha - .
Créase &S uie CyTic eVvouves, ana the vacuum PUIIIPD ic-

move the released gas at the limiting pumping speed

co n P
(gas composition dependent). This vacuum performance

(4 ~ 6 x 107"'Torr/ sec at max.) is expected from

YA T T rrsah e

th\, titanium sublimation and ion pumps uhxuusuuuu the
Booster ring 1. Nevertheless, considering the small data

sample available and the scatter obtained, these results

are by no means conclusive. It is suggested that a larger
range of intensities is explored in future studies, and

futhermore, that pressure readmgs be monitored closely
as the Tandem beam current aperture is changed in order
to verify any correlations with these results and further
test the validity of model eq. (27).

It is also of interest to investigate the long term time

pnendpn(‘p of the beam average | loss rate 'hv construct-

ALSSULE O L2 DEalll avVela, L2 R

an hypothetical four second length magnetic flat top.
ming the state of the machine remains unchanged,

of such experiment is to test the departure from
-t exponential and study the loss rate behavior
7)) over longer time scales. Fig. 16 despicts such
ve constructed from the set of current transformer

traces taken at a 3 = 0.088. It is observed that a sim-
ple exponential (eq. (7)) does not produce the proper
functionality (steepness at high intensities) in order to
globally fit the curve. For comparison, a fit to the initial

->.- I:L
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=gl
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¥
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»
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=
-
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3
Al

current transformer trace used in the Global fit (that of
Fig.8 with Ng ~1.2 x10%0ns) yielded an average loss
rate @ = 0.5113~!. Whereas, the Global fit to the ex-
ponential yields an average loss rate roughly a factor of
two smaller (a = 0.28s™ 1) for the same initial number of
ions at RF turn off (but longer flat-top). Alternatively,
the quadratic dependance in eq.’s (23) and (27) repro-
duce more closely the behavior of the data. Where for

11 Booster vacuum data collected during an observed vacuum
deterioration at the C6 location shows the rate of pressure im-
provement is in agreement with the numbers obtained above.

!,with equal magnitude to the ﬁt
op) We keep in mind that these
mtrmsxc dlﬂ'erenc& can be attributed to different ma-
chine histories associated with each individual current
transformer trace. Configuration of a similar machine

ant_1rn =l~. P-4 PR — Po_a . .
t-up should be considered in future studies.

5 CONCLUSION

T conclude wa Bnd +ha
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exchange processes only
+
U

.
appreciably contribute

at max. ~30 % for the vacuum ions stated). The

o Py Py 4
average loss rates cbta:.u%* reflect that the percentage of

beam losses is a sensitive function of the beam energy.

With the loss significantly minimized as the beam en-

ergy increases (8 = 0.044 — 3 = 0.140 ~70%—-»~8%)

In addition, we noted the large variation

22LOC AL RIEC Yallaul

tween the predlcted and measured bea

the lower beam energies studied, which h nts at the pres-

ence of some other mechamsm at work. At this stage,
we are unable to explain the cbserved difference fully;
it can only be further explored with the advent of ad-
ditional data. Also, the observed dependence of beam
loss with intensity motivated the inclusion of intra-beam
charge exchange and vacuum degradation as a possible
loss mechanism. However, the estimated intra-beam rate
constant (~ 109 — 10~1%5~!) obtained rules out any
contribution from this process in the Booster. Lastly,
even though vacuum degradation in the Booster ring
could explain some of the results observed for Aud%+
loss, there is no ring pressure variation data avalilable
that can be used for confirmation. Hopefully, the stud-
ies to be performed during the 1996 Heavy ion run will
help resolve some of these problems.
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accelerator staff for making the studies possible.
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Table III. Beam-gas charge exchange average loss rate o, as a function of
Au’?t intensity. The required pressure increase to agree with the predictions
is also presented

Table III. Average Loss Rate vs. Intensxty

Nquo,,(xloswns) at[s 1] "',—E“— |
4.39 0.161 0.732
6.31 0.218 0.988
7.98 0.248 1.125
8.28 0.251 1.138
10.76 0.304 1.378
12.47 0.511 2.316




Figure Captions

Figures 1-5. Booster beam loss observed as a function of momenta (3).
The solid line represents a least squares fit to the data. The dashed lines
correspond to the predicted electron capture. stripping loss rates and the net
contribution due to beam-gas charge exchange (eq.(7))

Figure 6. Comparison between the predicted and measured average loss
rates for the various beam momenta studied. The solid line refer to the
measured average loss rates o, in eq.(7). The dashed lines are the calcu-
lated capture () and stripping (o ) loss rates along with their summed
contribution (a).

Figure 7. Average loss rates obtained as a function of Au’** intensity for
3 = 0.088. Note the monotonic increase in the loss rate with Au®?* intensity.

Figures 8-13. Beam loss observed as the Au®?* intensity is varied. The
data is fitted to the beam-gas charge exchange eq.(7), the intra-beam contri-
bution described by eq.(22), and the total beam loss model equation (24). For
comparison, the predicted charge exchange beam loss is also included. Note
how the prediction approaches the measured loss rate as the input number
of Au’?* is decreased.

Figure 14. Average loss rate extrapolated from fit to eq.(27).

Figure 15. Pressure variations as a function of the decay time constant
for the various intensities studied.

Figure 16. Hypothetical four second flat-top constructed from the cur-
rent transformer data taken at 3 = 0.088. Data was not taken for Au®?*
intensities in the range 1.0-3.53 x10%ions. Note the unsatisfactory fit to an
exponential eq.(7).
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