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Abstract

Buncied beams of 100 and 150 GeV nave been stored in the Fermilad Main
Ring for periods of up to one hour. The observations of beaw current and
oeam profiles are analyzed fur the effects of gas scattering, curomaticity

and noa-lincar maynetic field.
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Tne First studies of beam 1ife tiwme in the Main Riny directed toward
colliaing beaw applicution were carried out in 1976 and 1977'. The work up
to Decewver 1976 was reporied at the 1977 Particle Accelerator Conference?.
There are several oxcellent articles in  the Proceedings of the 1977
Fermilab Sumuner Study® on the work up to August 1977. Leginning in 1978
the character of tne studics caanged sowewhat as the idea of p-p collisions
between beams in Main Ring and the Energy Doudler/Saver was dropped in
favor of p-p operation in the ED/S*. Thus, such consideration as developing
2 low-B insertion and weasuring backgrounds in the proposcd collision
straight section were dropped; attention was focused on the dasic probleuws
of long term storage and technical studices of the beam manipulations
required for p production and p acceleration. In tais talk I will
concentrate on neasurciients taken in early 1980 which provide a good basis
for a discussion of the dynawic aperture of the Main Ring, chromaticity
effects, effects of niyh order resonances, and non-linear coupling®.

In Fig. 1 onc sees a typical beam survival curve taken during a 100
aeV  store. The qualitative explanation for tnis benavior is
straigiutforward. There is a very slow loss during the carly part of the
store  from nuclear scatiering and an exponential loss during the late part
of the store as the diffusion begins to bring a signiticant fraction of the
beam out to amplitudes for wnichh the betatron oscillation is unstable. One
of the questions we will want to address is wactner the source of that
diffusion 1is also scattering, i.e., multiple coulowb scattering, or
involves soue other mechanism such as wmwultiple crossing of non-linear
resonances as well. To that end we compare the data to a basic wmodel which

incorporates tic effects of yas scattering only. In this model, then, we



will cxpect a slow carly Tloss dependent on pressure, dependent on
composition of the rcsidudl gas (w&§7§), but independent of Dbeam energy.
We also expect an exponential loss late in the store with a time constant
dependent on pressure, dependent on ygas couposition (wi;3, and a womentun
dependence of p~%. Another conscquence of multiple coulomb scattering is a
growth of the rms Leam width proportional to t1/2. Diffusion due to the
presence of @nigh order resonances on the other wand should be very
sensitive to the choice of operating point (Vx' vy).

The carly 10ss is then assumed to be the result of nucleur collisions

leading to a slow cxponential loss of beam current

- L-At
I=1 ¢ (n
vihere
-1 dl _ B¢
A== qx leeo” 760 % P PilAy (2)

In these equations t is the time in seconds, B¢ is the proton velocity, Py

th component whici

is density at standard temperature and pressure of the i
has a partial pressure P., The composition of the gas is not rcally well
known. e usc in the mouel a composition similar to Lhat measured in
regions of good vacuum and typical of what can be expected from an undaked

stainless stecl vacuum chamoer, viz., 4U% HZ' 40% CO, and 20% H,0. For tiis



culipusition A=430P where P is the absolute pressure in Torr. Praessures are
weasured in the ring by reading back the ion puimp currents. Tnerefore to
estadlish  the true pressure one must correct for conductance vetween puups
(a factor «»1.5), gas cowposition, and pump 1ceiakage current. In
consequence, the uverage gas pressure is not a well wedsured quantity and
the value is inferred by comdining a number of ovservations including the
oeam loss rate into a self-consistent set.

One can find from the diffusion equation in the four Jimensiondl
transverse pnasc space an expression tor the beam current as a function of
time®. In this expression, the correction for the lToss arising from single

scattering nas also been included:

©° 2 . (
I:)t) et - Fly) = -m)ile yxm/Jo(xm) (3
where
2
a
yep i + B !

and X is the mtn zero of the Bessel function Jl(x). ay 1s the rms width of
an initial gaussian vcam distribution, a is the critical betatron auplitude
or “dynamic aperture”, D 1is the diffusion constant in wm/s, and B is the

average Courant-Snyder ovota. Although the precise coefficients in tie



series of eqn. 3 do depend on the cioice of initial distribution, tie
asymptotic decay constant 1is tne same for 41l distributions and the
assymptotic solution occomes estadlished rather promptly becCause tie Xy is
substantially smaller than thc higher cigenvalues. Therefore, the tine

constant for tne late 105s is
™! = 2 pB/a. ()

If the source of tne diffusion is multiple coulomb scattering only, the

diffusion constant is
D = (B/4)(15/p8)? c/x, (G)

where p is the proton momentum, ¢ is the velocity of light, and the g in
the denominator is the relativistic velocity factor v/c. The quantity Xo

is the radiation length in meters for the residual gas

P
%o = %o LsTplgg) -

(7)



Either from the solution of the diffusion equation or directly DLy
averayging smwall random kicks over many beam turns one finds linear growth

of tie spatial second mowents of tne beam distribution

(X, ~8/%) .
0 (t) = a?/4 G(y) = - oy Emte Y
m X8olxy)
+ 2a%y = aoz + 28 Dt {8)

yU

Thus, from the growth of the veam width one can infer tie diffusion at
carly time t so lony as a<<a, i.e. so long as intensity loss is
insiynificant. Equation 5 allows onc to infer the diffusion constant from
tue long tiwme veaw l1oss; the two evaluations are independent vut both based
on tne MCS diffusion model.

In Fig. 2 are plotted the second moments determined oy Titting the
vertical and horizontal profiles with a gaussian at various times in a 100
GeV store from carly 198U. These profiles, taken by collecting electroas
produced in the ionization of the residual gas, are statistically inferior
to Jata of a similar kind gatihcred during earlier studies simply because of
improved accelerator vacuum. Despite the spread of data points, voth
profiles indicate a coavincing lincar time dependence. Note, however, that
the slopes arc not the same. This can be understood as a consequence of
longitudinal diffusion because the profile monitor is ia a region with
dispersion n=2m. It is known that tie main ring transverse emittances are

approximately equal so that in the expression for the horizontal beam width



including dispersion we can represent the betatron amplitude contribution

with the measurcd vertical beam spread?.

/.

' 3
2 = (- OPy2 X 2
gy (n--p )¢+ -—-By gy (9)

where Doti womentum and betatron awmplitude distributions are assumcd tu de

gyaussian. Thus,

¢
(B2)2 = o (t)* = = (0,2 (t) E-anz(t)}. (10)

The data in Fig., 2 give op(0)~r.5x10'3 and op(IOOO}rlU'3, numbers whica are
consistent with bunch width measurcments taken during tie studies.

Table I summarizes tne observations on 10 stores made in January 1980,
including cight at 100 GeV and two at 150 GeV. The table includes easured
average pressure inferrcd by correcting tie value measured at tie ion pumps
oy a calculated chawmver conductance corrcection Tactor of 1.5 and the threc
independent deterwinations made from the data accerding to eqn. 2 for
nuclear scattering and according to eqs. 5 and & for mulitiple coulomb
scattering. Cecausc cach of these determinations has its own scaling in
such quantitics as averaye atomic number, aVeragc atowic weight, momentum,
etc., inconsistencies of the four numbers may be interpreted as a measure

the of tae diffusion not driven by multiple scatiering. Unforiunately,



because of uncertaintics arising from iwprecisely «nown parameters 1ike yas
pressure and composition, tac pressure  aumoers must oe used as weli to
evaluate tne consistency of tne basic model. 7The data in Table I are not
sufficient in  themselves Lo make these simultaneous determinations
convincingly. Ratner the tabulated datu, witich are drawn only from Ref. 5,
are a good sawmpic to illustrate assertions most of whicn can be justified
only by drawing as well upon a largor body of data whicih are reported in
the other references. Tney arc a special sawplce in that Lhey include the
stores with the longest survival times. We conclude 1in this Dbroader
context that the agreement of the pressure determinations is reasonavle,
especially if we choose to attribute the consistenlly aigier values
vbtained from oyz(t) to plausible deficiencies of the ion beam scanner
profiie monitor.

Table I rccords two i00 GeV stores (No. 445 of 1/3/80) wmade with the
bcan stored significantly off the ceantral closed orvit. The 100 Gev
carvimaticity was corrccted rataer well as shown in Fig. 3. 7The dynamic
aperturc inferred from cgs. 3&4 is smaller for these toan for tae other LGV
GeV stores altiough certainly not dramatically so. wmore cviacnce frow
earlier studies on the effects of chromaticity correction is give in Fig. 4
and Table II. Figure 4 sliows beam half 1life plotted against the Aap/p
offset of the ordits. Tie curve joins points taken with the aorizontal
chromaticity corrccted as shown in Fig. 5 but vertical chromaticity necarly
at its uncurrected value®. The points plotted with triangles apply to
lifetime with tne chromaticity correcting sextupoles turned off but with
the tunes set to the same values applying for the measurements with

corrected caromaticity. Table II shows a comparison of 1lifetimes for
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relative height of the loss peaks one can say in general tinat the fifth
order resonances can reduce the beam lifetime by one to two orders of
magnitude. The cxperiment was not made in fine cnougih steps nor the actual
crossing of the resonance sufficiently carefully cxecuted to justify
quantitative conclusions about the relative strengtn of the lines.

It is conventional wisdom tinat, in the absence of tune sweeping, the
veam can sit on a resonance of fifth or higher order without loss. Thus,
we attribute the loss to diffusion driven by uultiple crossing, an
interpretation roughly consistent with the claimed tune spreud aw.005 full
width and the valleys between loss peaks. Altuouyn the peaks do  scem  on
the broad side, soime 10ss is probably attributable to somewnat less stable
conditions obtained during the actual tune change. That is, some sudden as
well as gradual losscs were noted during the tune cinanges.

Resonances lTower than Sth order are a qualitatively dJdifferent case.
Store No. 0 on 1/3/80 was intentionally set very near a fourtih order
vertical resonance by taking vy=19.245. besides tne markedly shorter beaw
survival one can sce from the profile growth rates plotted in Fiy. 11 that
the lincar growth in sccond moments g? expected from the diffusion model is
not observed even though tihe beam survival curve nas a typical foru. The
results of applyiny the diffusion model analysis to tihis fourtih order
resonance case is indicated by the figures in parcntheses in Table I. The
inappropriate model gives an absurd result that dynawmic aperture is, if
anything, a little larger but the pressure has increased by a factor of »6,

A byproduct of the studies described above is an  indication of the
order of zeroth aarmonic non-linear fields in the wmain ring arising from

observations of the horizontal-vertical coupling as a function of womentun
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offset from the central orbit noticed during chromaticity meaurcments!?,
The chromaticity was measured oy recording the horizontal and vertical
tunes of coherent oscillations cxcited about various of f wanentum orbits.
It was noticed that wiaen the tunes came close together ithey did not vary
smoothly with momentum and that tne fast fourier transfurm of Lhe position
detector signal used to cvaluate the tunes would show two lines appearing
with comparable strenyth in both radial and vertical planes of oscillation
regardless of the planc of the exciting kick. An exawplc of the position
detector data and its 256 point fast transform is given in Fig. 1l siowing
very strong coupling between radial and vertical oscillations. It was also
noted that the effect was stronger for off-momentun orbits toward the
outside of the vacuum chamber.

The strengtin of the coupling was explored in a systematic way by
measuring the horizontal and vertical tunes while changing the quadrupoie
currents in such a manner that the horizontal tune should remain constant.
Starting from woll scparated tunes, the vertical tunc was swept toward and
through the horizontal tune value. Examples of such data applying to
different momentum values are given in Fiys. 12 and 13. As Lhe two tuncs
approach eacin other, the results of the FFT of position detector signals
becomes 1ike that siown in Fig. 11 and it becowes impossible to say what is
vertical and what is horizontal tune. As the tune sweep is continued the
normal modes return to tic uncoupled radial and vertical wodes. The value
$vip giving the mnininum value of separation for the normal wode tunes is a
direct weasure of tihe strength of the coupling. Althougi the linear

coupling coefficicent is a complex quantity its modulus is simply
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|K] =-% §vyo (11)

Fig. 14 gives tnc result of plotting this quantity against 4p/p of the
closed orbit including a check point taken at 150 GeV and onc taken a year
later than the rest of the 100 GeV cata. The coupling is manifestly
non-linear. Its greater strength toward the outside of the vacuui chamber
is likely related to the sawe cause as the assymmetry of Lie beam lifetime
with respect to momentum displacament shown, for exawple, in Fig. 4. It is
also part of the machine operators' folklore that tie wain ring ‘“runs
vetter" with the becawm toward the inside. This non-linearity results frow
the lattice as a whole and not, for example, from extraction devices
because the results can be closely reproduced witn these devices off and
well removed from tne veam.

If we pretead that the betatron awplitudes induced to measure tie
tunes are infitesimal compared to the radial offset between tie several
of f-momentum ordits, we can squceze some crude estimates of zeroth aarmonic
multipole strengtn from these observations. Converting the Ap/p offset

into an average radial offset

X = Navg ap/p (12}

one can fit |K| vs X as



|K| = .0075 + 4,38X + 2.32x10° X* (13)

The linear coupling is the constant term in this expression wihich has avbout
the value of ».000 according to earlier andlysis of high ficld coupling at

Ap/p=0*!, Ignoring the imaginary part of X one can write

8,8, 3
X Yds (14)

1
K=Re () = § gL 4

The multipoles contributing the linear and quadratic terns arc respectively

tne skew sextupole for whican

By=.2.5xy Xy (15)

and the normal octupole for which

B, = ¢ 0, {y® - 3xy) (16)

The fit using just these terms is not very good because taere appears Lo be

a higher curvature for X0, i.e., something like skew decapole which would
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give a curvature odd with respect to x=U, bLut the quality of the data
scarcely supports such refined analysis. Using just tie three terws from

eqn. 13 one calculates

1 acy ‘

"E'ﬁ‘iy'ds = 1.7%x107% ™! (17)
1 azny R 3
Bs.ﬁ FPOYG ds = 1.1 w (18)
1 a’uy T, _

Onc certainly should not take these numbers very seriously, vut tie value
in egn. 17 is avout ine value reported after some effort nad been made to
eliminate it by rolling selected quadrupoiest?. The values in 18 and 19 are
in order of magnitude agreement with measured properties of some wain rinyg
magnets and  observeud  Landau  damping times for coherent Dbetatron

oscillations.
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Figure Captions

Figure 1. Beam Intensiy vs. Time for 100 GeV Beam Stored at Ap/p=-0.25%

off Ccntral Orbit.

Figure 2. Horizontal and Vertical Beam Profile Second Moments During

100 GeV Storage.
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dain Ring Tunes vs. Momentum at 100 GeV (1980).

Bean Halflife vs. Momentum Offset of Central Orbit (1979).
Main Riny Tunes vs. Homentum at 100 GeV (1979).

Main Ring Tunes vs. pdomentuw at 150 Gev.

mMain Ring Operating Point for Ceaa Storage.

Geam Intensity vs. Time During Vertical Tune Sweep.

Loss Rate During Vertical Tunc Sweep.

100 GeV Leam Profile Second Moments Near Quarter Integer
Vertical Resonance.

Horizontal and Vertical Position Detector Signals andg Taeir
FFT Following a Horizontal Kick.

Tunes vs. Nowinal Change 6vy in Vertical Tunc at &p/p=-.4%.
Tunes vs. idominal Change évy in Vertical Tune at Ap/p=+.25%.

Modulus of tiae Vertical-Horizontal Coupling Coefficient vs.
ap/p.



January 3, 1980

January 27, 1980

Quantity units 1 2 3 ] 5 6 I 1 2 3 4
Eaergy [GeV) I 100] 100] 100] 100] 1oo| 1oﬂ 1s0] 1s0] 100] 100 :
,(initial Int.) (o2 || 22.2| 13.2| 13.1] 12.5] 12.5 12.6I 10.6] 2.9] 10.3] 2.9 ;
v, 19.443}19.443)19.444[19.447[15.448 19.443'19.424 19.424[19.447(19.447| T
v, 19.432|19.432(19.428(19.424|19.428[19.245]19.44819.448[19. 432[ 19 432 A
A:/p(closed orbit) (s1f| -.051] -0.47] -.202] +.129] -.319] -.100] +.065] +.065] -.004] - 004

# (avg at ion pumps) [10'8T] 5.0 5.0 5.0 4.8 4.8 4.8 3.8 3.8 l.8 3.8
al(0) (mm?) 3.30 2.80 2.55] 2.s0] 1.72] 3.60

62 (0) (rn?) 2.10 1.99] 1.75] 1.90] 1.46] 1.22] 1.85 "
ag 2/ae 120" Ymn?/s) 6.6 5.01 (a.0m] 2.14 -2 3.2 %
do2/dt (10" 3mm?/s) 3.03 3.3¢| 43| 5. 1.24]  -2| 2.25 £
1/1,(a1/at) g [10%p/s) s 4| aa] sa) ) s.o] 2.2) 1.9] 2.8 2.7 ’
g (fr nucl scat.) Auo""rl 9.5] 9.5 9.5 7.2 8.6 (12)r 5.1 4.4 6.0 6.3 5
sucster o /ar) (10 81) 10 11 1] an}] s.s| -~s] 1.5 -
p..oglfr L(E)) (20" %) 6.3 | 6.0] s.2] 4.8 n] s.a] 48] 4.8 \2
2 ("dynamic aper.") (rn] 6.0 | 6.2| s.s5| s.el 6.6)] 5.3l s8] 7.4 D
| t_‘;;/p)zho o9 .30 .20 .16 28] -~.12] .4
1(62/p%)/dt (102 /s) .16 .42 .25 .22

: (1ong time decay) (h) 1.0 | 1.12] 1.05] 1.12] (.200] 2.17] 1.97] 1.11

i":/z(half life from 1(t)): [h]) 1.2 1.3 1.2 1.3} (.28) 2.6 2.3 1.5




TABLE II
100 GeV BEAM SURVIVAL
(CLOSED ORBITAp = 0)

‘ L o : 1 ,dL

DATE £x Sy Lys2ls1 1, (a't')t=o Ppump
[10-95] [10-8 1]

1/79 -25 -16 2000 11.4 4.5

1646 16 4.5

0 -16 2070 8.8 4.5

1985 5.9 4.5

2951 6.5 4.5

1/80 0 0 4320 4,1 5.0
| 5400 2.6 3.8
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