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Abstract 

A description is presented of the highest energy, to date, 
electron cooling studies (200 MeV protons cooled by 111 KeV 
electron beam). Results on equilibrlum proton distributions, 
damping times, and longitudinal friction force are presented. 
Prel1minary investigation of stacking and coalescing successive 
single turn proton injection batches into a cold core is reported. 

1. Introduction 

The electron cooling of ion beams confined in storage rings, 
first demonstrated by the Novosibirsk group, 1 has been studied at 

.. Fermilab as a means to cool and accumulate j5 target secondaries. 
This method has the potential of providing the highest possible 
luminosity beams for ultra high energy pp collisions (such as the 
Fermilab ED/S). 2 Here we describe the cooling of proton beams 
produced by the Fermilab linac (fixing the kinetic energy of this 
work = 200 HeV/c 2 ) and degraded ("heated") to provide a large 
emittance beam to simulate p accumulation conditions. Both the 
storage ring and electron cooler were designed to function (with 
possible modifications) as the accumulator components for a 
working HEP p source. Thus key parameters of the cooler derive 
from the need to "match" to the existing Fermilab complex 
(e.g. emittance, location, energy, circumference, cycle time, 
etc.). In particular the electron cooling beam is typically run 
at much higher power (designed for 28 ampere -200 kV operation). 
than has been previously attempted.• 

Both the ring and electron device as well as their planned p 
acc\Dllulation use have been previously described.~ Here we report 
the actual cooling data measured at 200 MeV (as well as some 
initial data taken at 114 MeV)S along with an interpretation and 
comparison with oter existant results. Emphasis in these studies 
was on parameters directly relating to momentum cooling and 
1110mentum stacking of large initial phase space ion beams (the mode 
of accumulation natural to the electron cooling method). These 
includes cooled/uncooled beam lifetimes; longitudinal friction 

2 

force, equilibrium ion emittances; accretion of fresh protons into· 
an ex:l.stant cold core ("stacking"). 

A natural notation is used where fp,e = proton, electron 

~,~ritYth~n bliRrcmeffi m~voi:s ;~e~ u.;=,Vpeip1assi8na Fc½idet!i 
friction force experfenced b~ the pro!ons moving through an 
electron distribution f(V8).-

where Lis the rele,Jailt Coulomb logarithm. Unless otherwise 
stated ve use (e.g. F} moving frame quantities. 

FIG. 1. Plan view of electron cooling ring (ECR}. Open 
rectangles are bends; small open squares are quadrupoles 
(FODO structure} 



2. Electron Cooling~ (ECf!l and Diagonstics 

The design strategy or the storage synchrotron (figure 1) was 

to i-ncorporate C0111pactness and large phase space acceptance (i.e. 

strong focusing) along with low di.spersion (for simultaneous 

cooling at different momenta with a minmum diameter e- beam); high 

Sc function (to min1aize VP where frictional force ~ vp1vp1 ror 

l~pl > Ivel>; and [2] l<lllg :straight :sectiona (allowing large i;). 7 

The actual nomina1 operating parameters are given in Table I ·(t'or 

114 MeV run parameters see Bet'. 5). 

TABLE I. Parameters of the electron cooling ring (ECR) and 
electron beam during cooling experiments w:1.th symbols used :1.n text 
indicated. 

PARAMETER 

Relativistic parameters S,y 
Revolution period, T

0 Effective radius 
Bend field 
YT, Tl 
Tunes, " •H 
Acceptan!e, Ea, 
Beta t'unction!f It cooler (S0 V,H) 
e- cathode potential V 
e- current (I ); e- c:leRsity (n) 
o.15-s.ox10-7&a-• 
Interaction length; fraction Ci;) 
e- beam radius 
Solenodial guide field (B) 
Cooling region vacull!ll (2 hp) 
Hean ring vacuum (e- off) 

VALUE (units) 

0.57, 1.21 
0.798. µsec. 
21.56 m 
4.29 k gauss 
3.68, 0.609 
5.42, 3.68 
zo,r, 401r mm-mrad 
25 m, 20 m 
-111 ICeV 
0.5-4amp; 

5 m; 0.037 
2.5 cm 
930 gauss 
~ 5x10- 9 Torr 
(. 2x10- 10 Torr 

The lattice has natural 4 fold symmetry, broken only by the 
electron guide soleniod (tune shift= 0.0045) and the electron 
beam space charge Successful running wa:s accomplished close enough 
to the "ooupling resonance• (equal fractional "v• "a) that the 
marked V/H solenoid coupling could be studied. 

The extreme ion beam conditions possible in eiectron cooling 
place unique demands on diagnostics. All cooling experiments to 
date have had d:l.agnostic limited data in some respects, with their 
st;rong points complimentary. However, this situation has made 
data di.fficult to compare due to the diverse machine parameters. 
Besides traditional accelerator physics diagnostics (•wires" 
scanned accross the aperture; scintillator loss monitors; RF 
resonant knock outs; intercepting profile wire chambers, etc.) we 
developed several novel non destructive techniques. 

The highest intensity routinely injected into our ring 
(limited by radi.ation safety) was 0.40µA (2 x 10 5 protons). High 
sensitivity, slow wave (taking advantage of our S - 1/2) Schottky 
pick ups were exclusively used to monitor op/p and measure tunes.• 
Much higher real tt,ue sensitivity was· possible by RF bunching the 
beam (which distorts and complicates the cooling dynamics but is 
ideal for intensity monitoring). Huch less sensitive transversly 
split pick up pairs (one in each quadrupole) vere employed as 
monitors or the horizontal closed orbit position. A similar but 
doubly split (giving horizontal and vertical displacement 
information) pick up was installed contiguou:sly vtth the ends or 
ths 5 m electron interaction region. By signal comparison, this 
allowed alignment or the proton and electron beam charge centers 
or gravity. 

"Pro!ilometers" directly measured coasting beam projected 
density by position sensitive counting of' ions fo!"!lle,! by beam-gas 
collisions which were swept perpendic•llarly out of the aperture by 
a tranaverse DC electric field. 11 The position sensitive counter 
consisted of a two stage 8 x 10 cm MCP proximity roc113ed Gnto a 
resistive sheet charge division network. Prot'iles consisted of 
512 ionization events digitally reconstructed into scatter plots 
or histograms. Resolution of the device was digital LSB limtt.-.:1 { 
8 bit ADC's) and measured to be(. 0.2 mm. The "frame" rata depends 
on local residual gas density at the monitor up b a digitization 
rate limitation of _ 100 Hz. When good te:nporal resolution was 
essential (e.g. to follow transverse cooling evolution) or beam 
intensity was low, a local piezoelectric valve "puffed" H into 
the aperture. z 

Finally, limited neutral hydrogen recombination rate 
information was obtained by "observing" the interaction section 
through a thin window with a coinadence/ranging scintillation 
counter teleoscope. 

The electron system is illustrated in figure 2. 11 An energy 
recuperating design is employed which was remarkably successful1 
typically &I/I loss with ((. 3 ampere beam current) was only a raw 
lt 10-~ (we have achieved 1.0 x 10-• loss (. 2.0 amp,ir-e). Ve credit 
the unique immersed 1B I design of the deceleration 
column/collector tor this performance. The system vacuum and loss 
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characteristics are partially swrunarized in f'igure 3, which shows 
a residual vacuum pressure above the cold system vaiue 
( :4 x 10-1 OT). We attribute this to the unpumped cathode '.!.eg 
(unbaked as well, in contrast to the hard bdked interaction 
region) being outgassed by the 1100°C cathode. 
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FIG. 3. Vacuum in cooling region as a f'unction of' 
collector anode potential above cathode potential. 

A convergent Pierce gun design was chosen (area convergence 
ratio = 6,25) to accommodate the high beam currents needed for 
f'ast FNAL booster matched, accumulation. Convergence, however, 
leads to an adiabadic increase T (electron temperature at the 
cathode: 1100°<! = 0.11 ev) to °T J. = 6,25 y2T = 1.01 ev 
(interaction region, moving f~ame transven8e electron 
temperature). Much larger coherent (gun optics aberrations, etc,) 
contributions to T could be tuned away by adjustment of the GUN 
SOLENOID current an81the relative potentials of resonant f'ocusing 
electrodes which surround the beam af'ter the basic diode-but 
before the interaction region. 11 

The mean Bz field direction was adjusted via 5 ,u long V and H 
di.pole wini'!Ing pairs, surrounding the interaction region, Local 
BztlBzl wobble was minimized by constructing the solenoid from 1 
meter Al sheet wound sa,?)1:~.::ts. The five segments were 
individually aligned by m.intlllizing the deviatin of a 0,5 mm t test 
•- beam from a straight line. _An rms B -x ztlBzl = 4 x 10- at: 
1 cm off axis, corresponding to Te~= o.i39 ev, was achieved. 



Microwave pickup loops were installed next to thee- bea,~ at 
one end of the 5 m interaction region in order to directly measure 
T (c magnetic dipole radiation at the cyclotron ·rrequency). 
s3ah signals were observed as well as unexpected ones at UHF due 
to lost electrons oscillating between the gun and collector 
virtual cathodes. Although used tor initial qualil:'ltive tuning or 
thee- system this diagnostic was not persued during the cooling 
runs. 

The entire e- beam path is surrounded by drift electrodes, 
segments of which could be held at portentials appropriate tor 
clearing or trapping ions/electrons~ In this way, we were able, 
tor instance, to ensure f'ull radial space charge well conditions 
(i.e. no neutralization for trapped ions): ilE(r)sc = 30 
I -{ (r /a) 2 + 2.R.n r /a}/8. This dependence was confirmed by 
m~asur!ng the equil!brium. cooled proton beam energy as a function 
of I -. Similar measurements as a function of' relative 
proton5'electron beam spatial otf'set, and other indirect 
indications were crudely consistant with a homogeneous n. No 
direct measurement of n(r) was attempted. 11 

3. Cooled ~librium 

Within a few seconds of their injection protons have cooled 
such that one observes steady state Schottky bands and transverse 
profiles: the protons have come into equilibriwn with the electron 
velocity distribution. This is only a quasi-equilibrium. since the 
electron distribution is not (it is replenishe~ to keep it a 
"discw - see figure ~). Indeed, we asswne here that the 
frlctional and diffusional influence or the electrons are much 
larger than ~roton intra beam scattering (IBS) relaxation to true 
equilibriwn. 1 Within the proton current range investigated
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there is no evidence of current dependent equilibriwn op/p. The 
tnitial (hot) proton distribution was nearly isotropic {op/p FWHH 
: o.17S) and is represented in velocity space in tlgure 4. 
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FIG. 4. One a envelopes or equilibrium velocity 
distributions. Initial proton and perpendicular 
equilibrium proton valves are measured. Longitudinal 
proton equilibrium valve is measured upper limit. Electron 
values are interred (see text). Upper horizontal scale is 
e- beam voltage (V ) change needed to produce Av
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Additionally, there is a mechanism tor coher~nt distortion of 
the Schottky signals; a freezing out of longitudinal space cha1•ge 
modes on the proton beam above a certain critical current = 
1'1.,.IT • 16 This mechanism can cause a suppression of orn3erved 
Scho€tky power density, thus giving a false measure of beam 
intensity. For our conditions Nx = 4x 10 12 (6Plp) 2 > 107 for even 
the lowest 5p/p's observed or expected. 

Thus we interpret the Schottky band p,:.·.rer- spectra area and 
its F'tll!M directly as a measure of the beam intensity and momentum 
spread1 

(2) 



It was necessary to observe the highest possible (limited by 
electronics bandvidth) harmonic bands to maximize 61". Even so, the 
extreme narrowness of the equilibrium bands allowed onl.y an upper 
limit of' 850 Hz FWM (6P/p = 4 x 10-6 } to be measured (at 453 MHz; 
h = 360}. This was a consequence of a ±10 V pp residual jitter in 
the high voltage supply (V

0
). In this context it is important to 

dist.ingu1sh two cases. Fast f'luctuations in V contribute on.1y to 
an ef'f'ective increase in longitudinal efectron temperature 
/J,T = ~ 2t(S2y':m) <= 5 x 10-s ev for observed jitter). On 
t.h311other~ slaw enough modulation allows the mean proton 
IIIOl'llentum to De araggea along, 1n Vlll.CO case r.ne ooservea .:;cnoi;r.q 
band as a whole v1ll jitter: /jf = tiVfn/S 2y (: 25 kHz}. Long time 
average spectra show this 25 kHz envelope, whereas the 0.85 kHz 
"!IIOving band" measw-ement sets a -S volt rms l.imit on a fast 
jitter coaponent amplitude. This is roughly consistant with 
directly measured longitudinal drag forces (Fig. 5) and observed 
~o time structure. 

The projected (horizontal, or vertical) transverse proton 
t-perature may be defined at any lattice points as: 
T (s} = H(aByc/8 ) 2 were S is the local beta function and a is 
tBe rms laboratofy profile atdth (horizontal or vertical). Since 
thermal equilibr-illill (T - T ) with the electrons is expected we 
quote TJ;I = T0 (se) =Pfih 'fsmonitor) Bt/Be· Our minimum observed 
T = 0.1;>t ev 1 l-2 amp Ie) = which corresponds to an lab rms 
aRgu1ar deviation, 8 {s ) , rrom B / IB I of 3. 7 x 10-s. As expected 
from (1) we observedpnoechange inzthii equilibrium as B tlB I was r.-:-- z z varied by 8p'•1v111 (using steering dipoles at se). 

'\le sUlll!lllllrize the various temperatures measured in figure 4 
(using the upper limit Tp ). The large anisotropy in equtlibrium 
proton VP distrib!f~ion is &fear evidence for the expected "disc" 
v disti-1.bution. However a detailed inference of T from T 
riquires same model assumptions. In the simplest elkct di!lc 

!:;8f~ibuf!on~~li,ql lll~~£~Btc = ~i!c£~an!> ?;fl1rv ;1°!m;:;1 ca!~~: 
require T = T8'.(> 1.02 ev). For Bz such that r 1a~ r < r 0 (B=0) 
(i.e. the itrloun initial impact parameter in our case~. The full 
v becomes p;irtially decoupled from the friction and diffusion 
m3miam.sm.s. Such "adiabadic" collisions take over entirely in the 

' lilllit _ r. < n-&1 11 , (just satisfied for our data), under the 
conditiJI of low parallel velocities observed near equilibrium. 20 

A more detailed argument suggest.s T , + T (< 10-" evl). 
P.i. 11 eu 

Ve note that no ex;,.eriments have yet seen this most direct 
1118llifestation of' •magnetized" oooling, while clear evidence of an 
adiabadic regime bas been found in cooling rates. 17 • 15 Further 
confusion coaes f'l"OIII anaylsis of recombination (H°) rate data, 
vhich plausibly ought to yield unbiased v information (i.e. not 
dependent on B or f{v }). 19 • 21 We obse~ted H0 rates only during 
our 114 HeV runs! but du3 to the extremely low proton intensities 
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-involved can only say that they were in agreement with the 
profilometer T . This description of adiabadicity assumes perfect 
alignment of €te Larmor "tube" axis with the mean proton velocity 
(82 Larmor cycles along our f'ull interaction region). Our 
uncertanity in solenoid alignment and closed orbit centering in 
the solenoids (the various effects discussed now ideally vanish on 
axis) allow a Larmor/closed orbit divergence of a few x ·10-". This 
means that near equilibrium protons diverge ~L 
( :n- 11 J = r = 2 x 10-• cm) 22 over 10 cm of flight path (i.e. only 
1.6 Larmor Rycles: hardly adiabadic). This divergence, and other 
transverse drifts (such as ExBo: space charge precession) also 
contribute non-adiabadic components to ve , which although small 
((. 0.05 eV here), certainly dominate the /rur-e adiabadic value. 

A non magnetized expression for equilibrium TP,i is 19 

(3) 

This gives values only about 251 greater than the more 
comprehensive result of Sorensen•• for the conditions of Table 1. 
Our upper limit T value plus T = zr yiel<iit T <, 0.23 10-5 

(+3.6/-0). Noti8iP that T aete~ned this ~J is extremely 
sensitive, a: (&>IP FWBM)", t8 1!he original data to vhich we assign 
a + 100% uncertanity. The dominant contribution to T in our 
beam is expected to be from equipartition with Coulomb ~/iulsion: 
Te = 0 2n1/1 = 3.7 x 10-s ev.1, A non magnetized discussion must 
int!iude IBS amongst electrons, which would create 
tiT

8 
= 3,3 x 10-s eV at the interaction center. Although 

magrtet1zat1on (again for rL ~ n-1/s) should suppress IBS, a large 
contribution comes from the high n low Bz convergent gun (a 
distinct disadvantage or this design). 

A particular difficulty during these experiments was the lack 
of good proton beam lifetime, T , with electron beam but 
not cooling (energies for detuned).e Despite extens!ve---..tune 
point" hunting we were unable to achieve T > 40 seo. for I > 1 
amp. Apparently this was due to nonlinear eresonance effect~ or 
thee- beam (as a lattice element) sinoe good lifetime(~ 350 sec) 
with e- beam off' but all magnetic elements at nomlnal settings was 
possible. Our longest observed cooled beara lifetime T , 6200 s, 
is only_ 40S less than an est.1~7>ased on singl~ coulcmb 
scatter out of the ring acceptance for our mean running vacuuu. 
The vacuum density and composition cancels in the m,1ltiple Coulomb 
scatter T to T ratio, whlc.~ has been calculated to be 0.076 for 
the ECR. fhis y!elds a T multiple scattering limit of' 470s. Ve 
attribute our inability t8 find an adequate operating point to the 
[f'or a atoreage ring] rather poor lattice magnet current 
regulation (only_2 x 10-• I'l!ISI). 



In order to take advantage of the large coherent longitudinal 
signals possible with RF bunched bearas we performed many 
meas;.iremen~~ by a •cooling into buckets" technique, illustrated in 
figure 5a • Bunch sizes achtevable in this way (ideally down to 
widths er: lf"Pl for '°RF tuned to V0 ) were limited by only the 
jitter in V0 tenergy detuning) and bend magnet supply (path length 
detuning). A fixed detuning produces the interesting dynamical 
equilibrium shown in figure 5b, where the protons circulate around 
the torus at sync:.!"otron frequency. We observed many detailed 
manifestations of this behavior. Unf'o!"tunately the average 
cooling friction forces acting on the protons is reduced in 
proportion to the fraction of torus overlap with the V

0 
line. 

COOLING INTO BUCKETS 
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FIG. 5. a) Schematic in longitudinal phase space of 
"cooling into RF Buckets" TOP: initial proton distribution 
BOTrOM: equilibrium distribution b) exact 100 particle 
dynamical simulation shoving a steady state arrived at from 
initial conditions as in a) TOP. ... ,... . 
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By instantaneously stepping thee- beam voltaze (A7
0

) we can 
follow the history f(t) of a Schottky band peak as it is "dragged_'.:, 
to the new equilibrium point. F of (1) is then 

F (f) 
11 

11 

Our data is presented in figure 6 as a runctton of v measured 
from the new electron distribution center and scaledPwfth respect 
to n, T and l in order to allow comparison with other 
laboratorf!s (exact for: B = O, v << v and disc distribution). 
A non :nagnetized theory {just P (1)) e predicts F values 
corrssponding to the (typical) L values shown. The cmlve fr-on-. a 
:n ,re sophisticated (but still B = 0) treatment agrees .well vi.th 
our data. 18 
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FIG. 6. Scaled longitudinal drag force (F ) in moving 
frame. e, 1111 MeV run. u,o, A, x, 200 MeV run. 11 Lover two 
curves are CERN (-----) and INP (--) data for comparison. 



The simplest m,igaetized theory (whe,e each collision occurs 
within ~ - 1 ) predicts no adiabadic contribution to F , under the 
"drag,. exBeriment condition of v = o. However D4rbenev a."ld 
3lcrinsld.i point out• 1 that co1f,ct1 ve (i.e. proton-plasrnon 
processes vith the impact parameters in the range 'l:. r 0 } 
collisions, though entering 'With L :: t, can dominate F • A full 
dialectric-plasma description11 substantiates this concl&dion (see 
Fig. 5}, but grossly disagrees 'With e:rlstant data. Such 
collisions are probably practically ineffective by the same 
arguement used to explain 'l' (Bc/fll... = 50 cm} 2

". Novosibirsk 
data26 clearly shows evidence jp ,nagnetH!ation via its negligible 
F and H° production rate dependence on Tcathode (i.e. breaks 
t1\e scaling used in Fig. 5), which is all the more puzzling given 
the disagreement or their F with magnetized theory. Our 
displayed F data represents 'Mst tune conditions (Tet = 1.01 
eV). Evidence t'r0llll runs 'With higher Te.1, (e.g. high Ie always 
indicated degraded F values. u 

We have a.asum~ that the 7 distribution is the same during 
the drag erxperiments as it ig at their begilll1ing and end points 
{Le. equilibMum with v ). DLff'Mion (from f'in:tte Te) is 
;,egligible. The protons afe J:lt damped however, during the drag 
period. Our severe lifetime Umitation in such circumstances 
leads to considerable beam blow up"during draging (indeed we were 
limUed by proton loss to ;;. 50011 stops). Al.though • this may 
complicate any magnetized theory interpretation vPJ. i O), it 
should lead systematically to ~Fu values. 

Transverse cooling rates were measured by comparing a series 
of vertical and horizontal profilometer "snapshots~ triggered at 
mown times after fresh (hot) proton beam injection. Thus the 
observed damping is of' a beam cooling :iimultaneously in all three 
dimensions. figure 7 shows two basic sets or ,1ata. The first, 
~rom our 114 MeV run which showed evidence of a net Bz, closed 
orbtt misalignment, has a considerabl;f larger damping t11ne than 
our best results (200 MeV). This is evidence of a "supert'ast"" 
magnetized cooling effect, since (for the misaligments involved 
here) nonmagnetized theory predicts a lvWer rate, independent of 
angular alignment. Actually the data is clearly not exponential 
3 uggesting the need or a complex interpretation which ·.1e have not 
attempted. 
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FIG. 7. Verticle proton 
function of time after 
beam optimally tuned (all 

t(Sec)-

beam profile 1o""idth {a) as a 
proton injection in.to EC:t withe-
1 amp beam data except as noted). 

5. Stacldn~ Studies 

Tbe ECR was designed to allov single turn rast ~lclcer 
injection of fresh (hot) beam while leaving, tepPrterbed, a cold 
stack on an outer radius. 7 This is accomplished with two identical 
full aperture lcickers (see Fig. 1) placed symmetrically about t.he 
injection point, n phase advance apart, and fired i.rtt~ a relative 
time delay equal to the transt time between t':~'11. Careful 
chromaticity correction (sextapoles) allowed stable operation over 
the large (~ S) momentum separation of the t'!IO orbits. 

Figure ~ -shows a preliminary accummulation sequence. In this 
ca~a the fresh protons were RF captured and accelerated to the 
cooled stack orbit. An intensity increase of ~ 12x is shown, 
which has begun to saturat.e. The saturation is a result of the 
anomalously low lif'e time which the stack protons have when they 
are phase displaced (and thus momentarily not being cooled) by th" 
moving RF bucket. Experiments are 1n progress to circumvent thls 
problem by turning the bucket off next to the stack and 
subsequently dragin~ the stack, with an appropriately programmed 
V0 ramp, to the fresh bat.ch moment.:1:n. 



60 120 180 240 300 
sec 

FIG. 8. Aooumulation or injected (every ..5 sec., th.is 
picture) proton batches into a single cooled core the 
intensity or which is plotted vs. time. Curve is. expected 
result tor no loss accumulation (normalized to first 60 
sec.). Notice beam dump 10s from trace end giving zero 
level. 

Acknowledgements 

We would like to thank numerous members of' the "'enlilab 
Accelerator division staff for continued te,~_ical suppport and 
encouragement. Tbanks go also to our collegues at CERN and 
Novosibirsk who have shared their prior knowledge and results with 
us at all stages of' this work. 

'IS' 

1. 
2. 

5. 

6. 
1. 
8. 

9. 
10. 
11. 
12. 
13. 
14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 
24. 

References 
G.I. Budker, et. al.,71aru'c1:e"Accelerators 7, 197 (1976) 
F. T. Cole and F. E. Mills An.>1. Rev. Nucl. Part." Sci. 1lt. 295 
(1981) 
The CERN "ICE" ,_and INP "NAP-M" experiments used up to 
Ie = 2A, V = 26 KeV and I :1A, V0 = 45 KeV respectively 
D. Young, ~roe. 11th Int. eonf. High-Energy Accelerators, p. 
756 (1980) 
R. Forster, et. al. , IEEE trans • Nucl. Sci. RS-28, 2386 
(1981) . 
W. Kells, in AIP Conf. Proc. 87, 656 (1981) 
Fermilab ECR Project Design Report, FNAL (1977) unpublished 
D. Johnson, 1977 (Aspen) Summer Study, p. 301, edited by 
J.K. Walker (FNAL, Batavia, Illinois 1977) 
G.R. Lambertson, IEEE Trans. Nucl. Sci. NS-28, 2471 (1981) 
T. Hardek and W. Kells, Trans. Nucl. Sci. NS-28, 2219 (1981) 
T. Ellison, et. al., Fermilab TM-1156 (1983) unpublished. 
W. Kells, et. al., Fermilab TM-918 (1979) unpublished 
C. Rubbia, CERN Report EP77-2 (1977) unpublished 
Ya. S. Derbenev, in Proo. 6th All Union Conf. High Energy 
Particle Accel., Dubna (1978). 
M. Bell, et. al., Nucl. Inst. Meth. 190, 237 (1981). See 
also A.N. Skrinskil and V.V. Parkhomchuck, Fiz. Elem. 
Chastits. At. Yardr 12, 557 (1981). 
V.V. Parhomchuck andD.V. Pestrikov, Sov. Phys. Tech. Phys. 
25, 818 ( 1980) • 
N.S. Dikansky, et. al., IlfP preprint 79-56 (1979) 
unpublished. See also Ref. 15 and 14. 
A. Sorensen and E. Bonderup, to be published Nucl. Phys·. B. 
( 1982) 
Ya. s. Derbenev and A.N. Skrinskii, Fiz. Plazmy, 4 492 
( 1978) 
The adiabadic condition is that ,: 111 i > n- 1 

1 Butz ,: 
1 

co s on _ 1 eye . 
coll = rmin u > rm1n/Ve, > r"t.{J., ::0 cycl. where 

r = 'llinimum impact parameter (> n } • 
M:».tnBell, and J.S. Bell, CERN Report TH-3054 (1981) 
unpublished. 
The eff'ective temperature for r here excludes any Ve 
contribution since transverse mot~on is constrained by Bz 
W. Kells, Fermilab TM-1153 (1982) unpublished. 
A general condition for .effective adiabadic collisions is 
that gavel/WP >> 1 which is well satisf'ied in our case 
(10:1) see Re. 18. 


