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Summary 

To evaluate its potential for colliding beam ex- 
periments a preliminary exploration of the Fermilabmain 
ring operating in the storage ring mode has been made. 
Beam lifetime and horizontal size measurements havebeen 
obtained at 75, 100, 135, and 200 GeV/c. The data,when 
compared topredictions of a gas scattering model, imply 
the existence of other additional effects which merit 
further investigation. 

Perspective and Operating Conditions 

To investigate the possibility of using theFermi- 
lab main ring as a storage device, beam storage experi- 
ments have been carried out at 75, 100, 135, and 200 
GeV. Because of the potential increase in luminosity 
and better localization of the interaction point for 
head-on collisions between beams, the experiments were 
performed with the rf power and radial position feedback 
turned on. The rf power level was 1.3 MV. In the main 
ring,there exist three active beam dampers which are 
used to control beam instabilities.' Two of these, the 
slov horizontal and vertical dampers, are used to damp 
collective beam blow up (1 MHz frequency response)while 
the remaining vertical damper, the superdamper, is used 
to damp oscillations of individual rf buckets indepen- 
dently (5 ns rise time). All dampers were on during 
acceleration of the beam but the superdamper was turned 
off a few seconds prior to storage. The tune of the 
machine was near the nominal values of VH=19.42 and vV= 
19.38. Beam intensity for the 100 GeV storage was 
0.6 x lOI protons and was 1.3 x 1Ol3 protons at the 
other energies. The pressure as measured by the 900 
ZO-liters/set main-ring ion pumps varied from 1 x 10m6 
torr to something less than lo-* torr which corresponds 
to the minimum detectable ion current of 1 W. The av- 
erage pump pressure was 7 x 10-a torr. Because of the 
geometrical location of the pumps, the average pressure 
the beam sees is estimated to be 1 x lo-' torr. 
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Fig. 1. Beam intensity vs. time for 75, 100, 
and 200 GeV/c. 
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Intensity As a Function of Time 

Figure 1 shows the beam intensity as a functionof 
time for storage at 75, 100. and 200 GeV. In general, 
the beam size begins to expand, presumably due to multi; 
ple scattering by residual gas molecules in the vacuum 
chamber, and possibly other mechanisms until the beam 
reaches the edges of the effective aperture where it is 
lost.2 After about 500 seconds all curves show an expo- 
nential falloff with lifetimes which vary from 585 sec- 
onds at 75 GeV/c to 3070 seconds at 200 GeV/c. In a 
standard circular aperture diffusion theory of particle 
loss, the long time beam lifetime is given by ‘r = 0.85 

(A'n)83y2 torr sec. PX Here A is the transverse phase 

space acceptance, 8 and y are E and i respectively for 

the beam protons, P is the pressure in torr and n=!/V 

where R is the main ring radius and u is the tune. In 
our energy region, for fixed pressure and acceptance, 
the lifetime should rise with the square of momentum. 
Figure 2 shows the lifetime versus momentum and the 
curve ?r=Kp2 which is forced to go through the originand 
the 200-GeV point. The points at 75, 100, and 135 GeV 
are not inconsistent with this curve. An alternative 
way of presenting the data is to calculate the pressure 
assuming a fixed acceptance of 1.58 x low6 meter radian. 
If this is done the pressure varies from 3.0 to 4.5 x 
lo-' torr (nitrogen equivalent) In the region 75 to 200 
GeV. 
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Fig. 2. Lifetime vs. momentum. The curve is 
of the form ~4p'. 

Horizontal Beam Size Measurements 

From horizontal beam profile curves obtained with 
the residual gas ionization beam scanner (IBS) thebeam 
width may be determined as a function of time. 2 If one 
assumes the beam distribution to grow in a gaussian man- 
ner, the width as a function of time should varyas ~‘~4 
+xgt, where x$=7.66 x 10' P/8p2 (nitrogen equivalent 
multiple scattering). Figure 3 shows the full width at 
half maximum, 90% width and the 100% width as a function 
of time for the case of 135~GeV beam. As would be ex- 
pected, the horizontal beam width reaches a maximum. In 
this particular case the maximum occurs between 500 and 
1000 seconds. Figure 4 shows the square of the FWHM as 
a function of time for 75, 135, and 200 GeV beam stor- 
age. If the slopes from the straight lines shown in 
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Fig. 4, are used to deduce coresponding pressu$es the 
results are: 3.4 + 1.5 x 10 , 5.1 + 2.0 x 10 , and 
2.8 +_ 1.5 x lo-' torr for 75, 135, and 200 GeV, respec- 
tively. 
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Fig. 3. Horizontal width vs. time for 135 GeV/c 
storage. The curves are drawn only to 
guide the eye. 
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Fig. 4. The square-of the full width at half 

maximum vs. time for 75, 135. and 
200 GeVlc. 

Pressure Dependence of Beam Lifetime 

In an attempt to understand whether all the beam 
loss is due to gas scattering, two successive storage 
runs were done at 135 GeV. At the end of the firstrun, 
half of the main ring ion pumps were turned off and sub- 
sequent storage showed a decrease in beam lifetime. The 
intensity as a function of time is shown in Fig. 5. The 
long time lifetimes are 1300 and 950 seconds for thetwo 
cases. The ratio of pressures measured at the ionpumps 

Is 1.25. Because of pump geometry with half the pumps 
turned off, this factor should be multiplied by a num- 
ber between 1 and 1.75 which would imply the difference 
in lifetimes can be accounted for chiefly by &he vacuum 
pressure difference. 

1 
;'O 500 1000 is00 2000 

TIME (SEC) 

Fig. 5. Beam intensity vs. t&me for two 
different average pressures. See 
text for details. 

If gas scattering were the only source of loss, 
the space and time evolution of the beam would be des- 
cribed by solutions of the diffusion equation (Bessel's 
equation in this case).s If normalized phase spacevari- 
ables are taken to be: 

x,=x/x = r c0sOc0s~~; x2=x fi = r cos8ain@x; (la,b) 

xpy/v% = r sinecos$ * 
Y' 

xl$=y JiT = r sin0sinQy; (2a,b) 

the solution for the phase space density is': 

p(r,t)=ZAmr-'Jl(Ym$ r)e+jTm; (3) 

-1 m2 
where T p-L!L P;x 

m a2 , DEG.08 63y2 (diffusion coefficient); 

a-aperture radius and ym are the roots of J,(ym)=o. The 
coefficients, Am, are determined from the initial beam 
distribution at t=o. If p(r,o) is assumed to be gaus- 
Sian the time distribution is given by: 

N(t) = C -5L e 
m Jo(ym) 

-Y;Y * Y’O, (4) 

I- .2 7 

where y = 
( 1 (-0 

-I- 2 \a 
+% a2 - Here a0 is the rms width 

of the gaussian beam distribution In r. Since N(t) is 
a universal curve as a function of y, values of y and t 
can be plotted for each set of storage data. If this 
theory is correct a straight line should be observed. 
The data plotted this way are shown in Fig. 6, which 
shows reasonable agreement with straight lines after500 
seconds. The measured time dependence of the intensity 
distribution before 500 seconds is not completelyunder- 
standable with this model. 
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Fig. 6. y vs. time, where y is defined in 
equation (4). 

Longitudinal Beam Growth 

In addition to growth of the transverse beam size 
with time there are also data which show longitudinal 
growth of the beam in individual rf buckets. Typically 
the rf bunches broaden at their base from 2 ns to 5 ns, 
during approximately the first 50 seconds of storage. 
Part of the central 2 ns region of the beam pulsesticks 
up well above the broadened base and exhibits what ap- 
pears to be synchrotron oscillations. It is important 
to understand this broadening process because of its 
serious implications for the length of the interaction 
region, should the main ring be used as a collidingbeam 
facility. 

Conclusions 

In conclusion, it appears the beam lifetime isnot 
completely dominated by gas scattering especially at 
short times, although a diffusion-like process can ac- 
count for much of the time dependence.6 There is some 
indication the effective aperture of the machine is 

energy dependent and it is considerably smaller than the 
physical si.re.7 There is evidence, in more recent ex- 
periments that the tune of the machine is very critical 
during storage and more effort will be needed to under- 
stand how the tune affects lifetime. Finally the mech- 
anism for growth of the time width of the rf bunches 
needs more investigation. Further experiments areplan- 
ned in which the pressure will be varied at fixed beam 
energy to aid in separating the vacuum problems from 
beam dynamic effects. , ' 
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