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The 2 TeV @-p collider discussed at this workshop would necessarily have hundreds 
of long-range interactions between the counter-rotating bunches and some of the low- 
order effects of these interactions are estimated below. As we will see below, the 
helical orbit around the accelerator will help deviate some of these effects, though 
the tune spread due to the long-range interactions will be present. 

First, we consider the forces on an antiproton due to the passage of a single proton 
bunch. The force from the proton bunch varies as the distance from the center of the 
bunch as 

1 - e-r2/2a2 

F(T) T 

which, if we assume that the two bunches are sufficiently separated, varies approxi- 
mately as l / ~ .  The magnitude of the force is given by 

- Xe2 F(T) = - 
7T €oT 

where e is the unit charge of the proton, and A is the number of charges per unit 
length along the proton bunch. 

Next, consider an antiproton whose equilibrium orbit is a distance d away from 
the proton bunch. For simplicity, we consider only the effect in one degree of freedom 
(horizontal, say). If t is the displacement from this equilibrium orbit then the force 
on the antiproton as a function of x is just 

-Xe2 F ( z )  = 
?r€Od(l + z / d )  

which, under our assumptions, can be expanded to 

-Xe2 X 
F ( z )  = - read (1  - 2 + Q2 - (33 + ...) . 

For the above expression, we have assumed that the antiproton bunch is to the “radial 
outside” of the proton bunch. If it were on the “radial inside” of the proton bunch, 
the force would be 

Xe2 
F ( z )  = 7r€Od(l - z / d )  
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c 

which, expanded, yields 

Xe2 X 

TEod 
F ( z )  = - (1 + 2 + (;) + ( ;)3 + . . .) . 

We see immediately that the long range force will generate steering errors on 
the antiproton trajectory, as well as a tune shift along the principal trajectory, a 
contribution to the chromaticity along the principal trajectory, plus there will be a 
tune shift with amplitude, which will generate a tune spread among the antiproton 
bunch. Below we make estimates of the magnitudes of these four effects. 

1 Orbit Distortion 
The change in the slope of the antiproton trajectory due the long-range force from 
the proton bunch will be 

- Xe2 - Ne2  
ds = 

2mod7mc2 

where N is the total number of protons in the bunch, and 7 is the normal relativistic 
factor. This expression can be re-written in terms of the proton’s classical radius, TO, 

as 
- 2 N ~ o  AX’ = 

7 d  - 
This single steering error will then produce a closed orbit distortion of the principal 

trajectory of magnitude: 

Rewriting the displacement in units of beam sigma’s, 

-%--- A; N T ~  T 4?rAV~o 
5 ( d / U )  EN ( d / a )  

- 

where A u ~ o  is the standard beam-beam head-on tune shift parameter: 

and EN is the rms normalized emittance, 
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2 Tune Shift 
The tune shift due to the gradient term in the force equation can be estimated using 
the standard tune shift formula: 

1 - - 
4n A V = - P q - + -  1 

4n 

which reduces to 
2 A U H O  Au = 
( d / 4 2  * 

This is the change in tune of an antiproton along the ideal trajectory which is caused 
by the long-range passage of a proton bunch. 

3 Chromaticity 
The contribution to the ring chromaticity due to a sextupole field can be written as 

which, for our case, can be simplified to 

4 Tune Spread 
The tune shift with amplitude due to a zero-th harmonic octupole field distribution 
can be written as 

1 3  
2 n  8 

Au(a) = - -Ka2 

where 

Here, P o  is the amplitude function at the point corresponding to the amplitude a. For 
our case, 

K - Po f (g)2 ----- Ae2 - .lr2Y2'ON 
Pv ne0d4 Po E& ( d / ~ ) ~ '  

Thus, the tune shift with amplitude becomes 

3na2y N T ~  1 Au(u) = ---- 
8 P o  E L  
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which reduces to 

Here, ea is the emittance of a particle with amplitude a. 

that < u2 >= 2 < x2 >= 2a2 and hence < ea >= 2 E N .  Thus, 
We can write down the average tune shift of the distribution of particles by noting 

A tune “spread” for the distribution can be estimated by taking one’s favorite 
maximum emittance particle. For example, the particles at a = 2.450 (the phase 
space radius which contains 95% of the particles) will have a tune shift of 

This would correspond to the spread in tunes the particles would have beyond the 
tune “shift” along the central trajectory which was calculated earlier. 

5 Remarks on Adding the Contributions 
For the purpose of the Workshop, we are interested in looking at the order of mag- 
nitude of these effects to see if they warrant considerable further study. We estimate 
the above effects using a head-on beam-beam tune shift parameter of A u ~ o  = 0.01 
for a single head-on collision. We also assume that the counter-rotating bunches are 
separated along a helical orbit with the bunches separated by about 50. Then, just 
plugging in numbers to the above, we have 

4n(0.01) 
5 

52 

= 0.025 

= 0.0008 2( 0.01) 

-4( 0 .O 1)( 4m/O .4mm) 
53 

= -3.2 

= 0.00014 9(0.01) 
5* 

In the third line, we have assumed a typical dispersion of 4 m at a location 
beam-size is 0.4 mm just as a numerical example. We see the very strong 
effect of the long-range interaction. 

where the 
chromatic 

- 
We now have to realize that the beams are moving along helical orbits and so will 

encounter each other sometimes with the j i  bunch to the radial outside, sometimes to 
the inside, and of course the vertical and horizontal deflections wil l  be shared at some 

4 



(most?) points. For the cases discussed at the workshop in which there are hundreds 
of long-range encounters we readily point out a few consequences. First of all, if there 
are nB bunches of protons and antiprotons circulating the ring, and if nng is large, 
then there wil l  be approximately 2 n B  long-range encounters. At the Workshop’s end, 
the typical number being used was nng = 108. Multiplying the above expressions by 
a number like 200 will yield 

(Azco)max % 2mm 
Au = 0.16 
At = -600 

Au,,, % 0.03 
In fact, the first three entries are gross overestimates. The antiprotons will pass 

the proton bunches half to the inside and half to the outside, in which case the dipole 
deflections will roughly cancel. In addition, the deflections are divided up between 
the horizontal and vertical planes. The exact orbit distortions will depend upon the 
phase advance between and the amplitude functions at the crossing points ( . l ru /n~)  
along the helical orbit. 

In addition, the actual tune shifts will be smaller than those calculated above for 
much the same reason. When the beams pass each other horizontally, the horizontal 
tune shift is of one sign, while the vertical tune shift is of the opposite sign. The tune 
shifts are reversed for vertical passages. If roughly half of the passages are vertical 
and half horizontal, then the effects will tend to cancel. 

Similarly, a horizontal crossing will generate a sextupole component which adds 
to the chromaticity of the accelerator. A vertical crossing, however, generates a skew 
sextupole component which does not contribute to the global chromaticity. Also, 
the signs of the chromaticity due to the horizontal crossings are opposite for radial 
outside and radial inside crossings. Hence, the contributions to the chromaticity of 
the ring will tend to cancel each other. Again, the exact residual tune shifts and 
chromaticities will depend upon the details of the helical orbit. 

Findy, however, the tune spread of the antiproton beam wil l  be approximately 
that computed above. The sign of the octupole term is independent of whether the 
bunch is to the radial inside or outside. Furthermore, the sign of the octupole due 
to vertical crossings is the same as the sign for horizontal crossings. Thus, the tune 
spread in each plane for 200 crossings will be on the order of Av,,, = 0.03 due to 
the long-range interactions. 

A proper detailed analysis of these effects for particular helical orbits and bunch 
spacing scenarios should be performed. It is interesting to note that the tune shift 
due to the two head-on collisions is 0.02 - this is the shift for the zero-amplitude 
particles; the large amplitude particles see essentially no tune shift. On the other 
hand, the long range interactions yield a tune shift of 0.03 for the large amplitude 
particles; the zero-amplitude particles see essentially no tune shift due to the long 
range interactions in the helical orbit. 
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