Antihydrogen at the Accumulator-Yield, Beam Size, Beam Loss and Cooling

I estimate the antihydrogen yield at the Accumulator using a thin C fiber target. The yield is determined by the stochastic cooling capability of the machine. A further constraint is the small antihydrogen beam size required for efficient laser excitation, which demands that the steady state emittance be close to the minimum attainable; we can’t run with a beam with relatively large angular divergence.

1. Estimate of the thin target antihydrogen yield. 

We estimate the emittance heating of the beam due to multiple Coulomb scattering. Using epsilon=6 pi beta(s) sigma_theta^2, an expression for the rate of emittance growth is: epsilon'_h = 6 pi beta(s)/tau (t/L_R) (13.6/(p beta))^2.

Here beta(s) is the beta function at the target, t the target thickness, L_R the radiation length, p and beta refer to the beam, tau the revolution period. Note that the emittance growth rate goes as beta(s). In order to have a nearly parallel beam, beta must be large, making the emittance growth bigger; see below.

The cooling rate epsilon'_c is inversely proportional to the beam current I. Based on E835 running, we estimate epsilon'_c0 = 10^-3 pi mm mrad/ s at I_0=100 ma (10^12 stored antiprotons).

Setting the heating and cooling rates  equal, we obtain an expression for the steady state luminosity: L= I t = epsilon'_c0 I_0/(6 pi beta(s))(tau L_R)/(13.6/p beta)^2.

At a given energy, the antihydrogen rate L sigma for a target material is proportional to the cross section times the radiation length.

I take beta(s) to be 7.5 m, the AP50 value for E835. It will be about 10 m for Run II; tau = 1.58 microseconds. For a hydrogen target we find L=2.5 10^32. For a nominal 1 pb cross section we get ~20 events/day for a thin hydrogen target such as the gas jet.

For a thin carbon target, taking the cross section to scale as Z^2 as predicted, the product of cross section and radiation length doubles and we get ~40 events/day. Higher Z elements give somewhat higher rates.

2. Thick target antihydrogen yield.

If the target is thick we heat the beam without getting antihydrogen atoms out. The steady state antihydrogen rate is then reduced by the factor  (1-exp(-n sigma_I t)/(sigma_I n t) where n is the number density in the target and sigma_I the ionization cross section for antihydrogen in the target material. Taking sigma_I=1.8 10^(-19) cm^2 as recently calculated by Arbo et al. (also what the T903 proposal and Adrian use), we find the “thick target factor” to be 0.63 for a 1 micron C fiber. Under these conditions the steady state antihydrogen production rate is 25 events/day and we “waste” 37% of the antiprotons. Therefore a significantly greater target thickness is not feasible. 0.5 microns would be better, allowing us to operate closer to the beam center with a larger “thick target factor”.

3. Antihydrogen beam spot size.

For a thin fiber target the rms beam size at the laser is d theta where theta is the rms beam divergence angle and d the distance to the laser. At E835 the rms beam divergence was approximately 0.2 mr and the distance to the stripper foil 24 m giving an rms beam size of 4.8 mm.

We must reduce the beam divergence and/or greatly reduce the distance between the target and the laser. Alan notes that a suitable high beta(s) point is about 8 meters downstream of AP50 where the horizontal beta(s) is (from the Run II Handbook) about 16 m, reducing the beam divergence by ~sqrt(2). Since the bend magnet is 3 m further down stream, we can think about installing the laser about 8 m from the fiber, thus gaining a factor of 4.2 in antihydrogen beam spot size to arrive at about 1 mm rms.

As noted above, the larger beta(s) causes a factor 2 increase in the beam emittance growth rate and thus halves the steady state production rate.

4. Beam Losses

With adequate cooling, beam losses are due only to hadronic and single Coulomb scattering. The machine aperture near is roughly 10 pi mm mrad in both planes, also from the Run II Handbook. The nuclear cross section is 70 mb A^(2/3). The Coulomb cross section is determined by integrating to a maximum scattering angle of 1.0 mr and is 3.2 mb for H and 30 mb for C so for these targets the hadronic cross section dominates. We see that C is preferable to H. For much larger Z, the single Coulomb cross section catches up; i.e. for Xe the Coulomb cross section is 2 b and the hadronic cross section 1.8 b. A low Z element such as C may actually be the best choice.

5. Antihydrogen Yield

The yield for a 1 micron C fiber 8 m downstream of AP50 is estimated to be 40 1/2 0.63 =12 per day where we’ve accounted for the larger beta(s) and the thick target factor.

6. Operating Conditions

Can we operate under the conditions envisioned for Run II? The Source is expected to accumulate small stacks, cool them and transfer them to the Recycler. We can’t have a target which is optimally located independent of stack size. However we can withdraw the target it causes too much beam heating and then put it back when the beam has cooled. The time scale of beam emittance changes under moderate conditions is minutes to hours. Target withdrawal and repositioning would have to be done automatically of course with superb precision to guarantee alignment with the laser.

7. Where are we at?

We have a scenario for production of an adequate number of antihydrogen atoms. We don’t yet have a method for an atomic beam of millimeter size or a laser system that can deliver adequate beam excitation. More thinking is needed.

