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Abstract Following Ref. [6], we consider the evolution in tine

The transverse beam diffusion rate vs. particle oscillaQf a beam of particles with phase-space denfityt) de-

tion amplitude was measured in the Tevatron using coll|s-’Crlbe<j by the diffusion equation

mator scans. All collimator jaws except one were retracted. &f =0,(Doyf)
As the jaw of interest was moved in small steps, the local J I
shower rates were recorded as a function of time. BY U§;hare J is the Hamiltonian action an® the diffusion

ing a diffusion model, the time evolution of losses could. afficient. The particle flux at a given locatign= J'
be related to the diffusion rate at the collimator positiong , _ _p. [05f],_,. During a collimator step, the ac-

Preliminary results of these measurements are presenteg,, Jo = 2/ B, corresponding to the collimator positiaa

3t_a ring location where the amplitude function [,
anges from its initial valug; to its final valuel.s during
timeAt. The step in action iAJ = J. — Jg. In the Teva-

?n, typical steps are 50m in 0.2 s, and the amplitude

Phenomena related to stochastic transverse beam
namics in circular accelerators can be described in ter
of particle diffusion [1, 2, 3, 4, 5]. It was demonstrated®
that these effects can be observed with collimator scans [E
(Figure 1). For the Tevatron, a detailed description of the
collimation system can be found in Ref. [7]. Collima-

tor jaws define the machine aperture. If they are moved Beam ———>
towards the beam center in small steps, typical spikes in

the local shower rate are observed, which approach a new

steady-state level with a characteristic relaxation time (Fig-

ure 2). When collimators are retracted, on the other hand, Collimator

a dip in losses is observed, which also tends to a new equi-
librium level. These phenomena were used to estimate the Scat_tered
diffusion rate in the beam halo in the SPS at CERN [8], particles  Detector
in HERA at DESY [6], and in RHIC at BNL [9]. Similar
measurements were carried out at the Tevatron in 2011 to  Figure 1: Schematic diagram of the apparatus.
characterize the beam dynamics of colliding beams and to
study the effects of the novel hollow electron beam colli-
mator [10]. 8 -
A diffusion model of the time evolution of loss rates
caused by a step in collimator position was used to interpret
the data [11]. It builds upon the work presented in Ref. [6]
and its main assumptions: constant diffusion rate within the
range of the step and linear halo tails. These two hypothe-
ses allow one to obtain analytical expressions for the so-
lutions of the diffusion equation and for the corresponding
loss rates as a function of time. Our extended model ad-
dresses some of the limitations of the previous model and
generalizes it in the following ways: (a) losses before, dur-
ing, and after the step are predicted; (b) different steady-

N
) rol
state rates before and after are explained; (c) determination
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of the model parameters (diffusion coefficient, tail popu- ™ | \ / | <
lation, detector calibration, and background rate) is more — L . . . : . . '
robust and precise. 0O 2 4 6 8 10 12
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Figure 3: Calculated evolution of the distribution funetio Figure 4: Example of least-squares fit of the model to the

during an inward collimator step. The vertical lines repobserved loss rates during an inward collimator step.

resent the positions of the collimator vs. time. Collimator

action varies betweel = 0.05 um andJes = 0.04 umin 2 ) )

atimeAt = 1 s. The initial and final slopes of the tails are/Js —Ji|”/D =10s; and along time after the step, with a

A = 0.8 um—2 andA¢ = 1 um-2. The diffusion coefficient characteristic timgZ/D = 160s.

isD =105 um?/s. Local losses are proportional to the gradient of the dis-
tribution function at the collimator. The gradients diffar
the two cases of inward and outward step, denoted by the

L . . andO subscripts, respectively:
function is tens of meters. It is assumed that the collima- P P y

tor steps are small enough so that the diffusion coefficient —Je 1
can be treated as a constant in that region. This hypothesis 03t (Je,t) = —A + 2(A = A)P < ) + NeTe ‘
is justified by the fact that the fractional change in action 2
is of the order ofAJ:/J: ~ (2)(25 um)/(2 mm) = 2.5%. . {_ZAi(JCi —Jo) + 2(Aide — A exp l_:_L (k) ] }
Because the diffusion coefficient is a strong function of ac- 2\o

tion (D ~ J%), this translates into a variation of 10% in the

diffusion rate, an acceptable systematic in a quantity that

varies by orders of magnitude. D is constant, the dif- g, fo(Je,t) = —2AP (‘]Ci _‘]C) +2(A — AP (__JC) +
fusion equation becomekf = D d;; f. With these defini- o o
tions, the particle loss rate at the collimator is equal ® th N 2AiJci —Ade . [ 1 (Jc) 2

o

flux at that locationL = —D - [d;f];_,.. Particle showers V2o 2

caused by the loss of beam are measured with scintillator
counters placed close to the collimator jaw. The observed The parameters; andA; are the slopes of the distribu-
shower rate is parameterized &s- kL + B, wherek is &  tjon function before and after the step, wherdasaries
normalization constant including detector acceptance afilearly between andAs as the collimator moves. The
gfﬁciency andB is a background te:\rmlwhich includes, forparametelv is defined asy = v/2Dt: its effect is to ex-
instance, the effect of residual activation. B&tandB are 446 the dependence of losses on the inverse square root
ass_umed to be independent of collimator position and timg; time, as is typical for diffusion processes. The func-
during the scan. tion P(x) is the S-shaped cumulative Gaussian distribution
Under the hypotheses described above, the diffusidonction: P(—) =0, P(0) = 1/2, andP(«) = 1.
equation can be solved analytically using the method of The above expressions are used to model the measured
Green’s functions, subject to the boundary condition a$hower rates. Parameters are estimated from a least-square
vanishing density at the collimator and beyond. Detail§it to the experimental data. An example is shown in Fig-
are given in Ref. [11]. An example of the evolution ofure 4, where the best-fit function from the model is super-
the phase-space density according to this model is shownposed on the data points. The inset shows a detail of
in Figure 3. A few representative snapshots in time arthe first few seconds after the collimator step. The oscilla-
chosen: during collimator movement (Ot < At); a tionsin the data are due to coherent beam jitter. The back-
short time after the step, with a time scale determined byroundB is measured before and after the scan when the

o




Vertical collimator position, y[0] Table 1: Summary of experimental conditions for the dif-

4 5 6 7 8 fusion measurement shown in Figure 5: instantaneous lu-
' ) ) ) ' minosity, ; average number of protons and antiprotons

7] mo
& < - ﬁmm per bunchNP andN?; average transverse emittances (95%,
=9 T = normalized)&f, &/, €2, ande?; average longitudinal emit-
E, & ®s < tancesg? ands2; average momentum spreads,and da;
s = i P AP OH2 a. i
m)] 8 e average incoherent tunedy, Qy, QF, andQg; chromatici-
U 5 - ties, Q; andQ[,.
© Q %%e
§ & o < NP N g gy & &
@ A 1/(ubs 10 10" pm um pum  pm
E o < 27 167 0326 380 427 26.2 217
o3 <
| 4 ©
(a\]) .e.l T T T T T T gzp 8Za 6p 6&
14 16 18 20 22 24 2 eVs eVs 104 10
Vertical collimator position, y[mm] 718 697 1.753 1.708
p p
Figure 5: Measurements of the transverse beam diffusian x Q X oy [0 Qg/

rate with a vertical antiproton collimator scan (Tevatron 05888 0.5888 0.5861 0.5862 4.0 4.4
Store 8527, 25 February 2011).

beam scraper, this technique provided the first direct evi-
g,ence of halo diffusion enhancement (about a factor 10).
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jaws are retracted. The calibration lof; andkA; is esti-
mated by comparing the level of losses with beam intensi
and lifetime. In practicel) is determined by both the mea-
sured relaxation time and by the value of the peak (or dir‘
in losses.

The model explains the data very well when the diffusio
time is long compared to the duration of the step. With thi
technique, the diffusion rate can be measured over a wi(lj?e Moore.
range of amplitudes. At large amplitudes, the method is
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