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ABSTRACT. A separator failure during a store in 2002 led to a drop in luminosity, to in-
creased emittance growth and to a drop in beam lifetimes. We show that a simple diffusion
model can be used to explain the changes in emittance growth and beam lifetimes.

Operated by Fermi Research Alliance, LLC under Contract No. De-AC02-07CH11359 with the United States Department of Energy.



Contents

1. Introduction 1
2. Separator failureand luminosity drop 1
2.1 Closed orbit shift at CDF and DO 2
3. Lifetimesand emittance growth times 5
3.1 Beam lifetime 7

1. Introduction

Emittance growth of beams when they are in collision occuestd many sources: beam-
beam interactions, magnetic nonlinearities, intra-beeattsring, scattering off the resid-
ual gas and possibly others. The dynamics of the emittarmetigris complicated and it
depends strongly on the tunes. It is not always clear thatyhamics can be described by
a diffusion process at all particle amplitudes in each bedowever in one store early in
Run I, there was a sudden drop in a separator voltage in tett® and the subsequent
enhanced emittance growth and intensity lifetime drop d¢dag described by a simple
diffusion model. In this report we analyze the luminositppr compare the measured
value with the expected drop and analyze the change in béetimies. We show how a
simple model of diffusive emittance growth and a change iysptal aperture provides a
guantitative explanation for the change in lifetimes.

2. Separator failure and luminosity drop

After about 13.5 hours into store 1253 (April 26, 2002), tbéage on the bottom plate of
the horizontal separator at A49 dropped from a value of -9@kA25kV. This immediately
lowered the luminosity at CDF and DO. The emittance growtk racreased and the
lifetimes of both protons and anti-protons fell. Table 1wwh@ome of the key beam and
machine parameters.

Figure 1 shows the measured luminosity drop at the CDF axyest after the separa-
tor failure. The luminosity at DO dropped by a similar amount



Bs at CDF, DO 0.35m

Horizontal tune vy = 20.585
Observed Luminosity drop at CDF 41.4%

Observed Luminosity drop at DO 42.3%

Total proton beam intensity before drop 5.78 x10%2

Initial emittances (p and pbag}, &, [mMmm-mrad] 22,21

Estimated final emittance®, p) [rtmm-mrad] (26 - 30, 25 - 29)
Average emitt. growth rategmm-mrad/hr] 0.3-0.5

Length of store [hrs] 15

Location of BPMs nearest to CDF [m] 7.5 upstream and downstream
BPM upstream of CDF Bx=159.5 m i = 2rrx 20.337
BPM downstream of CDF Bx=160.44 m Y = 21rx 0.238
A49H Separator Bx=867.67m )y = 21rx 20.329

Table 1. Relevant beam and machine parameters in Store 1253.
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Figure 1. Average CDF Luminosity (raw data) and fits before and afterséparator failure. The
luminosity at CDF dropped by 41% right after the separatibnria

2.1 Closed orbit shift at CDF and DO

Here we estimate the orbit change as a consequence of thgeclmaseparator voltage at
A49. The shift in the closed orbit due to a kidld can be found from
A8/ BsepB(S)
AX(s) = Wcos{nvx— |W(S) — Ysep|] (2.1)
wherefsep, B(S) are the beta functions at the separator arst@spectivelyy(s), Ysp are
the phase advances from a reference poistand the separator respectively ands the



horizontal tune. The kick resulting from the electric figfdacross the separator plates of
lengthL on a particle of energi is given approximately bA6 = £L/E. At 980 GeV, a
change in voltage of 65 kV across the separator plates widpa§5cm results in a kick
of

AB = 3.41urad (2.2)

Using the above expressions we find that the proton’s hatét@hosed orbit would
move by
DXeo(CDF ) |sep = 29.9um, AXeo(DO) |sep = —30.3um (2.3)

The orbit separatiod., between the beams at the IPs would be twice the above value if
the protons and anti-protons undergo the same but oppdsiteges in orbit. However the
beam-beam kick with separated beams also induces an oifbiaisti this will be larger

for the anti-protons. Calculation of the beam-beam indumdsit kick requires that we
know the separation between the beams, but that is prediselguantity that we want

to predict. We will approximate the beam-beam induced ddibk by assuming that the
beam separation is twice the shift in the proton orbit. Irt tese, the beam-beam kick
assuming round Gaussian beams is

x+d (x+d)2+y2]} (2.2)

————<¢1l—exp—
(x+d)2+y? { P 202
whereé is the beam-beam parameteris the un-normalized rms emittance athds the
horizontal separation between the beams. Extracting fhadedpart of the kick,

AXémbm - 8T[E &

A 0,0)=8 1 1 d° 2.5
Xompm(0; 0) = n’fea{ —GXH—@]} (2.5)

Since the sign of the pbar orbit offsets at CDF and DO due teéparators have opposite
signs, the kicks experienced by the anti-protons due toif@albeam-beam kicks at CDF
and DO have opposite signs. Hence the contribution of thendszam kicks at CDF and

DO to the orbit shift at CDF is

* /
AXeo(CDF )| gg = % [cosTIvy — coS( Ty — | k(D) — Y(CDF))]  (2.6)
sinTvy
We have assumed here that the beta functions at the IPs dathaoge much.

From the average proton bunch intensity\pf= 1.61 x 10 and an expected proton
emittance of 3@ at this stage of the store (this number is found later by acmisistent
calculation), we find that the beam-beam parameter for@otens at this stage was
& =3.92x 1073, Hence the beam-beam kick using the value of the orbit offaetd
in Equation (2.3) is

AX,m(CDF) = 5.14urad (2.7)

while at DO, the kick has the opposite sign. Note that thi& ksdarger than the kick due
to the change in the separator voltage, cf. Eq. (2.2). Homeseause of the small beta



function at the IPs, the change in orbit due to these beammtxézks is quite small,

using Equation (2.6). This is almost two orders of magnitsiaaller than the orbit shift
due to the separator and can be neglected.
The predicted luminosity in terms of the luminosi#§, before the separator failure is
found from
£ =% exp[—i
0 2(03+0?)
wheredeg, ~ 2AXco|sep.- This calculation depends on the emittances at the time ef th
failure. With the initial emittances and average emittagoawth rates shown in Table
1, the proton emittances after 13.5 hrs were likely to be erdnge (26, 3G)mm-mrad
and anti-proton emittances (25, Z&m-mrad. We find using the orbit shifts in Eq. (2.3)
(virtually the same at CDF and DO) and the low and high end @ktiittance range,

ANL

] (2.9)

AZ

These values are to be compared with the observed relatyes din luminosity of 0.414
at CDF and 0.423 at DO. This suggests that the emittancesmanm likely at the higher
end of the quoted range.

Another test of the optics is to propagate the measured ohlaihges at the BPMs
closest to CDF back to CDF using

B(s,) cognv — [((S,) — Ysepl]
B(s,) codmv — |[((s;) — Yeepl]

wheres, is the location of a BPM ans, is the location of an IP. This expression does not
depend on the kick angle at the separator nor upon the bettidorat the separator.

From Figure 2 we observe that just before the failure, théoprdorizontal position
was relatively steady at 1.349 mm, then it falls for about liButes after which it stabi-
lized at 1.217 mm. Similarly at the downstream BPM, the hmntal positions at these
same times are -6.375 mm and -6.214 mm. This slow decay indbi¢ign is related to
the long integration time (about 15 mins) of these colliggomt monitors(CPMs).

The observed shifts at the CPMs around CDF were

BX(sy) = AX(s,) (2.11)

Upstream : AXPS = —0.132 mm Downstream :AX?S = 0.161 mm  (2.12)

Propagating these orbit shifts to the IP, we find using thérepsy BPM that the expected
orbit shift at CDF and relative luminosity drops are

AL
Dxeo(CDF) = 0.0285mm = —-(CDF) = 0.384 (2.13)
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Figure 2. Proton horizontal beam position at BPMs upstream and doeanst of CDF. The jump
in position coincides with the separator failure

while using the downstream BPM, we find

AXo(CDF) =0.0241mm = %(CDF) —0.293 (2.14)

This calculation shows that the upstream BPM was more cemisvith the observed
luminosity drop. This may indicate either more errors danewm from the IP to the
CPM (this is unlikely since there is only the detector betw#e IP to the CPM) or that
this downstream CPM reading was less reliable.

3. Lifetimesand emittance growth times

The luminosity in terms of beam parameters is

3yfaMNN- "
o= e B (3.1)

B (&yptEnp) O

where fr¢, is the revolution frequencyy,, is the number of bunches in each beeNB,,Nﬁ
are the proton and anti-proton bunch intensities respalgtis o En,p are the 95% emit-
tances of the beameg is the rms bunch length an#” is the hourglass form factor

— T (1-0(2), )= \/ﬁ/ze dt (3.2)

The average bunch length in Store 1253 was 2.6 nano-secoigs-078cm. With3* =
35cm, the hourglass reduction factor foe 3* /05 = 0.45 is.7(z) = 0.51.

The luminosity lifetime can be calculated from the beam peters by taking the
logarithmic derivatives. Defining the luminosity and inséw lifetimes as

1 1dy 1 1dN

dN=
_tdar 1 ady, 1 addy
Tg £ dt Tp Np dt Tﬁ NFT dt
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Figure 3. Proton bunch intensity (left) and anti-proton bunch intgngight) before and after the
separator failure. Note the change in slope at around 13iho

while the longitudinal bunch length and transverse emigagrowth times are

1 1dos 1 1

d
s 0os dt = . _aNnpTENp 3.4
s Osdt’ Te, £N7D+SN,§dt< Nt ENp) (3.4)

Then the luminosity lifetime is

1 zd#1 1 1 1
=+ —+—+— (3.5)
T, 2 dz1s Tp 5 Te,

Herez = 3*/0s. Using the expression for the hour-glass form factét, this can be
rewritten as an expression for the emittance growth rate,

1 1 2 1 1 1
S S 3 (3.6)
g, Ty W 4 s Tp TIg

We calculate the emittance growth tirm% from the measured values of the other time
scales. This is useful because at this stage in Run Il thehsgtron light monitor was
not available, so there was no direct measurement of theviease emittance growth rate
during the store.

Figure 3 shows the proton and anti-proton bunch intensitiesour before and after
the separator failure. There is a clear change in the irtielifetimes before and after the
failure.

Figure 4 shows the bunch length as a function of time overtthre sThere is evident
growth in the bunch length over the 15 hours of the store lomfthe data then available
(bunch lengths every 15 minutes) it was not possible to disaechange in the growth
of the bunch length after the separator failure. We assumiethie growth rates of the
bunch length were the same an hour before and an hour aftiiliime. Table 2 shows the
measured lifetimes and growth times and the calculated¥mre emittance growth time
before and after the failure.
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Figure 4. Proton bunch length during the store. The separator fadocerrred about at 13.5 hours
into the store.

Before separator failure After separator failure
Luminosity lifetime [hrs] 17 10
Proton lifetime [hrs] 198 100
Anti-proton lifetime [hrs] 64 36
Average Bunch length [nsec] 2.6 2.6
Bunch length growth time [hrs] 81.5 81.5
Transverse Emittance growth time [hrs] 24.5 15.3

Table 2. Lifetimes and growth times from data 1 hour before and an héiar the separator failure.
The transverse emittance growth rates are calculated fiqunation (3.6).

3.1 Beam lifetime

The separator failure changed the beam orbits around the Time changes in the proton
orbit were calculated using a MAD optics file. The maximumibantal orbit change was
1.80 radially outwards while the rms orbit change was @59n the vertical plane, the
maximum orbit shift was about 1lo08downwards but the rms orbit change was smaller,
0.240, as expected. An important consequence of the change in®echange in phys-
ical aperture. Since the collimators define the limitingrayoe, movement towards them
would reduce the physical aperture. Figure 5 shows the aiediproton horizontal orbit
change at several collimators in the ring. The largest chat@ collimator location was
about 0.78 towards the F17 collimator.

We have seen that the emittance growth rate increased amdite changed signif-
icantly after the separator failure. Could these two phesmmarexplain the sharp drop in
beam lifetime?

We assume that the beam density distribution function egaccording to the dif-
fusion equation. For simplicity we will consider the tragsse distribution function can
be decoupled as the product of horizontaland verticalpy distribution functions and
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Figure 5. Change in the horizontal proton orbit (in units of the rmsrbesaze) at the collimators
due to the separator failure. The largest change was at thedilimators where the protons moved
by about 0.73 to the radial outside.

consider only the evolution gd,

9 =2 {D(Jod—pﬂ (3.7)

ot 0y 0y
HereD(J) is the diffusion coefficient in the actialy = [x? + (B + ax)?]/Bx. The lim-
iting physical aperture is assumed to be in the horizon@helat an amplitudéy and
corresponding action at the apertureljs= AZ/By. Under the assumption of indepen-
dence of the transverse planes, the total number of pariclthe beam at timecan be
written asN(t) = NyNx(t)Ny(t) whereN, is the initial number of particlesyy is a scaled
time dependent number defined by

N = [P 0, N(0) =1 (3.8)

and a similar expression fod,. We assume that particles that diffuse out to the aperture
J, are lost.
The beam emittancs; is related to the average action which is defined as

‘]A
(I :/0 Ixpc (I, t) ddx (3.9)

wherep. is the conditional density which accounts for the partiakenber changing in
time and hence is defined @g = px/Nx. From the definition it is clear thad. is nor-
malized to unity at all times. It follows from the diffusiogeation that the average action

evolves as
0P
0Jx

d N,
a<~]x> = /0 D'(Jx)pc dx+ [Ip — (I)]D(Jp) (Jn) (3.10)



If the density falls sufficiently rapidly and the aperturdéasenough away from the beam,
thendp-(J,)/dI« — 0 and the second term in the above equation can be droppeld. Wit
this simplification,

d

‘]A
500 = [ " D'Gpc (3.12)

If the diffusion coefficient increases linearly with theiact,

D(Jx) = Dy« (3.12)
then it follows g
a<3x> =D, (3.13)

The effective transverse emittance calculated from therasity was found to increase
nearly linearly with time during stores, we may thereforsuase that Equation (3.12) is
valid, at least in the core of the beam.

We can now calculate time scales associated with the difusiotion. Themean
escape time for particles to travel to the absorbing boundary ais defined as [2]

t —/JA F 43 (3.14)
esC — 0 D(JX) X .
Assuming Equation (3.12), we obtain

Ia
tesc = D_o (3.15)
This escape time is related to the beam lifetime.
The lifetime can be calculated by a more complete analysisadwards and Syphers
[1]. The diffusion equation can be solved analytically whika diffusion coefficient is
linear or quadratic in the action. With a linear dependerscassumed above, the density
attimet is

B | Aj Dgt
Px(It) = ;CnJo(An i) ex ZK] (3.16)
where
1 ‘]A JX \]x
Ch= 5+ —)J )\1/— dJ 3.17
n Jf()\n)JA/O pO(JA) 0( n ‘]A) X ( )

Jo,J; are the zeroth and first order Bessel functions Mi{ieare then'th roots ofJ, andp,
is the initial density. For an initially Gaussian distrilmrt in phase space, the distribution
in action is an exponential,

A2

o= 3.18
Ia 203 (3.18)



Assuming that the beam is sufficiently far from the aperttire coefficients, simplify in

this case to
1 A2

20 P aa
Keeping only the first and dominant term in the solution far trensity Equation (3.16),
the scaled partial number of particldgin the beam simplifies to

A2 ok AZD
D) = 55yl (el 50 (3.20)

Ch= (3.19)

We assume that the lifetime was determined by particlesiegthe horizontal aperture
first. It follows that the lifetime defined as

Ny 4 3, I
t,=— TA 21
LT TdNg/dt  AZD, =0 D, (3.21)

This expression is very close to the mean escapettignealculated in Equation (3.15).
We will now use Equation (3.21) to relate the beam lifetimefobe and after the
separator failure. Equating

dex &
Dp=—4=— 3.22
0~ dt 1, (3.22)
whereg, is the initial emittance and; is the emittance growth time. Then
Ja
t, =0. 7—rs (3.23)
€o

Before the separator failure, the beam aperture was appabely 6o at one or more of the
collimators. Hence before the failuré, = (60)2/Bx. After the failure the beam moved
closer to the physical aperture by 6.7Hencel, = (5.30)?/ B« after the failure.

t, (after)  Jj(aften 1. (after)

t, (before — J,(before 1. (before (3-24)
From Table 2 we find that, (before = 24.5hrs andr (after) = 15.3hrs. Hence

t (aften 53,153

t, (before =% 6 ’ 245 =049 (3.29)

From Table 2 we find that the ratio of the measured lifetimes 190/198= 0.51. Hence
the predictions of the one dimensional theory are in verydgamgreement with the observed
drop in lifetime. The increased emittance growth after gygesator failure may have been
due to multiple sources resulting from the change in orltduding change in tunes,
increased long-range beam-beam effects from smaller &tpas at some locations and
larger nonlinear fields in some magnets etc.

No matter what the sources of emittance growth were, we Haversthat the drop
in lifetime after the separator failure was consistent \@iimple model of diffusive emit-
tance growth and the beam center moving closer to a phygeaiae.
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