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Abstract

Beta functions at two interaction points (IP) in the high luminosity LHC upgrade
lattice (HL-LHC) at collision energy will be significantly reduced compared to the
nominal LHC lattice. This will result in much higher beta functions in the inner triplet
(IT) quadrupoles adjacent to these IPs. The consequences are a larger beam size in
these quadrupoles, higher IT chromaticity, and stronger effects of the IT field errors
on dynamic aperture (DA). The IT chromaticity will be compensated using the
Achromatic Telescopic Squeezing scheme [1]. The increased IT beam size will be
accommodated by installing large aperture Nb3Sn superconducting quadrupoles with
150 mm coil diameter. The stronger effects of the IT field errors can be remedied by
optimizing the IT field error specifications. The latter must satisfy two conditions:
provide an acceptable DA and be compatible with realistically achievable field
quality. Optimization of the IT field errors was performed for the LHC upgrade layout
version SLHCV3.01 with IT gradient of 123 T/m and IP beta functions of 15 cm.
Dynamic aperture calculations were performed using SixTrack. Details of the
optimization are presented along with recommendation for improving the field error
correction.
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Abstract due to the high beta functions. The most critical low order

Beta functions at two interaction points (IP) in the higHfi€!d errors will be compensated by the included IT non-
luminosity LHC upgrade lattice (HL-LHC) at collision en- linear field correctors up to the 6th order[2]. The effects of

ergy will be significantly reduced compared to the nominafncorrected high order errors require evaluation and opti-
LHC lattice. This will result in much higher beta func- Mization, leading to field quality specification for the 150
tions in the inner triplet (IT) quadrupoles adjacent to thes™M aperture IT quadrupoles. _ _

IPs. The consequences are a larger beam size in thesd ne desired IT field quality should satisfy two conflict-

quadrupoles, higher IT chromaticity, and stronger effetts ing con_ditilons: 1) the field errors must be sufficiently small
the IT field errors on dynamic aperture (DA). The IT chrofOr achieving an acceptable DA, however 2) they must be

maticity will be compensated using the Achromatic TeleSufficiently large to be compatible with realistically aet

scopic Squeezing scheme[1]. The increased IT beam si%g_le field quality._ Meeting these conditions_requires opti-
will be accommodated by installing large aperture Nb3sHzation of the field errors based on their impact on the
superconducting quadrupoles with 150 mm coil diameteP, including the effects of the IT correction.

The stronger effects of the IT field errors can be remedied !N this study, the optimization was performed for the
by optimizing the IT field error specifications. The lat-LHC upgrade layout version SLHCV3.01, where the IT
ter must satisfy two conditions: provide an acceptable DAUadrupole gradientis 123 T/m afd , =15cm at the IP1

and be compatible with realistically achievable field quai@nd IPS. The acceptable minimum DA was set @a,
ity. Optimization of the IT field errors was performed forwhereo is the rms beam size. The DA calculation was done

the LHC upgrade layout version SLHCV3.01 with IT gra_.using long-term tracking in SixTrack [3]. The typical track

dient of 123 T/m and IP beta functions of 15 cm. Dynamidd conditions were10° turns, 11 angles, 30 particle pairs
aperture calculations were performed using SixTrack. D&€r 20 amplitude step, 60 random error seeds, 7 TeV beam

. .. . At _ 4 :
tails of the optimization are presented along with recor€"€rgy With initial energy offsefp/p = 2.7 x 107, nor
mendation for improving the field error correction. malized beam emittance of 3.@fn-rad, and betatron tune

of 62.31, 60.32. Note that the number of turns and random
INTRODUCTION seeds affects the accuracy of the DA calculation which is at

least 0.%F in this case. Besides the IT errors, the tracking

In o.rd_er to increase thg LHC Igminogity, beta fundionﬁncluded arc errors and their correction, and the low order
at co!I|S|on energy at the |ntera(;t|on points 1P1 .and |P,5 "M non-linear field correctors [2]. The latter compensate th
the high luminosity upgrade lattice (HL'LHC) W'"_ be SI9- effects of ITas, bs, ag, bs, b field terms (see definition be-
n|_f|cantly _reduced c_ompared to the_ nor_nlnal I_attlce. _Th'§ow). No field errors were included in the interaction region
will result in much higher beta functions in the inner triple D1 and D2 separation dipoles and Q4 quadrupoles. The
(IT) quadrupoles ad;acgnt fo these IPs. The CONSEqUENGER, study for these magnets is presented separately [4].
are a larger beam size in these quadrupoles, higher IT IIF—"mally, no beam-beam effects are included in this study.
ear and nonlinear chromaticity, and stronger impact of the
IT non-linear field errors on dynamic aperture (DA). New EXPECTED IT FIELD QUALITY
large aperture Nb3Sn superconducting IT quadrupoles with

150 mm coil diameter will be installed to accommodate Magnetic field in a quadrupole can be expressed as [3]

the increased beam size as well as improve the field qual- o0 z+iy\" !
ity. The IT chromatic effects will be compensated using B, +iB, = 10"*Bay, Y _(bn+iay) ( ) . (1)
the Achromatic Telescopic Squeezing scheme[1]. The re- n=2 To

maining issue is the stronger effects of the IT non-linegfhere an, b, are skew and normal coefficients in units
field errors which create tune shift and excite high-ordegs 1(—4 at a reference radius,, and Ba,, is the main
1 "0

resonances, thus limiting the DA. These effects may be SiQUadrupoIe field atp. In LHC design, each of,, and
r}ifica}nt to high pr_der because the_corres.pondi.ng r_lon—linegg is split in the mean (m), uncertainty (u) and random (r)
field is not negligible at large particle trajectories in tie  1ormg related to systematic and random type errors defined
“Work supported by the US LHC Accelerator Research Proin terms of Gaussian sigmas of the error distribution (see
gram (LARP) through US Department of Energy contracts DEB2C  detailed description e.g. in [2]).
0A7C%';171633§§60'§15éAC02'98CH10836' DE-AC02-05CH11231, and DE  The expected to be achieved field quality can be evalu-
t Research supported by EU FP7 HiLumi LHC - Grant Agreernenpted in magnetic field cglculatmr_]s. TabIe_l ;hows the lat-
284404, est estimate of the achievable field quality in a 150 mm
tyuri@slac.stanford.edu aperture quadrupole[6, 7]. This table will be referred to




Table 1: Expected to achieve field errors in 150 mm apetable “target6” will be used as a new basis for the study of

ture quadrupoles ay =50 mm (error table “target6”).

the DA sensitivities and optimization. The results of the
previous study [8] will help to guide the new optimization.

n anm anu an'r bnm bnu bn'r
3 0 0800 0.800 0 0.820 0.820 For an easy comparison with the table “target6”,dheb,
4 0 0.650 0.650 0 0.570 0.570 terms will be presented in relative units normalized to-‘tar
5 0 0.430 0.430 0 0.420 0.420 get6” values. It is worth noting that the termg b1g, b14
6 0 0310 0.310 0.800 1.100 1.100 in the table “target6” are relatively large since these are
7 0 0190 0.190 0 0.190 0.190 the so called “allowed” terms due to the symmetry of the
8 0 0110 0.110 0 0.130 0.130 quadrupole coil. In addition, the expected average values
9 0 0.080 0.080 0 0.070 0.070
of these term ,b10m, b are not zero.

10 0 0040 0040 0.150 0.200 0.200 Sorm, brom, b1am) S .

To test the impact of the “target6” errors, we verify the
11 0 0.026 0.026 0 0.026 0.026 DA for t h in the first I b t
12 0 0014 0014 0 0018 0018 \ or wo::asesw ereinthe firstcase a the b, a;e se
13 0 0010 0.010 0 0.009 0.009 to “target6 valu.es. and in the second case to 50% values.
14 0 0.005 0.005 -0040 0023 0023 Theresultant minimum DA over 60 random seeds and 11

x-y angles is 6.35 and 8.33, respectively, which is well
as error table “target6”. The goal of the IT error optimiza-bel.OW the desired 1065 Since W? restnc}ed the specifi-
T . : cations to be at least 50% of the “target6” values, the only
tion is to maximize theu,, b, towards the values in the . : .
. A v L . way to increase the DA is to improve the IT error correc-
table “target6” while providing sufficient DA. To avoid ex- .. ; . . .
. o . tion. As mentioned earlier, this lattice layout SLHCV3.01
tremely tight tolerances, we set an additional constramit t . )
] includes IT correctors for compensationgf b3, a4, b4, bg
thea,, b, are not smaller than 50% of the values in the ta- . .
ble “target6” f[erms. Since the Ic_)vv_ order terms typically have_ _stronger
' impact on the DA, it is reasonable to study additional IT
correctors foras, b5, ag terms. In fact, these correctors
OPTIMIZATION have been already implemented in the other LHC lattice
Previously, the DA sensitivity to the IT field errors wasSLHCV3.1b[2]. Since these correctors are not included
studied in detail [8], and an optimized error table “tar@ét3 in the SLHCV3.01, we simulate their effect by allowing
was constructed providing a minimum DA of 12.3This smalleras, b5, ag values assuming they are residual errors
solution, however, did not take into account if the opti-after the correction. To determine their acceptable sgsfin
mizeda,, b, terms are realistically achievable. As a resultthese terms are scanned from 0 to 0.5 (in units relative
the coefficients in tables “target39” and “target6” do noto “target6” values) when all other,, b,, terms are set to
match well as seen in Fig. 1. For example, the high ordé€:.5. The DA sensitivity in this combined scan is shown in
skew uncertainty terms,,, in the table “target39” are too Fig.2. One can see that the acceptable value for the resid-
loose, while many other terms are too tight. Nonethelessalas, bs, ag terms (after correction) is 0.2 providing mini-
the results of this study are useful since they determine timeum DA of about 10.5. It seems reasonable to expect that
general sensitivities to the IT errors. the IT correctors should be able to provide such correction
As a next step in the optimization process, we take intassuming the uncorrected valuesagf b5, as are at least
account the expected to achieve errors in table “target®.5. The combination of IT errors whets, bs, a¢ are set
and use a lower minimum DA value of 1@.5 The lat- to 0.2 and all other terms to 0.5 (relative to “target6”) will
ter helps reducing the impact of the high order terms sindze further used as a reference point for studying the other
their field is proportional to high power of andy. Itis terms. Scans of the uncertainty and random terms of the
desirable that the high order terms are not too tight sinceds, bs, as show that the DA is least sensitive to g, as.,
may be more difficult to achieve their specifications. Th€omponents which can be somewhat relaxed.
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Figure 1. Comparison af,,, b,, values in the previously op- Figure 2: Combined scan of uncertainty and random
timized error table “target39” and the expected to achieves, b5, ag terms when all the other,,, b,, are setto 0.5 (in
values in table “target6” (normalized units). normalized to “target6” units).



Below, we focus on the terms having potentially a Table 2: Optimized error table “target65”at=50 mm.
stronger impact on the DA. The previous studies deter=

n a Any Anr brm bru brr

firmed that these terms, except thg,, decrease the DA 3
at a higher than 0.5 settings. Therefore, they cannot beq4
relaxed. Examples dig, b14 Scans are shown in Fig. 4.
Other tracking scans confirmed that the high order terms,

0.010 0.010 0 0.0072 0.0072
0.005 0.005 -0.020 0.0115 0.0115

mined that the IT correctors provide a reasonably good—3 %m 0.800 0.800 0 0.820 0.820
compensation for the errors up to the 6th order. Therefore, 4 0 0650 0.650 0 0570 0.570
as a next step we verify the lowest order uncorrected termss 0 0.086 0.086 0 0.084  0.084
n =7,8. Fig.3 shows that the terntg, bs (u,r) andas, 6 0 0155 0.062 0.800 0.550 0.550
have a rather strong impact on the DA. Consequently, these7 0 0152 0.095 0 0.095  0.095
terms must stay at the minimal 0.5 setting. 8 0 0.08 0.055 0 0.065  0.065
Since the expected “allowed” ternis, b14 are rela- 9 0 0.064  0.040 0 0.035  0.035
tively large and the average terms,,, b10m, b14m are not 10 0 0040 0.032  0.075  0.100  0.100
L . . . . 11 0 0.026  0.0208 0 0.0208 0.0208
zero, it is logical to verify their effect. The tracking con- 12 0 0014 0014 0 00144 00144
0
0

especially thes,,,,, and the corrected lowest order terms at = | —target6s|
n=3, 4 have aweak impact on the DA. Their specifications _%20 ]
can be set close to the values in the table “target6”. = s
=
h=
1%
OPTIMIZED FIELD ERROR TABLE <10
The performed scans of the individual error terms and § s
their combinations help to determine their optimal seting & DA = 10450
However, when combined together the accumulated effect m

of all the terms on the DA is increased. Therefore, the final 0 K2:0ATAN(SSET(EZ/EXS?W%] 80
optimization of the IT error table satisfying the minimum

DA requires additional adjustment to some of the termsFigure 5: Dynamic aperture for the error table “target65”.
Table 2 shows the present best optimized IT error specifi-

cation table “target65”. Here, many of the terms are set t§0re sensitivebg-b1o (U.r), biom, b1s (M,u,r) andaz,-ao,

0.8-1.0 level relative to values in the table “target6”. Thderms are set to 0.5 level. The lower settingsdorbs, ag
assume that these are residual errors after the IT cornectio

11.00 Their actual values before correction will be higher. The

10.90 corresponding dynamic aperture for the table “target65” is
'g’ig’:g i shown in Fig. 5, where the line is the average DA as a func-
2 1060 : b7 . tion of z-y angle, and the bars show the DA spread for 60
3 10.50 asr @ ~ seeds. The minimum DA is 10.45
§10A40 - Fa— < Finally, we would like to mention that the DA is a func-
gi‘;zg tion of the working tune. Our test calculation of the tune

1010 dependence showed that the aperture can be increased by

10.00 more than & by slightly reducing the: andy tunes. Such

000 010 020 030 040 = 030 tune optimization would give operational flexibility for im
b7, b8 (u,r) and a8r relative to "target6"

proving the DA. However, this calculation did not include
Figure 3: DA sensitivity tdh7, bs andas,-, wherebz, bg in-  the beam-beam effects. Therefore, a more realistic simula-
clude the uncertainty and random parts. tion with beam-beam effects should be done.
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