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Abstract

The high luminosity upgrade of the LHC lattice (HL-LHC) requires new larger aperture
magnets to be installed in the low-beta interaction regions (IRs). These include NbsSn
superconducting (SC) inner triplet (IT) quadrupoles, Nb-Ti SC separation dipoles D1 and
D2, and SC Q4 quadrupoles. The upgrade significantly reduces the 3* functions at these
IRs at collision energy. Consequently, beta functions and beam size in these magnets will
increase, thus requiring a larger aperture. The high beta functions also increase the impact
of high order field errors in these magnets on dynamic aperture (DA). Therefore, to
maintain an acceptable DA, the field quality in the new magnets needs to be specified.
Since the error effects at collision are dominated by the triplets, their field quality was
specified first. Next, the field errors were added to the D1, D2 dipoles and Q4, Q5
matching quadrupoles while keeping the IT errors to specifications. The impact of these
errors on DA was determined in tracking simulations using SixTrack. First evaluation of
the field quality in the D1, D2, Q4 and Q5 magnets is presented.
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Abstract desired field quality in the new magnets must guarantee a

. Lo : fficient DA and should be realistically achievable.
The high luminosity upgrade of the LHC lattice (HL- sutme
LHC) requires new larger aperture magnets to be in- This study was performed for the HL-LHC layout ver-

; ; : : SLHCV3.01, where the IT quadrupole gradient is 123
stalled in the low-beta interaction regions (IRs). Thes lon . ;
include NlzSn superconducting (SC) inner triplet (IT). /mands; , =15cm atIP1and |P5. The DA was obtained

qguadrupoles, Nb-Ti SC separation dipoles D1 and D2, arld SixTrack[7] ”?C"'”g '_5|mulat|0ns w|th|05 turns, 11-

SC Q4 quadrupoles|[1, 2, 3, 4]. The upgrade significantl? angles, 30 particle pairs p?f’ ampl[tude step, up to 60
reduces thg* functions at these IRs at collision energy [5]. andom error seed_si normalized emittance of amgad,
Consequently, beta functions and beam size in these m d Ap/p = 2.'7'1.0 at 7 TeV beam Energy. The SL-
nets will increase, thus requiring a larger aperture. Thh hi Cv3.01 lattice mcludeg the IT non-linear field correc-
beta functions also increase the impact of high order fielt(?rs for local compensation of the IT and D1 error terms

errors in these magnets on dynamic aperture (DA). Ther&s: 03> @404, b6 [9]. The IT correctors fons, bs, ag terms

fore, to maintain an acceptable DA, the field quality in thé&'® also planned|9], but were not implemented in this lai-

new magnets needs to be specified. Since the error effe £E- The D2, Q4, Q5 errors were corrected to low order us-

at collision are dominated by the triplets, their field qual1ng the standard ring correction of tune, chromaticity,cou

ity was specified first [6]. Next, the field errors were adde8IIng and o_rblt. The tracking also 'nCIL.jded arc errors based
n magnetic measurements, and their correction. The cur-

o the D1, D2 dipoles and Q4, Q5 matching quadrupole% nt lattice model does not take into account the off-center

while keeping the IT errors to specifications. The impact ot iectory in the D1. D2 dinoles. th issing the feed
these errors on DA was determined in tracking simulationéajec ory in the L4, Ipoles, thus missing the feed-
own effects. Therefore, the resulting DA should be con-

using SixTrack[7]. First evaluation of the field quality insidered optimistic.

the D1, D2, Q4 and Q5 magnets is presented.
EXPECTED FIELD QUALITY
INTRODUCTION The magnetic field can be expanded as [10]
The low-beta IR optics (see [5] for the latest version) in 4 = ) T +1y nl
the HL-LHC upgrade lattice at collision energy will signifi- By+iB, =107 By Z (bn+ian) 0 - @
cantly increase beta functions and beam size in the magngis. e,

near the interaction points (IP). This will require install
tion of new large aperture magnets including: siSh SC

n=N
b,, coefficients are in units of0~* at a refer-
ence radius, and By is the main field at. In the LHC
) . . . studies, each of the,, andb,, is composed of three terms,
inner triplet quadrupoles with 150 mm coil aperture, Nb- amely mean (m), uncertainty (u) and random (r), related to

Ti SC separation dipo_les D1, D2 with 169 mm and 10 gstematic and random type errors (see detailed deseriptio
mm aperture, respectively, SC Q4 matching quadrupoI%I

) X -g. in[9]). Below, theu,,, b,, without them, u, r indexes
with 90 mm aperture, and longer Q5 quadrupoles with 7 clude all the three terms.

mm aperture (see specifications in [8] and present hardwarelt is logical to start the error evaluation from the expected

devel!;)ptnr;lentf;n [EEL’ 2]; 3, 4]|).‘ Thef_hligh beta fur:ﬁtions WiIIfield quality in the new magnets. The latter can be obtained
ampfify the efiects of non-iinear ield errors in these mag y either using magnetic field calculations or scaling the

.ne_ts leading to a smgllgr dyn_am!c aperture. A Iarge_ D easured field of existing magnets. Table 1 shows the ex-
is important for an efficient injection and long beam life-

. L . A ected D1 field based on calculations[2]. The expected
time. Satisfying an acceptable DA requires specification (ﬁeld quality in the 2-in-1 D2 dipole, presented in Table 2
an adequate field quality in these magnets. ' :

) : ) is obtained from scaling of the measured field of the exist-

_ Duetothe strongestimpact, the IT field quality was studg,  \1RB dipole with 80 mm aperture. The expected field
ied separately [6]. Next, the fl_eld errors were added to the tha 2.in-1 Q4 and Q5 matching quadrupoles is shown in
D1, D2, Q4, Q5 magnets while the IT“errors were set §aples 3,4 and is based on scaling from the measured field
the specifications in the IT error table “target65”[6]. Theys ihe existing MQY quadrupole with 70 mm aperture. In

*Work supported by the US LHC Accelerator Research ProfaCt’ the Q5 will be the MQY-type quadrupole, hence its

gram (LARP) through US Department of Energy contracts DEBAC field will be exaCtly the one of the measured MQY.
07CH11359, DE-AC02-98CH10886, DE-AC02-05CH11231, and- DE

AC02-76SF00515. ANALYSISAND PRELIMINARY RESULTS
T Research supported by EU FP7 HiLumi LHC - Grant Agreement . .
284404, As a first step, the impact of the expected magnet er-

yuri@slac.stanford.edu rors in Tables 1-4 was evaluated. In the simulations, the



Table 1: Expected field quality in D1 a§ =50 mm. Table 4: Expected field quality in Q5 a§=17 mm.

n anm Anuy anr bnm bnu bnr n Anm Anuy Anr bnm bnu bnr
2 0 0.679 0.679 0 0.200 0.200 3 0 0500 0900 0 0940 1.100
3 0 0.282 0.282 -0.900 0.727 0.727 4 0 0230 0480 0 0260 0.250
4 0 0.444 0.444 0 0.126 0.126 5 0 0.070 0.160 0  0.080 0.170
5 0 0.152 0.152 0 0.365 0.365 6 0 0.140 0.080 0 1.500 0.430
6 0 0.176 0.176 0 0.060 0.060 7 0 0.020 0.040 0  0.020 0.040
7 0 0.057 0.057 0.400 0.165 0.165 8 0 0.030 0040 0  0.030 0.040
8 0 0.061 0.061 0 0.027 0.027 9 0 0.010 0010 0 0010 0.010
9 0 0.020 0.020 -0.590 0.065 0.065 10 0 0.010 0010 0 0300 0.080
10 0 0.025 0.025 0 0.008 0.008 11 0 0.020 0030 0 0.020 0.030
11 0 0.007 0.007 0.470 0.019 0.019 12 0 0.020 0010 0 0.020 0.010
12 0 0.008 0.008 0 0.003  0.003 13 0 0.020 0010 0 0.020 0.010
13 0 0.002  0.002 0 0.006 0.006 14 0 0.020 0010 0 0.050 0.010
14 0 0.003 0.003 0 0.001  0.001 15 0 0.020 0010 0 0.020 0.010
15 0 0.001 0.001 -0.040 0.002 0.002
13.00
12.50 . . * * * *
Table 2: Expected field quality in D2 a§ =35 mm. 12.00 Daave
n Anm Anu Anr brm bnu bnr ‘_ﬁzg LR S AR
2 0 2545 1591 0  6.364 0.955 g 1050 s s s
3 0 1569 0354 0  3.290 1519 #1000 "
4 0 0.846 0966 0 0201 0.161 g 950 ot 5 g 5 &
5 0 0.320 0.128 0 1.089 0.577 :2?) L 4 33583
6 0 0.408 0.306 0  0.102 0.102 800 | o v 3
7 0 0.162 0.032 0 0162 0.162 s50 298 8
8 0 0.077 0.077 0 0052 0.026 700 9%
9 0 0.082 0.041 0 0410 0.205
1(1) g 0%)31 8-?&5 é) f-gg; g-fgf Figure 1. DA withthe D1, D2, Q4, Q5 expected field errors
12 0 0 0165 O 0 0.165 (60 random seeds).
13 0 0 0263 0 0 0.263 13.00
14 0 0 0418 0 0 0.418 1250 ., [Daae
15 0 0 0665 0O 0  0.665 100 . e
’gn.so o e e
Table 3: Expected field quality in Q4 at=30 mm. 21100 —
n Anm Anu Anr brm bnu bnr §1o,so A Aoa A b
3 0 0.682 1.227 0 1.282 1.500 10.00 N
4 0 0.428 0.893 0 0483 0.465 950 4t a
5 0 0.177 0406 0  0.203 0.431 9.00
6 0 0.484 0.277 0 5.187 1.487 12 3 4 5 6 7 8 9 10 11 12 13 14 15
7 0 0.094 0.189 0  0.094 0.189 n
g 8 g:égg g:gg; 8 8:322 g:gg; Figure 2: DA with the D1 errors, where for a giventhe
10 0 0.120 0.120 0 3587 0.956 an, by, are turned on for orders fromto 15 (30 seeds).
11 0 0.326  0.489 0 0.326 0.489
ii 8 8:232 8:5(2):2,) 8 8:232 8:;35 ticularly, the D1 terms: =5,7,9 (“allowed” terms in a
14 0 0827 0413 0 2067 0413 dipole), and the D2 low order terms create most reduction
15 0 1127 0564 0 1127 0564 of the DA,,.. Finally, the impact of individua,, andb,,

terms up ton =9 in the D1 and D2 magnets was verified

IT errors were set to the specifications in the table “tarwhen all the other terms were set to zero. The results are
get65”[6]. Fig.1 shows the individual and combined efpresented in Fig. 4,5. One can see that the, RAs rather
fect of the new magnet field on minimum and average DAveakly affected by a single, or b,, term while the DA,
(DA,.;n and DA,,.) for 60 random seeds. Clearly, the Q4is somewhat reduced lby, b7 terms.
and Q5 errors have a weak effect and therefore are satisfacfor more understanding of the individual terms, we also
tory. However, the D1 and D2 errors reduce the DA, henomade a simple analytic estimate of the kicks they induce.
adjustment to their specifications is required. Note that thThese were calculated at the size of expected,DAof
DA,.. is more consistent with respect to the errors whild0o. The kicks were normalized tg/¢// and calculated
the DA..;» may be affected by the worst seed. for z andy planes:

As a second step, the accumulated effect of the expect a4 n—1, /=TA"
errors in the D1 and D2 dipoles was tested without the Q4, (bn) =107 (BN L/ Bp)ba(1004 /ro)™ "/ Ve/ B, (2)
Q5 errors. Fig. 2,3 show the DA, and DA,.. with ei- Y (a,)=10"*(ByL/Bp)a,(100,/r0)" ' /\/¢/Bys (3)
ther the D1 or D2 errors added order-by-order starting from
n=15. Naturally, the DA is reduced when more terms arevhereL is the magnet length3p the magnetic rigiditye
added, however some terms show a stronger effect. P#ne emittance and the approximate average beta function.



13.00 Table 5: Largest normalized kicks causeddyy b,, terms

e in D1 and D2 at 16 in units of 10~2.

12.00 n Y (anm) Y(anw) Y (@nr) X0nm) X Onw) X Onr)
T 11.50 2 0 29 29 0 8.6 8.6
51100 3 0 70 70 22 18 18
= DAmin 4 0 6.4 6.4 0 1.8 1.8
g 10.50 » A A A 4 A A

NP . . D1 5 0 1.3 1.3 0 3.0 3.0

10.00 6 0 084 084 0 029 0.29

9:50 7 0 0.16 0.16 1.1 0.46  0.46

9.00 9 0 0.02 002 055 0.06 0.06

12 3 45 6 7 8 9 1011 12 13 14 15 2 O 38 24 O 96 14
" D2 3 0 9.6 2.2 0 20 9.3
Figure 3: DA with the D2 field errors, where for a given ;‘ 8 02-313 02;13 % 01-510 g-‘ég
thea,, b, are turned on for orders fromto 15 (30 seeds). - - - -

13.00 , Table 6: Adjusted field coefficients in D1 and D2 dipoles.

12.50 . 'Y 2 t + Y t 4 n Anu anr bnm b bnr
1200 5 0.076 0.076 0.183 0.183
g D1 6 0.088 0.088
S 1150 ro=50mm 7 0.200 0.083 0.083
3 0 sbn 9 -0.295

. DAmIn 2 1273 0.796 3182 0.478

L R S S S D2 3 0785 0.177 1.645 0.760

1000 : ro=35mm 4 0423 0.483

1 2 3 4 5 6 7 8 9 5 0.545 0.289
n
Figure 4: DA sensitivity to the individual,, andb,, terms gm
in the D1 (30 random seeds). 2
13.00 g
TS SRS SR S g 13
12.50 DAave ?)
?12.00 é::lo
g 2
-2 11.50 g 5
: *an a
2 11.00 4 bn A
DAmin 0 L L L L
05 4 e L, 0 20 40 60 80
A oe K=ATAN(SQRT(Ez/Ex)) in (degree)
10.00
1 2 3 4 5 6 7 8 9 Figure 6: DA for the adjusted field quality in the D1, D2,
" Q4, Q5 magnets, where the line is DA and the bars show

Figure 5: DA sensitivity to the individual,, andb,, terms the DA spread for 60 random seeds.
in the D2 (30 random seeds).

_ ) ~the range of 0.5-4. These results are preliminary. More
Table 5 shows the largest kicks in the D1 and D2 dipolegetailed tracking studies are needed for final specification
in units of 10-%. Only the value for the dominant mag- of the field quality. These should include the feed-down ef-
net on the left or right side of the IP is shown. Note thafacts in the D1, D2 and the planneg, bs, ag IT correctors.

the IT correctors compensate the B%3,4 andbg terms  The |atter should relax the Dis, bs, ag terms in Table 6.
in this lattice layout. The large =2 kicks are compen-

sated with the tune and coupling correction systems, and REFERENCES
the chromatic tune shift frorby in D2 is corrected with the [1] G.Sabbi, E. Todesco, HILUMILHC-MIL-MS-33 (2012).

ring chromaticity correction system. [2] T. Nakamoto, E. Todesco, CERN-ACC-2013-002 (2013).
The uncorrected |_('Ck_s t(_) be noted in th_e D1 are dl%e ] R. Gupta,“Conceptual Magnetic Design of 105 mm Aperture

as, bs, ag, bz, bg,, Which is in agreement with the earlier Dipole D2”, LHC-LARP meeting, Napa Valley, CA (2013).

DA results. For the D2 magnet, one can notethe€2,3  [4] J.M. Rifflet, et al.,“Development of Q4 Large Aperture 2-in-1

terms because they are particularly large and may not be Quadrupole”, LHC-LARP meeting, Frascati (2012).

efficiently corrected with the global systems, and the terns] R. de Maria, S. Fartoukh, A. Bogomyagkov, M. Korostelev,

aq, bs. Based on these findings, we set these terms prelimi- IPAC-2013-TUPFI014 (2013).

nary to 50% relative to the values in Tables 1,2 as shown [l Y. Nosochkov.et al., IPAC-2013-TUPFI016 (2013).

Table 6. The resultant dynamic aperture is shown in Fig.lg] F- Schmidt, SixTrack, CERN/SL/94-56 update (2011).

where the DA,;, = 9.43c. It should be noted that this [8] S-Fartoukh, R. de Maria, IPAC-2012-MOPPCO11 (2012).

value is influenced by a single bad error seed. Without thiS] %Egg’xgzgﬁgi 3?' Fartoukh, R. de Maria, IPAC-2013-

seed the DA,;,, would be9.81¢. Therefore, the potential . y

DA reduction due to the D1, D2, Q4, Q5 field eF;rors is in[lo] B. Bellesiaetal., Phys. Rev. ST-ARD, 062401 (2007).



