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Abstract

It has been proposed to implement the so-called Achromatic Telescopic
Squeezing (ATS) scheme in the LHC high luminosity (HL) lattice to
reduce beta functions at the Interaction Points (IP) up to a factor of 8. As a
result, the nominal 4.5 km peak beta functions reached in the Inner
Triplets (IT) at collision will be increased by the same factor. This,
therefore, justifies the installation of new, larger aperture, superconducting
IT quadrupoles. The higher beta functions will enhance the effects of the
triplet quadrupole field errors leading to smaller beam dynamic aperture
(DA). To maintain the acceptable DA, the effects of the triplet field errors
must be re-evaluated, thus specifying new tolerances. Such a study has
been performed for the so-called “4444" collision option of the HL-LHC
layout version SLHCV3.01, where the IP beta functions are reduced by a
factor of 4 in both planes with respect to a pre-squeezed value of 60 cm at
two collision points. The dynamic aperture calculations were performed
using SixTrack. The impact on the triplet field quality is presented.
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Abstract beta functions at the IP1 and IP5 a#& = 15cm in both

It has been proposed to implement the so-called Achrdlanes. The gpal was to obtain thg field errortoleranpes for
matic Telescopic Squeezing (ATS) scheme [1] in the LHE® néw SC triplet quadrupoles with a reference coil aper-
high luminosity (HL) lattice to reduce beta functions ature ofd.=120mm, yielding a minimum DA of 12-13 in
the Interaction Points (IP) up to a factor of 8. As a re0 random sets of machine errors, wherns the rms beam
sult, the nominal 4.5km peak beta functions reached %€ The adopted strategy is similar to the one used in the
the Inner Triplets (IT) at collision will be increased by the Phase-1" triplet study [3]. .
same factor. This, therefore, justifies the installation of TNe core of this study consisted of dynamic aperture cal-
new, larger aperture, superconducting IT quadrupoles. Trﬁ:élla}tloqs for various IT field errors using Iong—term.track—
higher beta functions will enhance the effects of the ttipldd in SixTrack[4]. The conditions used in the DA simula-
quadrupole field errors leading to smaller beam dynam#ions were:10° turns, 11 angles, 30 particle pairs per am-
aperture (DA). To maintain the acceptable DA, the effectglitude step%o), 60 error seeds for final tracking, 20 seeds
of the triplet field errors must be re-evaluated, thus specfor Multipole sensitivity scans, 7 TeV beam energy with
fying new tolerances. Such a study has been performed fifitial energy offsetAp/p = 2.7 x 107, and normalized
the so-called “4444” collision option of the HL-LHC lay- P&am emittance of 3.7&n-rad. The arc errors and their
out version SLHCV3.01, where the IP beta functions argorrection were included, as well as the low order IT multi-
reduced by a factor of 4 in both planes with respect to gole field c_orrection [2]. The latter utiliz_ed non-linear_lﬂe
pre-squeezed value of 60 cm at two collision points. TheCTectors implemented on the outer side of each triplet to
dynamic aperture calculations were performed using SpEompensate the effects of, a4, bs, ba, bs multipole terms

Track. The impact on the triplet field quality is presented.(see definition below). Finally, no field errors were consid-
ered forthe D1, D2 separation dipoles and Q4 quadrupoles.
INTRODUCTION

. o o _ MULTIPOLE FIELD SCALING
The LHC high luminosity (HL) lattice is designed for o
up to a factor of 8 lower beta function at two Interac- Magnetic field in a quadrupole can be expanded as [5]

tion Points (IP1 and IP5), as compared to the nominal lat- 00 oty \ "
tice. Consequently, beta functions in the Inner Tripled (IT B, + iB, =10"*By > (b, + iay) ( y) ., (1)
guadrupoles adjacent to these IPs will increase by the same n=2 o

factor, resulting in a larger beam size. This, therefors; ju wherea,,, b,, are skew and normal multipole coefficients in
tifies installation of new, larger aperture, supercondti ynits of 10— at a reference radius), and Bs is the main
(SC) triplet quadrupoles, where the coil diamefeiis in-  quadrupole field ato. In LHC studies[6], thes,, andb,,
creased from the nominal 70 mm to, e.g., 120-150 mm, angte split in the “uncertainty” and “random” components re-
the operating gradient is lower (120 T/m in SLHCV3.01){ated to systematic and random type errors, and their values
The higher IT beta functions will result in larger aberrarepresent Gaussian sigmas of the error distributions.

tions caused by the triplet chromatic and non-linearfield er |t s logical to start the search for the new specifica-
rors. These must be corrected and/or reduced in magnitugigns with the measured field quality for the existing 1T
in order to maintain a sufficient dynamic aperture (DA)quadrupole listed in Table 1[7], wherg = 17 mm, coil

The triplet linear and non-linear chromatic effects will bediameterd, = 70 mm, anda,,.,, b,, anda,,., b,, are the
compensated by implementing the Achromatic Telescopigncertainty and random terms. These field error tolerances
Squeezing (ATS) optics[1]. On the other hand, the triplggrovide acceptable dynamic aperture for the existing lat-
non-linear field errors will be corrected only to low or-tice with the IT peak beta functiofi,, = 4.5km. As a
der[2]. Therefore, the magnitude of the field errors musgext step, one can re-scale the Table 1 values to the new

be re-evaluated, leading to new field quality specificatioproposed reference radius of 50 mm and coil diameter of
for the triplet. This study was performed for the “4444”120 mm according to [5]

collision option of the HL-LHC lattice V3.01, where the

. . T A (2)
*This work is supported by the U.S. Department of Energy emttr o o )
DE-AC02-76SF00515 and the US LHC Accelerator Researchrmog This yields coefficients in Table 2 named “target3”, where
(LARP). the expected values for n=12-14 were added from the

T The research leading to these results has received funtbngthe . " -
European Commission under the FP7 project HiLumi LHC, GA no. Phase-1" study[3]. These field tolerances should be

284404, co-funded by the DoE, USA and KEK, Japan. achievable in a real magnet, however the corresponding dy-
tyuri@slac.stanford.edu namic aperture is insufficient as seen in Fig. 1, where the



Table 1: Measured multipoles & =17 mm for the nomi- Table 3: Error table “target31” obtained from table “tar-

nal MQXB quadrupole with coil diametei. =70 mm. get3” by scaling the tripleg,,, from 4.5km to 21.5km.
n Any Anr bnu bnr n Anuy Anr bnu bnr
3 | 0.5235| 0.6354| 0.4135| 0.7873 3 0.0502 0.0609 0.0396 0.0755
4 | 0.4432| 0.3883| 0.1552 | 0.1563 4 0.0333 0.0292 0.0117 0.0118
5 | 0.0874| 0.1423| 0.1142| 0.2171 5 0.0052 0.0084 0.0067 0.0128
6 | 0.2306 | 0.2637 | 0.2089 | 0.3088 6 0.0107 0.0122 0.0097 0.0143
7 | 0.0254| 0.0411| 0.0311| 0.0374 7 0.00092 | 0.00150 | 0.00113 | 0.00137
8 | 0.0140| 0.0280| 0.0060 | 0.0096 8 0.00042 | 0.00080 | 0.00015 | 0.00027
9 | 0.0127| 0.0078 | 0.0085| 0.0116 9 0.00029 | 0.00019 | 0.00019 | 0.00024
10 | 0.0094 | 0.0179| 0.0303 | 0.0086 10 | 0.00018 | 0.00030 | 0.00054 | 0.00018
11 | 0.0046 | 0.0028| 0.0084 | 0.0106 11| 0.00007 | 0.00007 | 0.00015 | 0.00015
121 1.6107° | 1.6107° | 1.6 107° | 1.6 107°
. « » ; . 13| 04107% | 0.4107° | 0.9107® | 0.4107°
Table 2: Error table “target3” obtained by scaling the mea- 141 08105 | 0310-5 | 1.0 10-° | 0.3 10-5

sured field targ =50 mm and coil diameted,. =120 mm.
n Anu Anr bnu bnr
3 | 0.5239| 0.6359| 0.4139| 0.7879
4 | 0.7611| 0.6667 | 0.2664 | 0.2683
5 | 0.2574| 0.4191| 0.3365| 0.6396
6 | 1.1655| 1.3328| 1.0603 | 1.5608
7
8
9

N
=1

DA . =14.94
'min

i
1331

=
=)

0.2203 | 0.3564 | 0.2701 | 0.3244
0.2087 | 0.4162 | 0.0889 | 0.1423
0.3238 | 0.2003 | 0.2165 | 0.2971
10 | 0.4137| 0.7838 | 1.3256 | 0.3755
11 | 0.3457 | 0.2116 | 0.6340 | 0.7965 O Ao EiEpeged

12/1/0.18631 0.1863 ) 0.1863 | 0.1863 Figure 2: Dynamic aperture for the error table “target31”".

13| 0.1164 | 0.1164| 0.2328 | 0.1164 . . . -
14 | 04366 | 0.1455 | 0.5821 | 0.1455 This result is close to DA without IT field errors [9].

(1]

Dynamic Aperture in [sigma]

MULTIPOLE SCAN

Assuming that the multipole coefficients are indepen-
dent, various solutions for the field tolerances are possi-
ble. Below we present the result based on DA sensitivity to
individual multipoles. In this method, the coefficients are
scanned one-by-one between their values in “target31” and
“target3” tables while all other coefficients are kept atr-ta
>0 n ) ™ get31” values. Thisinvolves a large number of DA calcula-
KATANSQRT(BE)I [Degree] tions, but allows to determine the sensitivity to each coef-
Figure 1: Dynamic aperture for the error table “target3”. ficient. The resultant minimum DA versus relative change

of a,, andb,, values is shown in Fig.3,4. Similar de-

line is the average aperture for 11 ang|esl and the error b@gndences are obtained for the Uncertainty CoefﬁCientS, bu
show the span between the minimum and maximum DA itheir impact on the DA is typically smaller. One can ob-
60 random seeds. This small aperture is the consequencégfve that the aperture is not sensitive to the n=3,4 multi-
high triplet beta functiors,, in the new lattice enhancing Poles since their effect is compensated by the IT correc-
the field error effects. As a next step, it is therefore reaors. On the other hand, ttig, term still causes the DA
sonable to require that the non-linear kicks from the ttiplereduction even with the included corrector. The other un-

field errors remain about the same with, [8]. Therefore, corrected terms exhibit the DA reduction even at high mul-
the “target3” coefficients should be scaled as tipole order. These results suggest that additional IT cor-

rectors, e.g., fons, b5 andag, may be needed (they have

U, by X 5;1%_ 3) already been included in the latest HL-LHC version).

Based on this data, one can find a set of tolerances, where
Scaling from the nominaB,, = 4.5km to 21.5km in the the effects of individual multipoles on dynamic aperture
new lattice yields coefficients in Table 3 named “target31"are about equal. To do so, one can make a DA cut, such
The corresponding minimum DA exceeds the goal of 12as shown in Fig. 3,4, to determine the coefficient values
130 as shown in Fig. 2, however such tight field tolerancefor the same minimum DA in the individual scans. Once
may be difficult to achieve in a real magnet. Therefore, thall the coefficients are applied, the combined effect will
final step of this study is to relax the “target31” tolerancegproduce a lower minimum aperture than in the individual
while satisfying the DA goal. scans. Therefore, a few iterations of the DA cut are needed
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. bny (bottom left), and,,,. (bottom right) coefficients in the
to reach the desired 12-b3aperture. error tables “target3” (dark blue), “target31” (brown) and

In this method, the corrected and least sensitive Coefﬁtarget39“ (green).
cients can be relaxed and set to the “target3” values. How-
ever, the sensitive coefficients will have much tighterttole 5 girect comparison of the “target3”, “target31” and

ances. Hence, in order to help relaxing the tightest toleri,rget39” coefficients is shown in Fig. 6. It clearly shows
ances, we intentionally set the least sensitive coeffisiNt ¢ the |T field correctors relax the corresponding toler-

a mid-value between the “target3” and “target31” setting§ces, and that the random errors require tighter tolegance
(instead of more relaxed values from the DA cut). This pro-

vided a little more room for other coefficients to grow. The CONCLUSION
resultant tolerances are listed in Table 4, named “target39 Thi d h d th i ith th iol
and the corresponding dynamic aperture is shown in Fig. 5, IS study showe t. at scaing with the triplet

where the minimum DA is 12.8, thus meeting the require- guadrupole reference radius, coil aperture, and peak beta

ments. Alternatively, a similar DA can be obtained whe unction provides a reasonable first estimate of the reduire

the corrected and non-sensitive coefficients are set te “t }eld, qugllty fo_r the new IT .quadr.upolles in the I,‘H,C:,h'gh
inosity lattice. Further investigation of the indivialu

et3” values at the expense of somewhat tighter high ord . ! e . .
g P ¢ g multipole field sensitivities led to a solution with relaxed

tolerances. : . : .
IT field error tolerances. Additional fine adjustment may

Table 4: Error table “target39”at, = 50 mm. be needed in order to reach the final specifications.
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