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Abstract

A new method to determine the LHC aperture was proposed. The new component is a
collimator scan technique that refers the globally measured aperture limit to the shadow of the
primary collimator, expressed in sigmas of rms beam size. As a by-product the BLM response to
beam loss is quantified. The method is described and LHC measurement results are presented.
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Abstract

A new method to determine the LHC aperture was pro-
posed. The new component is a collimator scan tech-
nigue that refers the globally measured aperture limit to
the shadow of the primary collimator, expressed in sigmas
of rms beam size. As a by-product the BLM response to
beam lossis quantified. The method is described and LHC
measurement results are presented.

INTRODUCTION

The performancereach of ahighintensity accel erator de-
pends on the available aperture A for the beam. For exam-
ple, safe operation of the LHC requires that the guaranteed
minimum transverse aperture in machine magnets must be
a al locations larger than 8.4 o, in the transverse direc-
tionsz = x, y. Intheradia direction r, the LHC specifica-
tionsrequireaguaranteed minimal apertureof 9.8 .. [1, 2].

In the most basic terms, a physical aperture A? can be
defined at a given location s as the ratio of the half radius
r, of the beam pipe at its smallest extension over the trans-
verse Gaussian beam size o ,,:

AZ(s) = r2(s)/0=(s) 1)

The beam size is modulated along s with the beta function
B:(s). Normalized coordinates are defined:

Z = z/\/ Ba(s)edesim @)

Note, that here weinclude the design emittance e 619" into
the normalization. Thisterm is used as an overall normal-
ization factor which is obviously constant around the ring
and (as we use the design value) also independent of the
actual emittance that is achieved. This normalization is
done purely for practical convenience as we can then ex-
press aperture in terms of number of design beam sigmas
instead of an impractical number with unit of \/m. The
ideal normalized aperture a ‘%% () is defined as:

aideal (S) =r, (S)/ Bz (S)Ecziesign (3)

This ideal aperture is reduced by a number of imperfec-
tions and allowances, for example misalignments of mag-
nets and vacuum pipes, orbit offsets within machine ele-
ments, allowances for off-energy offsets, dispersion errors,
dispersive beam size contributions, .... During the design
phase of the LHC an extensive aperture design model was
developed (the "nl1” concept) [1, 2] that takes into account

properly all the different possible errors and added them up
in a conservative way. For the purpose of this paper we
lump imperfectionsinto three components:

1) An on-energy reduction term Ar . (s) that is always
positive and includes effects of magnet misalignments, vac-
uum pipe offset, orbit errors, ... ..

2) An aperture reduction term Aa ,(0,,) that isrelated to
the energy spread o, in the beam and includes dispersive
beam size effects.

3) An aperture reduction term Aa . (4, ) related to possi-
ble energy offsets from design. This term includes disper-
sive orbit changes and chromatic effects.

The available aperture a, can then be written as:

arfs) = RO g (6, Aas) @
62 (S)Egeszgn

In practise, many of the required terms to determine a .. (s)
are not known with the needed precision and must therefore
measured. The measurement and correction method for the
0 function is described elsewhere. Here, a new method to
precisely determine the real machine aperture in a storage
ring like the LHC is described.

APERTURE WITH COLLIMATOR SCANS

Location of Aperture Bottleneck

For various purposes (e.g. required settings of collima-
tors [3] and machine protection) a good knowledge of the
minimum LHC aperture " is mandatory:

min

a7 = min . (s) (5)

The location of the overall minimum aperture is easily de-
termined by the following procedure:

1) Establish reference situation that is to be qualified (or-
bit, energy, optics, machine corrections).

2) Retract al collimators around the ring.

3) Blow up the beam emittance, for the LHC presently
done by moving the betatron tune in the place of interest
onto the 1/3 resonance.

4) Observe with beam loss monitors ("BLM’S’) where
the beam is lost, assuming that all magnets are sufficiently
covered by beam loss monitors (as is the case in the LHC
with its powerful beam loss system [4]).

The location of the overall minimum aperture is deter-
mined precisely, however, the size of the aperture remains
unknown. Here, a new method was then introduced, rely-
ing on the well calibrated primary collimators of the LHC.



Collimator Scan Method

The primary collimators [3] of the LHC can be used to
define acontrollable and well-known cut o <°!! in the overall
minimum machine aperture. Here it is assumed that the
two-sided primary collimator [3] has been centered on the
beam for the reference orbit of interest and that the beta
function has been corrected at its location. The term a ¢°!!
is then easily derived from the collimator gap g ¢°!:

agoll _ ggoll/2 /ﬂgollegesign (6)

The collimator gap is known with high precision (at the 1%
level) from hardware construction and direct measurements
of the collimation gap.

Theavailability of the controllable and movable collima-
tion cut then allows to combine the blow-up technique with
acollimator scan. The scan procedureis as follows:

1) Store the beam and record beam intensity NV,,.

2) Determine overall aperture bottleneck in the machine
with collimators open and emittance blow-up.

3) Close primary collimator in plane of interest by a step
to aknown value of a°!.

4) Store again the beam, record beam intensity NV,, and
blow-up the emittance in the plane of interest.

5) Record beam loss rates R, around the ring.

6) Go to 3) until the machine aperture bottleneck is in
the full shadow of the primary collimator. 4

Thiscollimator scan then providesbeam lossrates R 'Y
at the natural aperture bottle-neck around the ring and
R¢°U the primary collimator for different values of a ¢°!.
This measurement can be performed on-energy but also for
any specified off-momentum working points.

Data Processing

Theraw data obtained in the loss measurementsis shown
inFig.1 (top). It is noted that similar beam intensities were
used for the measurements but there are still unavoidable
variationsin intensity from fill to fill. Therefore, the BLM
signa R;,ss in Gyls is normalized to the amount of lost
beam in p, as shown in Fig.1 (bottom).

The different maximum beam loss measurements at the
natural aperture bottleneck and the primary collimator re-
flect the different BLM response to losses of protons. This
difference of BLM responseisdueto different optical func-
tions, different locations of BLM’s and different geome-
tries of materials. Significant differences are expected and
seen. Quantitative analysis is ongoing.

For the purpose of most accurate aperture determina
tion we normalize the BLM signals at the collimator and
aperture bottleneck respectively to the maximum signals
obtained at each of these positions, when all losses occur
there. Thisisillustrated in Fig. 2. The condition for the
same aperture at the natural bottleneck and the primary col-
limator isthen to have equal values for the two normalized
loss rates Ry s

min __ _coll pring __ pcoll
a, =a, when Rloss - Rloss (7)
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Figure 1: Measured losses at the limiting cold aperture and
the collimator during a collimator scan. Raw signal (top)
and theintensity normalized signal (bottom) are shown.

The value for the available minimum aperture over the
whole ring is then determined. It is noted that al imper-
fections are naturally taken into account and a fully real-
istic on-momentum aperture is obtained. In case that off-
momentum contributions must be taken into account, the
same method is applied with an offset in beam energy. This
was performed for the LHC and a reduction in aperture of
about 1 o was found in the horizontal plane.
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Figure 2: Fully normalized loss rates at the limiting cold
aperture and the collimator during a collimator scan. Equal
aperture at the magnet and the collimator is indicated by a
dashed line.

GENERALIZATION OF METHOD

The method described above determines the minimum
available aperture o™ around the ring in the plane con-
sidered. For many applicationsit is, however, important to
determine the aperture at other important locations in the



ring, for example the triplet magnets in the interaction re-
gions. This can easily be achieved by a dlight modification
in the measurement procedure. At the start of the proce-
dure, a closed orbit bump of known magnitude Az is put
into the element of interest at s;, such that the minimum
aperture bottleneck in thering is afterwards at s;:

a™™ = a,(s;) — Az (8)

Then the same procedurefrom beforeis applied. In the end
a(s;) is determined from the following condition:
a.(si) = a® + Az when R = R{o! 9

loss loss

This extended method was applied for the LHC tripletsand
selected magnets in the dispersion suppressors around the
cleaning insertions. It was also used with other collimators
as areference, in particular tungsten collimators.

OBTAINED APERTURE RESULTS

The LHC aperture was determined with the described
method in 2010 and 2011 at injection energy of 450 GeV.
Thefoundlocations of global aperture bottlenecksare sum-
marized in Table 1. The identified locations correspond
nicely to thelocationsfound before with other methodsand
expected bottlenecks.

The determined val ues of the minimum guaranteed aper-
ture are listed in Table 2. It is noted that the achieved on-
momentum aperture in 2010 of > 12.50, is well above
the specified minimum aperture of 8.40, (that includes
an off-momentum budget). This illustrates the excellent
construction, assembly, installation, alignment and com-
missioning of the LHC. Taking into account the measured
off-momentum aperture | osses, the 2010 aperture remained
with > 11.00, still more than 30% above the specifica-
tions. Asaresult, there was no need for tightening collima-
tor protection settings and some settings were even relaxed
(tertiary collimators). The comparison of resultsfrom 2010
to 2011 shows an indication that up to 1.5 o werelost from
2010to 2011. This could be due to imprecisions during the
first measurementsin 2010 or could indicate a real 10ss of
aperture, possibly related to a degradation in magnet align-
ment dueto ground motion (no full realignment of magnets
was performed from 2010 to 2011 but a global smoothing
of magnets plus a correction of the magnetsin sector 7-8).

Table 1: Magnets that were identified as global aperture
bottlenecksin the LHC for on-momentum measurements.
Beam Magnet ™" Magnet a;’”"

1 Q6R2 Q4L6
2 Q5R6 Q4R6

The method was aso applied for determining the aper-
ture in the triplets at 450 GeV. The results are listed in in
Table 3. The data was used in determining thereachin 3*
that maximizes luminosity while maintaining full protec-
tion of the triplets and the experimental detectors[5] .

Table 2: Results on the globally available minimum LHC
aperturewith injection opticsat 450 GeV for beams 1 and 2
(b1l/b2). Only thelast row has used the normalization to the
stored beam intensity and to the BLM response.

Year 5,/80  arn(blb2) amin(blb2)
2010 0 125140  13.5/13.0
2010 +£00015 11.0/13.0 -
2011 0 12.0/125  13.0/13.1
2011 (norm) 0 -/112.9 -/112.8

Table 3: Results from 2011 on the LHC aperture in the
triplets with injection optics at 450 GeV and for beams 1
and 2. All data uses the normalization to the stored beam
intensity and to the BLM response.

IR as(s;) (b1/b2) ay(s;) (bl/b2)

1 -1- 16.0/16.2

5 15.1/17.3 -/-

2 -/- 14.6/16.4

8 15.6/15.6 -/-
CONCLUSION

A new method for precise determination of the aperture
in a storage ring was proposed and commissioned at the
LHC. This method relies on a full coverage with beam
loss monitors along the ring and the availability of pre-
cisely controllable, calibrated collimator jaws. The method
was used to measure the on-momentum and off-momentum
aperture of the LHC with injection optics. Measurements
were performed in 2010 and 2011, laying the basis for safe
collimator settings and a successful reduction in 3* for
improved LHC performance. As a side result, important
data on the response of beam loss monitors against grazing
beam impact was collected.

The method is further developed to include aperture
measurementsat 3.5 TeV, scanswith other collimator types
and a more controllable, feedback-based emittance blow-
up which can be performed for selected bunches of a stored
beam.
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