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The performance of the Large Hadron Collider (LHC) at
collision energy is limited by the field quality of the inter-
action region (IR) quadruples and dipoles. In this paper
we study the impact of the expected field errors of these
magnets on the dynamic aperture. We investigate differ-
ent magnet arrangements and error strength. Based on the
results we will propose and evaluate a corrector layout to
meet the required dynamic aperture performance in a com-
panion paper.

1 INTRODUCTION

The LHC interaction region consists of slow-~ quadruple
/- . ---rnp~et f~l-~s~ and a separation dipole ~~i j on either side

of the interaction point (W), as shown in Fig. 1. The su-
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(LHC-B), where the beams are injected into the two rings,
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Figure 1: Schematic layout of the LHC inner triplet region.

The target dynamic aperture for the magnet field quality
is set at 12 times the transverse rms beam size (12m~y)af-
ter 100,000 turns, for both injection and collision. During
injection and ramping, the impact of IR magnets is small
compared with that of the arc magnets. On the other hand,
during p-p collisions the reduction of beam size at IPl and
IP5 results in a large beam size (a=g = 1.5mm) at the cor-
responding triplets (Tab. 1). Furthermore, beam-beam in-
teractions require a crossing angle of& 150pr correspond-
ing to a closed orbit of up to zt7,3mm. The @get 12u~V

*.. ,. iWOKperfo- umiertheauspicesof tie ‘USDepai%mfiiitOfEJwIgy.

Table 1: LHC parameters for protons at collision (7 TeV).
tunes H/V/L 63.3 1/59.32/0.00212
/Y IP1,5,2,8 WV [m] 0.5/0.5, 0.5/0.5, 15/10, 13/15
0/2 IP1,5,2,8 H/V brad] 0/150, 150/0, 0/-150, 0/-150

max rms beam size [mm] 1.5
mm orbit offset WV I’rrtml~7.3/k7.3

thus corresponds to about 71% of the magnet coil radius.
Similarly, during ion collision [1] when the beam size is
squeezed at IP2, the impact from the cold D1 is also notice-
able. Compensation of field errors of the cold Ill magnets
is of primary importance in improving the performance of
the LHC at collision [2].
‘ The impact of IR magnetic field errors has been analysed

previously [3, 4]. Since the first field quality analysis of the
US-LHC magnets [3], there have been several iterations of
design and test of the magnets that lead to improvements of
the field quality. For the FNAL-built quadruples, the sys-
tematic hj in the lead end and the systematic 6M in the body
have both been reduc~ the random bs and b~ in the body
are smaii compared with the first prediction even without
employing magnetic tuning shims; the higher order (n > 6)
muitipoie errors have also been smak For the uK-buiit
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quadruples, the main focus has been on a re-design of the
cross section to re4iucethe systematic blCIin the body. This
paper summarizes the studies that used the latest expected
fieicierrors before this workshop.

2 EXPECTED FIELDERRORS

The ieadiXIg sources of dynamic aperture reductions are the
field errors of the FNAL and KEK triplet quadruples. The
expected errors of the FFM.L quadrupoies (version 2.@Jare
given in Tab. 2. With the experience of model construc-
tion and measurements, and design iterations that occurred
through close interaction between the magnet and accel-
erator physics groups, kmw-iedge and CCmfiit3NX ifi the
expected body and end-field errors has substantially im-
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tions reported in this article are shown in Tab. 3. However,
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shown in Tab. 4. These errors have not been used for simu-
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Table 2: Expected field errors ~f FNAL low-~ quadruple
at collision (version 2.0,&~ = 17 mm). (.), d(.) and u(.)
denote the mean, mean uncertainty and rms of the harmon-
ics, respectively.

n Normal Skew
(b~) d(bn) a(bn) (an) d(an) a(an)

. .
body [unit]
3
4
5
6
7
8
9
10
LE
2
6
10
RE
6
10

0.3
0.2
0.2
0.6

0.05
0.03
0.02
0.02

[uni;m]
-,—

0.82 0.82
-0.08 0.08
[unitm]

0.41
-0.08 0.08

0.8 -
0.8 -
0.3 -
0.6 -

0.06 -
0.05 -
0.03 -
0.03 -

(length=O.41 m)
– 16.4

0.31 -
0.04 -

(length=O.33 m)
0.31 -
0.04 -

0.3
0.2
0.2

0.05
0.04
0.03
0.02
0.02

0.21
0.04

0.8
0.8
0.3
0.1

0.06
0.04
0.02
0.03

0.06
0.04

Table 3: Expected field errors of KEK low-fl quadruple at
collision (version 2.0, &ef = 17 mm).

n Normal Skew
(bn) d(bn) u(bn) (an) d(an) cr(an)

body (unit]
3-
4
5
6
7
8
9
10
LE
2
6
10

.-
0.51
0.29
0.19

0.5
0.05
0.02
0.01

0.25 0.03
[unitm]

2.28 -
-0.17 –

1.0 -
0.57 -
0.38 -
0.19 -
0.06 -
0.03 -
0.01 -
0.01 -

(length=O.45 m)
13.4
0.07

— -0.02

0.51 1.0
0.29 0.57
0.19 0.38
0.10 0.19
0.05 0.06
0.02 0.03
0.01 0.01
0.01 0.01

—

factory. The BNL built cold D 1 magnets have the same
coil design as the RHIC arc dipoles and their field qual-
ity is well established. These errors are shown in Tab. 6.
In the next section we evaluate the dynamic aperture un-
der nominal collision conditions and explore the optimum
quadruple arrangement to minimize the error impact.

3 DYNAMIC APERTURE TRACKING
ANALYSIS

‘Ile leading errors of the IR quadruples are the systematic
bs and blo, which are allowed by the quadruple symmetry.
We assess the effect of magnetic errors by the tune spread
of particles with amplitudes of up to 6 times the transverse

Table 4: Expected field errors of KEK low-jl quadruple at :
collision (version 3.0, &f = 17 mm).

n Normal Skew
(bn) d(bn) u(bfi) (an) d(an) u(am)

body [unit]
3
4
5
6
7
8
9
10
LE
2
6
10

0.50
0.70
0.20

0.1 0.50
0.05
0.03
0.02
0.10

[uni;m]

2.28 -
-0.17 -

1.00 -
0.80 -
0.40 -
0.60 –
0.06 -
0.05 -
0.03 -
0.05 –

(length=O.45m)
13.4
0.07

-0.02

0.50 1.00
0.30 0.80
0.20 0.40
0.10 0.20
0.04 0.06
0.02 0.04
0.02 0.02
0.02 0.03

Table 5: Expected field errors of Novosibirsk-built warm
dipoles (Dl) at collision (version 1.0, A&f = 17 mm).

n Normal Skew
(bn) d(bn) u(bn) (an) d(an) a(an)

body [unit]
3 0.3 0.1 0.06 – – -
5 0.1 0.05 0.03 - - -
7 -0.02 0.005 0.003 - - -
9 -0.02 0.005 0.003 - – -
11 -0.04 0.005 0.003 - – -
13 0.04 0.005 0.003 - - -

rms beam size (6acy), and by the dynamic aperture deter-
mined by 6D TEAFKX [5] tracking after either 103 or 105
turns, averaged over 10 raudom sets of magnetic errors at
5 emittance ratios c=/c~. Tracked particles have 2.5 times
the rms momentum deviation (2.5uP) [3, 4]. Uncertainties
in the mean are set at their full amount with either plus or
minus sign. Due to computing power limitations, we track
particles inmost cases for only 1,000 turns. In Sec. 3.2 we
show the difference in the dynamic aperture when particles
are tracked up to 100,000 turns.

3.1 Tracking results

The tune spread due to multipole errors scales as
*/z ~~lz, where x= is the chlsed Orbk

(Q+ {E) / Y

Ag the l~ti~ P-function ~d ~cg the emi~ce. me blo
error of the KEK magnets alone produces a tune spread of
0.61 x 10-3 at 6U=Vthereby reducing the dynamic aperture
by 2uzV (Tab..7).

A possibility for reducing the impact of the KEK ge-
ometric blo could be to adopt a “mixed” triplet scheme
where Q 1 and Q3 are KEK quadmpoles and Q2 FNAL
quadmpoles. This arrangement would lead to a 30% reduc-
tion of the tune spread, and an 1870increase of the dynamic
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To investigate the distribution of the elemental additions Ti and C within the
Nd2Fe&l lattice and its evolution with quench rate and annealing condition, the CUrie
temperature (Tc) of Nd2Fe14B present in various size fractions of IGA powders processed

with and without Ti and C were measured using Differential Thermal Analysis (DTA). A
laboratory-scale atomizer was used to produce inert gas-atomized powder in batches of 4
kg. The master alloy compositions, denoted A and B,were chosen to approximate melt-
spun commercial composition and differ significantly from one another only in the pres-
ence of the alloying additions Ti and C. The master alloy compositions were verified by
inductively-coupled plasma (ICP) techniques and are given in weight percentages as fol-
lows:

Alloy A (Ti/C-free): 29.58% Nd, 0.44% Pr, 2.77’%Dy, 63.91’XOFe, O.11’YoA1,1.12%B;

Alloy B (with Ti/C): 27.40% Nd, 2.2% Dy, 66.63% Fe, 1.17% B, 1.9% Ti, 0.7%C.

The quenched powders were sieved in air to produce a number of size fraction categories.
Isothermal annealing of the powders was performed in an inductively-heated vacuum fur-
nace (O.1 MPa) at a temperature of 800 ‘C for 10 minutes to develop high coercivities.
Differential thermal analysis (DTA) was performed using a TA Instruments Model SDT
2960 Simultaneous DTA/TGA to measure the Curie temperatures of the alloys. All meas-
urements were made using a ramp rate of 20 °/rein. in the temperature range 375 K < T <
700 K in an atmosphere of high-purity Ar with 1YOhydrogen, to act as an oxygen getter.
The Curie temperature transition produces a change in the slope of the DTA curve with
both heating and cooling, and is identified with the minimum in the temperature derivative
of the DTA cooling curve, Fig. 1.

Fig. 2 illustrates the variation of the Curie temperature with particle ‘size fraction for
as-quenched and annealed powder size fractions of the Ti/C-free and Ti/C-modified alloys
A and B. The measured Curie temperatures are found to be dependent upon the average
particle diameter, starting composition of the alloy, and distance from thermodynamic
equilibrium, as manifest by the degree of glassiness or atomic disorder of the NdzFe@
compound. The variation of the Curie temperature with particle size is more pronounced
for the quenched fractions than for the annealed fractions, tending to increase with the as-
atomized particle size for both Alloys A and B, but becoming approximately constant for
the various particles sizes of the annealed powders. The TC of large particles of the Ti/C-
containing sample, Alloy B, approaches 310 ‘C, which is approximate y 15 degrees lower
than the measured TC of 325 “C characterizing the larger particles of the Ti/C-free Alloy A.

The Curie” temperature data strongly suggest that the elements Ti and C enter the
Nd2Fe1gB lattice at high temperature and remain quenched into the crystalline lattice to
various degrees upon particle atomization. An ejection of quenched-in foreign elemental
species from the crystalline Nd2Fe14B lattice appears to occur with increased crystallo-
graphic order. The increased crystallographic order is manifest in increased grain size and,
equivalently, increased atomized particle size. The effect of the annealing treatments is to
produce a structural and chemical relaxation in the micro- and crystal structure of the parti-
cles towards their thermodynamic equilibrium state; thus the annealed particles show a
much smaller variation of TC with particle size. Increased crystallinity and rejection of
impurity interstitial species are both expected to strengthen Fe-RE, Fe-Fe and RE-R.E in-
teratomic bonds, reinforcing the exchange interactions that control the Curie temperature in
these alloys [1 1]. Although it is accepted within the literature that Nd2FelAB is a line

compound in the true ternary compound, it is possible that rapid solidification may allow
the lattice to retain its metastable high-temperature character down to room ‘temperature
and accommodate limited interstitial or substitutional occupancy by T1 and/or C. Substitu-



tional incorporation of the Ti and C alloying additions into the NdzFe14B crystal structure
would correspond to replacement of 6°/0- 12°/0 of the atoms in the unit cell, an amount that
is large but not expected to destroy the ferromagnetism of the compound. The increased
stability of the quenched, chemically-modified NdzFe14B glass has been previously attribu
ted to complications that Ti and C produce in the local stereo-chemical bonding environ-
ment, rendering compound formation extremely difllcult [9]. Considerable atomic rearran-—
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Fig. 1. DTA cooling trace and its temperature derivative of the an-
nealed 30-50 pm IGA powder portion.

G
‘w

.-
325 a---

.

3~o c’

315 - .

310

305
+ ~10~~ as-atmimd

300 - ---- alloy& annealed

295 ~ illoy B, as-atomized
--A- - dloy B, annealed

290 L 1 I 1 1 , ,

5-1o 10-20 2@30 30-50 75-1oo ICO-150

particle size fraction (microns)

Fig. 2. Curie temperature determinations derived from DTA data for
IGA alloy powders A and B as a function of powder particle size.

gement would be re-
quired to form the 2-14-1
phase from the glass and
thus retention of foreign
impurity atoms in the
intersitces or in the lat-
tice itself is likely, a re-
sult supported by the
present work. Current
working models of so-
lidification in this system
maintain that as the pri-
mary NdzFeldB phase
crystallizes the excess
Ti/C is rejected to the
liquid ahead of the crys-
tal-liquid/glass interface.
The melt in front of the
interface is supersatu-
rated in Ti/C and thereby
restricts the continued
progress of the crystal-
line interface [12].
Taken together, these
two effects combine to
produce an effectively
lower critical quench rate
to produce overquenched
NdzFelqB which is then
amenable to technical
magnetic property en-
hancement by selected
annealing treatments.

4. Curie temperatures in amorphous melt-spun Ti/C-modified Nd2Fe@

There is a clear need to understand the solidification path taken by Nd2Fe14B-based
melts during rapid solidification at different quench rates and/or with various chemical
modifications, such as additions of Ti and C. Efforts to understand the solidification route



of rapidly-solidified NdzFel@-based melts have produced a successful model that incorpo-
rates both the degree of undercooking of the melt and the recalesence of the solidified
phases [12, 13] to supply a qualitative connection to observed quenched microstructure. It
is important to understand the effect that alloying additions have on the glass-forming
ability and stabilization of the quenched glassy phase in this system. To provide insight
into these issues, the Curie temperatures of the glassy component of Ti/C-modified
Nd2Fe1@ subjected to different quench rates were measured.

Melt-spun ribbons of stoichiometric Nd2Fe14B containing 3 WWOeach elemental Ti
and C were prepared at Ames Laborato~ from high-purity elements, including Ames
Laboratory Nd. The melt was ejected with a 125 Torr over-pressure of Ar onto a copper
chill wheel with tangential wheel speeds of 40, 35 and 20 m/see to produce ribbons. In
their as-quenched state the ribbons all appeared to be amorphous upon examination with
standard Cu-K& x-ray diffraction (XRD), transmission electron microscopy (TEM) bright-

field imaging and differential thermal analysis (DTA) procedures [14]. However, detailed
elevated temperature magnetic measurements indicate that the as-quenched materials actu-
ally contain small clusters of et-Fe and NdzFe14B with diameters on the order of 50 ~ [15].
The existence of these clusters has also been confirmed using conical dark-field imaging
techniques in the transmission electron microscope. Measurements of the ac susceptibility
were made using a Quantum Design SQUID magnetometer temperature in an applied dc
field of O G and a driving field of 3.0 G at 10 hz in the temperature range 300 K < T S 780
K. To avoid oxidation during measurement, the samples were mounted for elevated tem-
perature SQUID magnetometry in silica glass tubing and sealed in a nominal vacuum of 1
x 10-6 Torr [16]. The Curie temperatures are identified as the minima in the temperature
derivatives of the in-phase (real) portions of the ac susceptibility data, Figure 3. An analo-
gous measurement made on a TiC-free, stoichiometric sample of melt-spun NdzFe@ indi-
cated that the pure Nd-Fe-B glassy phase possessed a Curie temperature of413 K. The ap-
propriateness of this
technique was confirmed
by using ac susceptibility
techniques to measure
the Curie temperature of
a gadolinium standard.

The Curie tempera-
tures associated with the
amorphous component
of the three samples are
indicated in the legend of
Fig. 3. It is interesting to
note that the Curie tem-
peratures of the glassy
component of the alloys
increase with decreasing
quench rate. It is not
clear if this result is a
consequence of the
amount of retained Ti/C
in the glass, or if it is an
indication of the “degree
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Fig. 3. Temperature derivatives of the in-phase portion of the ac magnetic
susceptibility. The minima of the signals are associated with Curie tem-
peratures of the glassy component of the NdzFe1413-basedsamples modi-
fied with 3 wt% Ti and C, subjected to different quench rates. Determined
Tc’s are included in the legend.



of glassiness” of the amorphous phase, independent of variation in the content of retained
alloying additions. Results obtained on these same samples with positron annihilation
spectroscopy (PAS) indicate that additions of Ti and C to stoichiometric NdzFeld3 produce
an increase in the average size of the open free volume sites in the quenched glass [9]. At
the same time, it is known that Ti and C additions to melt-quenched stoichiometnc
Nd2Fel~ act to stabilize the quenched glass. This stability is manifest in an increase in
crystallization temperature with increase in amount of Ti/C alloying additions.

At first thought these experimentally-derived results are contradictory because an in-
creased free volume is consistent with easy pathways for thermall y-activated atomic diffi-
sion and subsequent crystallization, thereby destabilizing the glass. This apparent paradox
may have its resolution in an examination of the concept of “defects” in amorphous mate-
rials. Amorphous materials may be visualized as consisting of distorted random networks
that lack both long-range order and a well-defined lattice constant. Bond angles and bond
lengths may assume a range of values rather than the well-defined values associated with a
crystalline structure. The notion of atomic volume in amorphous materials must be rede-
fined as an “average” volume, or free volume, associated with the random atomic-core
network. Defects may be generated in amorphous materials, as in crystalline materials, by
the removal of atoms and by the introduction of substitutional and interstitial atoms. This
idea is illustrated in Figure 4, which schematically depicts a structurally “perfect” two-
dimensional diatomic glass and a defect-filled two-dimensional diatomic glass.

o ?

c$\ “A’ /<
L /00 L’--

Fig. 4. Schematic illustration of a diatomic two-dimensional glass that is a). defect-free and b). containing
atomic vacancies and interstitial.

The observed phenomena, that Ti and C additions increase the stability of the
quenched glass, is consistent with the possibility that additions of Ti and C significantly
complicate the local stereo-chemical/bonding environment in the glass, rendering inter-
metallic compound formation extremely diflicult. Ti and C additions effectively create
defects in the amorphous Nd-Fe-B material, accompanied by an increased atomic-core
network volume. The introduction of defects results in an increased stability of the glassy
phase and greater ease of formability from the melt. In this case the increase in free vol-
ume is largely irrelevant to the quenched materials’ stability against crystallization.
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