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ial EditionSimulations of beam-beam and beam-wire intera
tions in RHICHyung J. Kim∗ and Tanaji SenFermi National A

elerator Laboratory, Batavia, Illinois 60510, USANatalia P. Abreu and Wolfram Fis
herBrookhaven National Laboratory, Upton, NY 11973, USAThe beam-beam intera
tion is one of the dominant sour
es of emittan
e growth and luminos-ity lifetime deterioration. A 
urrent 
arrying wire has been proposed to 
ompensate long-rangebeam-beam e�e
ts in the LHC and strong lo
alized long-range beam-beam e�e
ts are experimen-tally investigated in the RHIC 
ollider. Tune shift, beam transfer fun
tion, and beam loss rate aremeasured in dedi
ated experiments. In this paper, we report on simulations to study the e�e
t ofbeam-wire intera
tions based on di�usive apertures, beam loss rates, and beam transfer fun
tion us-ing a parallelized weak-strong beam simulation 
ode (BBSIMC). The simulation results are 
omparedwith measurements performed in RHIC during 2007 and 2008.PACS numbers: 29.20.db, 29.27.BdI. INTRODUCTIONLong-range beam-beam intera
tions are known to
ause emittan
e growth or beam loss in the Tevatron[1, 2℄ and are expe
ted to deteriorate beam quality in theLHC. A possible remedy to redu
e their e�e
ts is to in-
rease the 
rossing angle. However, it has a side e�e
t ofredu
ing the luminosity due to the redu
tion in geometri
overlap. Compensation of long-range beam-beam inter-a
tions by applying external ele
tromagneti
 for
es hasbeen proposed for the LHC [3℄. At large beam-beam sep-aration, the ele
tromagneti
 for
e whi
h a beam exertson individual parti
les of the other beam is proportionalto 1
r , whi
h 
an be generated and 
an
eled out by themagneti
 �eld of a 
urrent-
arrying wire. Dire
t-
urrentwires were installed in SPS [4℄, DAΦNE [6℄, and laterin RHIC [7℄ for tests. Results of the SPS wire ex
itationexperiments have been reported earlier [5, 8℄. During theKLOE experiment in DAΦNE, an improvement of beamlifetime without luminosity loss due to the 
ompensationof parasiti
 
ollisions has been observed [6℄. Experimentsin RHIC supplement the SPS and DAΦNE tests. Thebeam lifetime in RHIC is typi
al for a 
ollider storagering and better than in the other two ma
hines. Unlikethe SPS, two beams 
ir
ulate and intera
t in RHIC and
ompensation of a single long-range intera
tion is pos-sible. The energies and other beam 
onditions are alsodi�erent from the SPS and DAΦNE. So the results re-ported here will result in simulations being ben
hmarkedunder a wider range of operating 
onditions.Two 
urrent 
arrying wires, one for ea
h beam, havebeen installed between the magnets Q3 and Q4 of IP6 inthe RHIC tunnel. Their impa
t on a beam was measuredduring the physi
s run with deuteron and gold beams. Noattempt was made to 
ompensate the beam-beam inter-
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a
tion sin
e so far only ion beams were available whi
hhave a beam-beam parameter about a fa
tor of 3 smallerthan proton beams. However, the experimental resultshelp to understand the beam-beam e�e
ts be
ause thewire for
e is similar to the long-range beam-beam for
eat large separations. In this report we dis
uss the resultsof numeri
al simulations of a wire a
ting on a beam inRHIC using a multi-parti
le tra
king 
ode and 
omparewith measurements in RHIC Run 7 and 8 [9℄.The organization of the paper is as follows: The phys-i
al models used in the simulation 
ode are des
ribedin Se
tion II. The beam and wire parameters are givenin Se
tion III. Se
tion IV presents the simulation re-sults of the e�e
ts of the wire on the beam dynami
s andthe 
omparison between measurement and simulation re-sults. We summarize our results in Se
tion V.II. MODELIn the 
ollider simulation, the two beams moving inopposite dire
tion are represented by ma
roparti
les ofwhi
h the 
harge to mass ratio is that of ea
h beam. Thenumber of ma
roparti
les is mu
h less than the bun
h in-tensity of the beam be
ause even with modern super
om-puters it is too time 
onsuming to tra
k 1011 parti
les forthe number of revolutions of interest. The ma
roparti
lesare generated and loaded with an initial distribution for aspe
i�
 simulation purpose, for example, six-dimensionalGaussian distribution for long-term beam evolution. Thetransverse and longitudinal motion of parti
les is 
al
u-lated by transfer maps whi
h 
onsist of linear and nonlin-ear maps. In the simulations, the following nonlinearitiesare in
luded: head-on and long-range beam-beam inter-a
tions, external ele
tromagneti
 for
e by 
urrent 
arry-ing wire, multipole errors in the intera
tion region (IR)quadrupole triplets, and sextupoles for 
hromati
ity 
or-re
tion. The �nite bun
h length e�e
t of the beam-beamintera
tions is 
onsidered by sli
ing the beam into severalse
tions in the longitudinal dire
tion and by a syn
hro-
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2beam map [10℄. Ea
h sli
e in a beam intera
ts with par-ti
les in the other beam in turn at the 
ollision points.In addition, the magneti
 �eld of a �nite length of wireis 
al
ulated using the Biot-Savart law at the parti
les'betatron amplitude.The six-dimensional a

elerator 
oordinates x =
(

x, x
′

, y, y
′

, z, δ
)T are applied, where x and y are hor-izontal and verti
al 
oordinates, x

′ and y
′ the traje
toryslopes of ea
h 
oordinates, z = −c∆t the longitudinaldistan
e from the syn
hronous parti
le, and δ = ∆pz/p0the momentum deviation from the syn
hronous energy.Coupling between the transverse planes is in
luded inthe transfer map between elements. We adopt the weak-strong model to treat the beam-beam intera
tions whereone beam is strong and is not a�e
ted by the other beamwhile the other beam is weak and experien
es a beam-beam for
e due to the strong beam during the intera
-tions. The density distribution of the strong beam isassumed to be Gaussian.It is well known that for a large separation distan
e

(≫ σ) at parasiti
 
rossings, the strength of long-rangeintera
tions is inversely proportional to the distan
e. Itse�e
t on a test beam 
an be 
ompensated by 
urrent
arrying wires whi
h 
reate just the 1
r �eld. The advan-tage of su
h an approa
h 
onsists of the simpli
ity of themethod and the possibility to deal with all multipole or-ders at on
e. For a �nite length of a wire embedded inthe middle of a drift length L and tilted in pit
h and yawangles, the transfer map of a wire 
an be written as [11℄

Mw = S∆x,∆y ⊙ T−1
θx,θy

⊙ DL/2 ⊙Mk

⊙ DL/2 ⊙ Tθx,θy
,

(1)where Tθx,θy
represents the tilt of the 
oordinate systemby horizontal and verti
al angles θx, θy to orient the 
o-ordinate system parallel to the wire, DL/2 is the driftmap with a length L

2 , Mk is the wire ki
k integratedover a drift length, and S∆x,∆y represents a shift of the
oordinate axes to make the 
oordinate systems after andbefore the wire agree.At the start of the simulation, the parti
les in theweak beam are distributed over the phase spa
e x =
(

x, x
′

, y, y
′

, z, δ
)T . The number of parti
les N is limitedby the 
omputational power. In order to make the bestuse of a relatively small number of simulation parti
les
ompared to the bun
h intensity, the initial distributionshould be optimized. Indeed the initial distribution isvery important be
ause a proper 
hoi
e 
an redu
e thestatisti
al noise in the physi
al quantities. The simula-tion parti
les are generated in two steps: (i) The parti
le
oordinates (x, y, z) of parti
les 
an be dire
tly gener-ated from the spatial Gaussian distribution, ρ̄ (x, y, z) =

ρ̄x (x) ρ̄y (y) ρ̄z (z), where ρ̄ζ (ζ) = ρ̄ζ0 exp
(

− ζ2

2σ2
ζ

). Sin
ethe parti
le 
oordinates are not 
orrelated, one 
an gen-erate them by inverse mapping of ea
h 
umulative dis-tribution fun
tion of horizontal, verti
al, and longitudi-

nal Gaussian distributions, using bit-reversed sequen
eto minimize nonphysi
al 
orrelations [12℄. (ii) An equi-librium distribution in transverse phase spa
e e.g. in the
(x, x′) plane is ρ̂

(

x, x
′

)

= ρ̂0 exp

(

−
x2+

“

βxx
′

+αxx
”2

2σ

).Sin
e the spatial 
oordinate x is determined at the �rststep, the slope x
′ 
an be obtained from the random vari-ate r of a univariable Gaussian, i.e., x

′

= (r − αxx) /βx.Following the above physi
al model, a beam-beam sim-ulation 
ode BBSIMC has been developed at FNAL overthe past few years to study the e�e
ts of the ma
hinenonlinearities and the beam-beam intera
tions [13℄. Ifrequired, time dependent e�e
ts su
h as tune modula-tion and �u
tuation, beam o�set modulation and �u
-tuation, dipole strength �u
tuations to mimi
 rest-gass
attering et
 
an be in
luded in the model. The 
odeis under 
ontinuous development with the emphasis be-ing on in
luding the important details of an a

eleratorand the ability to reprodu
e observations in diagnosti
devi
es. At present, the 
ode 
an be used to 
al
ulatetune footprints, dynami
 apertures, beam transfer fun
-tions, frequen
y di�usion maps, a
tion di�usion 
oe�-
ients, emittan
e growth and beam lifetime. Cal
ulationof the last two quantities over the long time s
ales ofinterest is time 
onsuming even with modern 
omputerte
hnology. In order to run e�
iently on a multipro
essorsystem, the resulting model was implemented by usingparallel libraries whi
h are MPI (interpro
essor MessagePassing Interfa
e standard) [14℄, state-of-the-art parallelsolver libraries (Portable, Extensible Toolkit for S
ien-ti�
 Cal
ulation, PETS
) [15℄, and HDF5 (Hierar
hi
alData Format) [16℄.III. WIRE AND BEAM PARAMETERSThe transverse ele
tri
 �eld of a round Gaussian bun
hwith transverse rms size σ is
~E =

n∗q∗
2πǫ0

~r

r2

[

1 − exp

(

− r2

2σ2

)]

, (2)where n∗ and q∗ are the number of parti
les and the ele
-tri
 
harge in the opposite bun
h respe
tively, and r isthe radial distan
e from the 
enter of the beam. At asmall radius r ≪ σ, the �eld is proportional to r andshifts the betatron tune. This tune shift is 
hara
terizedby the beam-beam parameter ξ = n∗r0

4πǫ , where r0 is the
lassi
al radius of the parti
le, ǫ = γσ2/β2 is the nor-malized emittan
e. While parti
les at small r undergo alinear tune shift, the parti
les with r ≫ σ experien
e a
1
r for
e. The long-range e�e
t is nonlinear and may varyfrom bun
h to bun
h if the the bun
h pattern is asymmet-ri
. A 
urrent 
arrying wire generates a magneti
 for
ewhi
h is ∝ 1

r , the same as the long-range beam-beamfor
e at large separations. The wire 
urrent required to
ompensate a long-range intera
tion is (IwLw) = n∗q∗c,where Iw is the wire 
urrent, and Lw its length. In ad-dition to the wire strength, the phase advan
e from the
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(b)Figure 1: (a) Layout of RHIC, and (b) lo
ation of thelong-range beam-beam intera
tion and wire
ompensators at IP6. Beam-beam 
ollisions o

ur atIP6 (STAR) and IP8 (PHOENIX).
lo
ation of the wire to the lo
ation of the long-range in-tera
tion should be small for an e�e
tive 
ompensationof the long-range intera
tion [17℄. In RHIC, a possibleparasiti
 
ollision point is near the separation DX dipolemagnets near IP6 and IP8. There is su�
ient spa
e inthe straight se
tions between quadrupoles Q3 and Q4 forthe wires. The phase advan
e between the DX magnetand the wire lo
ation is 5.7◦ for β∗ = 1 m and is expe
tedto provide e�e
tive 
ompensation [18℄.Figure 1 (a) shows the overall layout of RHIC whi
hhas two head-on beam-beam 
ollisions at IP6 and IP8.The Yellow beam revolves in a 
ounter 
lo
kwise dire
-tion, and the Blue beam revolves 
lo
kwise. The elementsand the lo
ation of the wire at IP6 are shown in Fig. 1(b). Two wires are 
urrently installed in RHIC: one forea
h beam. In these simulations the e�e
ts of a 
urrent
arrying wire on a beam have been studied for di�erentRHIC runs: gold beam at both inje
tion and store ener-gies, and deuteron beam at store energy. The parametersof RHIC used in our simulations are shown in Table I.The length of ea
h wire is 2.5 m. The wire 
urrent 
an bevaried to a maximum of 50 A. Ea
h wire 
an be movedin the verti
al dire
tion over a range of 65 mm.

IV. EFFECTS OF A WIRE ON A BEAMThe integrated magneti
 �elds ~B from a wire are foundfrom [11℄
(

Bx

By

)

=
µ0Iw

4π

u − v

x2 + y2

(

x
y

)

, (3)where Iw is the 
urrent of wire 
ompensator, u and v are
√

(

3Lw

2

)2
+ x2 + y2 and √(Lw

2

)2
+ x2 + y2 respe
tively,and Lw the length of the wire. For the wire ki
k, thethe �eld and the for
e exerted on the beam are ∝ 1/rwhere r is the transverse distan
e from the beam to thewire. This for
e is nonlinear and is expe
ted to havea signi�
ant impa
t on the beam quality at su�
iently
lose distan
es.The impa
t of a wire 
an be observed in RHIC by mea-suring the orbit 
hange, tune shift, the beam transferfun
tion and the loss rates. The tune shift is one of thefundamental observables and it 
an be dire
tly veri�edwith analyti
al 
al
ulation. However, numeri
al simu-lations allow us to 
al
ulate other quantities not easilyobservable but whi
h give valuable insight into the beamdynami
s and 
an 
omplement the experiments. Thesenumeri
ally 
al
ulable quantities in
lude the tune foot-print, the frequen
y di�usion map, the dynami
 aperture,and the di�usion 
oe�
ients to 
hara
terize the di�usionin a
tion. In this se
tion, we present the simulation re-sults of all the above quantities at RHIC inje
tion and
ollision runs, and 
ompare them to measurements wherepossible.In the model for dynami
s at inje
tion energy we in-
lude the 
hromati
ity sextupoles, these being the dom-inant nonlinearity, and the 
urrent 
arrying wire. Itshould be noted that the persistent 
urrent sextupolesin the ar
 dipoles were not in
luded in the model be-
ause their in
lusion would have in
reased the 
omputa-tion time substantially and they have a smaller impa
ton the dynami
s 
ompared to the 
hromati
ity 
orre
tingsextupoles. At 
ollision energy, the beam is strongly in-�uen
ed by both ma
hine nonlinearities and beam-beamintera
tions. In the 
ollision model, we in
lude the 
hro-mati
ity sextupoles, the nonlinear �eld errors in the IRtriplets, and the head-on beam-beam intera
tions at IP6and IP8, together with the wire. There are two variablesasso
iated with the wire that 
an be varied: the wire 
ur-rent and the beam-wire separation. In the simulationsthe wire strength is set to the maximum value of 125 Amin the RHIC wire 
ompensator so that the e�e
ts due tothe wire may be 
learly evident. These results will be
ompared with the data taken at this 
urrent during thema
hine experiments of 2007 and 2008. Depending onthe purpose of the simulation, the beam-wire separationis also varied typi
ally in the range of 4-10 σ where σ isthe rms beam size at the wire lo
ation. The beam-wireseparation is only in the verti
al dire
tion. The Blue wireis pla
ed below, the Yellow wire above the beam. Thesimulations reported here will be for the Blue beam.



4quantity unit gold beam deuteron beaminje
tion storeenergy Gev/nu
leon 9.795 100 107.396bun
h intensity (Blue/Yellow) 109 0.7/0.7 1/1 134/1emittan
e ǫx,y(95%) mm mrad 5.8 18 17
`

β∗

x, β∗

y

´ at IP6 m (9.93, 10.0) (0.97, 0.94) (0.87, 0.89)
(βx, βy) at wire lo
ation m (119.7, 34.6) (1082, 392) (1194, 393)beam-beam parameter ξ 10−3 1.25 1.46revolution frequen
y kHz 77.8 78.2 78.2tunes (νx, νy): Blue (0.230, 0.216) (0.220, 0.231) (0.235, 0.225)tunes (νx, νy): Yellow (0.220, 0.230) (0.232, 0.228) (0.225, 0.235)
hromati
ity (ξx, ξy) (2, 2) (2, 2) (2, 2)

(IL)
max

Am 125
Lw m 2.5
rw mm 3.5verti
al separation (dy) σ 7-14 6-10 7-12Table I: RHIC parameters for gold beam at inje
tion and store, and deuteron beam at store.A. Tune shift and tune footprintA basi
 
he
k of the simulation is to 
ompare the sim-ulated tune shifts with the measured tune shifts and alsoagainst analyti
al 
al
ulation. The transverse tune shiftat zero amplitude due to wire ki
ks is given by

∆νx,y = ± µ0IwLw

8π2 (Bρ)σ2
βx,y

d2
y − d2

x
(

d2
y + d2

x

)2 , (4)where dx,y denote the beam-wire distan
es normalized by
σx,y, the rms beam sizes at the wire lo
ation, IwLw theintegrated strength of the wire, and βx,y the beta fun
-tions at wire lo
ation. At the wire lo
ation, the ratioof horizontal to verti
al beta fun
tions is βx/βy = 2.8for the gold beam at store, and βx/βy = 3.0 for thedeuteron beam. For IwLw = 125 Am whi
h is the max-imum integrated strength allowed in the RHIC wire in-stallation, we get the horizontal tune shifts at 7 σ ver-ti
al separation: ∆νx = 5.1 × 10−3 for the gold beam,and ∆νx = 5.9 × 10−3 for the deuteron beam at store.Without the wire, beam-beam 
ollisions are a majorsour
e of tune spread and shift. The beam-beam pa-rameters for two head-on 
ollisions are ξ = 2.4 × 10−3and ξ = 2.8 × 10−3 for gold and deuteron beams atstore energy respe
tively. These tune shifts are 
al
ulatedfor zero amplitude parti
les. For beam-wire separationsgreater than 6 σ, the large amplitude parti
les experi-en
e a detuning and shift mainly from the wire while thetune shift of small amplitude parti
les is dominated bythe head-on 
ollisions.In our simulations, parti
le tunes are 
al
ulated witha Hanning �lter applied to an fast-Fourier transform ofparti
le 
oordinates found from tra
king. Figure 2 (a)
ompares the analyti
al expression in Eq. 4 with thetune shift from tra
king and averaged over a Gaussiandistribution of parti
les. The 
hanges in the transversetune as a fun
tion of the beam-wire verti
al separationdistan
e in units of σy is in good agreement with the an-alyti
 relation Eq. 4. The relative di�eren
e in verti
al

(a)
(b)Figure 2: Plots of tune shift dependen
e on the wireseparation distan
e: (a) simulation and (b)measurement [7℄. Data sets are obtained at gold beamat store energy.tune shift between the simulation and theory is ≈ 10%at dy = 7 σ, whi
h stems from our usage of the 
entroidto 
al
ulate the tune shift and not the zero amplitudeparti
le. The measured tune shifts in the re
ent exper-iments are 
ompared with the analyti
al values in Fig.2(b). These show that measurements and simulationsalso agree.The tune footprint also provides useful information es-pe
ially on the 
hoi
e of working point and in �nding theresonan
es spanned by the beam distribution. Figure 3shows tune footprints from tra
king single parti
les with
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(a)

(b)Figure 3: Plots of tune footprints for (a) gold beam and(b) deuteron beam at store energy. The no-wire 
asein
ludes sextupoles, IR multipoles, and head-on
ollisions. The wire 
urrent is 50A and wire-beamseparation distan
e sets to 7σ. Blue and 
yan linesstand for 9th and 12th order resonan
es respe
tively.initial amplitudes in the range 0-4 σx,y for two 
ases:without the wire and with the wire powered at 125 Amand 7σ verti
al separation from the beam. Comparingthe two footprints without and with the wire, we observethat the horizontal tune shift due to the wire is di�erentfrom the verti
al one. The ratio of horizontal to verti
altune shifts is, for example, ∆νx/∆νy = 2.8 for the goldbeam, as shown in Fig. 3 (a), whi
h agrees well with theratio of beta fun
tions at the wire. We observe that thewidth of the footprint is wider at large amplitude dueto its dependen
e on the separation distan
e between atarget parti
le and the wire. The wire alone 
auses thehorizontal tune spread, for example, at 4 σ amplitude tobe 10 times larger than for the no wire 
ase. Chara
teris-ti
s of tune footprints of the deuteron beam, seen in Fig.3 (b), are similar to that of the gold beam. However, the�nal tunes of the deuteron beam due to the wire is 
loserto the diagonal than the gold beam tunes due to thedi�eren
e of their nominal tunes. Both the 9th and 12thorder resonan
es are spanned by the gold beam while thedeuteron beam is free from these resonan
es. The tuneshifts are slightly larger for the deuteron beam than the

(a)

(b)Figure 4: Plot of frequen
y di�usion map of betatrontunes (a) without and (b) with wire for gold beam at
ollision energy. Wire strength is 125 Am, andwire-beam separation is 7σ. The tune 
hange islogarithmi
ally s
aled by log
√

∆ν2
x + ∆ν2

y .gold beam be
ause of the di�eren
e of beta fun
tions andbeam sizes. B. Frequen
y di�usionWe have 
al
ulated frequen
y di�usion maps as an-other way to investigate the e�e
ts of a 
urrent 
arryingwire. The map represents the variation of the betatrontunes over two su

essive sets of the tunes [19℄: The vari-ation 
an be quanti�ed by d = log
√

∆ν2
x + ∆ν2

y , where
∆νx = ν

(2)
x − ν

(1)
x is the horizontal tune variation, in thesimulations, between the �rst set of 1024 turns and thenext set of 1024 turns, and ∆νy = ν

(2)
y − ν

(1)
y . If thetunes (ν(1)

x , ν
(1)
y

) are di�erent from (ν(2)
x , ν

(2)
y

), the par-ti
le's orbit di�uses. A large tune variation is generallyan indi
ator of redu
ed stability.Figure 4 shows the frequen
y di�usion map of the be-tatron tune for the gold beam at 
ollision energy and thein�uen
e of the wire on the map. The 
olor s
ale shown
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(a)

(b)Figure 5: Plot of frequen
y di�usion map of betatrontunes (a) without and (b) with wire for deuteron beamat 
ollision energy. Wire strength is 125 Am, andwire-beam separation is 7 σ. The tune 
hange islogarithmi
ally s
aled by log
√

∆ν2
x + ∆ν2

y .on the right of ea
h map gives a quantitative measure ofthe di�usion: red 
olor 
orresponds to larger di�usion,and blue 
olor represents less di�usion. In Fig. 4 wedire
tly see the lines 
onne
ted to resonan
es. The wirein
reases the detuning of betatron tune and makes theparti
le motions more 
haoti
 at amplitude beyond 3 σ.The stability boundary is shrunk further. The di�usionmap, Fig. 5 (a), of the deuteron beam without the wireshows mostly stable motion and only a small region withappre
iable di�usion. It doesn't show the tra
es of res-onan
es and looks quite di�erent from that of the goldbeam. This is to be expe
ted sin
e the resonan
es span-ning the footprint of the deuteron beam are only 12thorder. However, the wire 
hanges the di�usion map sig-ni�
antly, as is evident in Fig. 5 (b). While the regionof high di�usion for the gold beam is distributed at largeamplitudes, the regions with large di�usion are observedeven at small amplitudes with the deuteron beam. Thered �tongues� even extend to parti
les in the 
ore, e.g.to parti
les at 0.5 σ. This is to be 
ontrasted with thetune footprint in Fig 3 whi
h shows that no resonan
esbelow 12th order are spanned by the beam distribution.

In later se
tions we will dis
uss the 
orrelation of thesefrequen
y di�usion maps with the dynami
 aperture andloss rates. C. Dynami
 ApertureMagnet nonlinearities and beam-beam intera
tionslimit the dynami
 aperture. The dynami
 aperture quan-ti�es detrimental e�e
ts of nonlinearities and 
an be 
al-
ulated relatively qui
kly. The dynami
 aperture of ana

elerator is de�ned as the largest radial amplitude ofparti
les that survive up to a 
ertain time interval; inthis simulation, we 
hoose 106 turns for both inje
tionand 
ollision whi
h 
orresponds to 13 se
onds 
ir
ulationtime in RHIC. It is, for example, only about 10% of theRHIC inje
tion period for ions. We examined the depen-den
e of the aperture on the number of turns by 
al
u-lating it for 104 − 107 turns and found that the dynami
aperture stays nearly 
onstant after 106 turns.We have seen that a wire has a signi�
ant impa
t onthe tune shift and tune spread, for example, the tune shiftdue to 125 Am wire strength is 0.005 at 7 σ separation.The signi�
ant in
rease of the frequen
y di�usion dueto the wire implies that the motion of parti
les be
omesmore 
haoti
 at large amplitudes. Hen
e we 
an expe
tthat a wire will also have a signi�
ant impa
t on thedynami
 aperture.At inje
tion energy the simulation model for dynami
aperture 
al
ulations in
ludes sextupoles, transverse 
ou-pling, as well as the nonlinearity due to the wire. At 
olli-sion energy, the nonlinearities due to the multipoles in theIR quadrupoles are added and the head-on beam-beamintera
tions. Parti
les are distributed uniformly over thetransverse planes with amplitudes 0-15 σ. The linear
hromati
ity is set (ξx, ξy) = (+2, +2). Sin
e non-zero
hromati
ity in
reases the momentum dependent tunespread, the o�-momentum parti
les 
ross more betatronresonan
es during syn
hrotron os
illations. The plots inFig. 6 show the dynami
 aperture for the gold beam atinje
tion energy, the gold beam at 
ollision energy andthe deuteron beam at 
ollision energy respe
tively. Plots(a) and (b) in Fig. 6 show that nonlinearities of theIR triplets play a major role in determining the stabilityboundary. When the ele
tromagneti
 for
e due to thewire is not present, the boundary at inje
tion energy isat 15 σ while this boundary at 
ollision energy falls to 7 σprimarily due to the IR multipole errors. The e�e
t of thehead-on beam-beam 
ollisions on the dynami
 aperture isnegligible over our simulation period sin
e the head-on in-tera
tions do not transport parti
les to large amplitudes.Sextupoles have only a small impa
t at 
ollision energysin
e their strengths are relatively small 
ompared to theIR multipole strengths. The stability boundaries are ap-proximately 
ir
ular, but the wire distorts the boundariesnear the verti
al plane sin
e the beam-wire separation isentirely in the verti
al plane. The dynami
 aperture nearthe verti
al plane de
reases 
onsiderably as the wire ap-
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(a) (b) (
)Figure 6: Plots of dynami
 aperture a

ording to wire separation distan
e: (a) gold beam inje
tion energy, (b) goldbeam 
ollision energy, and (
) deuteron beam 
ollision energy. The wire strength is set 125 Am.proa
hes the beam. The stability boundary along theverti
al plane is dire
tly proportional to the wire sepa-ration while along the horizontal plane, the boundary isnearly independent of the separation. The di�eren
e inthe dynami
 aperture between the deuteron beam andthe gold beam at 
ollision energies is approximately 1 σwhen the wire is not present. This 
an be understoodfrom the di�eren
e in resonan
es spanning between bothbeams mentioned in the previous se
tion. With the wirepowered, the dynami
 aperture in the two 
ases is nearlythe same.We now turn to tune s
ans of the dynami
 aperture.One of the key parameters for ma
hine operation is theworking point. The sear
h for a working point with agood beam lifetime and high luminosity is always a ma-jor issue. Sin
e the dynami
 aperture be
omes smallerwhen the betatron tune of beam parti
les is on or a
rossresonan
es, the tune diagram is often a useful indi
atorof single parti
le stability. In the simulations, the tunes
ans are performed with in
rements of ∆ν = 0.01 inthe two transverse dire
tions. At ea
h set of the tunes
an, we load identi
al distributions in order to avoid theun
ertainties due to di�erent distribution and beam sizeredu
tion from the previous tune.Figure 7 shows the 
ontour plots of dynami
 aperturesover transverse tunes for two di�erent wire separationsfor gold inje
tion energy. Red indi
ates low dynami
apertures around 3 σ while blue indi
ates high dynami
apertures around 11 σ. It is found that at all wire sep-arations, the largest dynami
 apertures are distributedalong a band parallel to the diagonal, i.e., νx−νy ≃ 0.02.On the other hand, the zone along νx − νy ≃ 0.03 hasthe smallest dynami
 apertures at all separations. Thiss
an indi
ates that the nominal tune (28.230, 29.216) is
lose to optimal. Furthermore, a sharper drop in dynami
aperture is observed near the 5th resonan
es than at otherresonan
es as the separation de
reases from 8 σ to 4 σ.Figure 8 shows the dynami
 apertures over transversetunes for gold 
ollision energy. Here red stands for 5 σ

while blue for 11 σ. Sin
e the IR multipoles 
ause a largedrop in dynami
 aperture at 
ollision energy and the wirehas a relatively smaller e�e
t, we ex
lude the IR multi-pole errors in order to see the e�e
t of the wire alone.As expe
ted, the smallest dynami
 aperture is observednear 4th and 5th resonan
es. At all wire separations, thelargest dynami
 apertures are distributed nearly alongthe diagonal between νx = 0.21 and νx = 0.24. The ef-fe
t of the wire on the dynami
 aperture of the deuteronbeam is presented in Fig. 9. It is 
lear that the re-du
tion of the dynami
 aperture is dominant near 4thresonan
e. A notable variation is seen near a 
ir
ularband, i.e., ν2
x + ν2

y ≃ 0.212, when the beam-wire separa-tion is small, while the 
ir
ular band is not dete
ted inthe gold beam. Indeed, the large stability boundary isdistributed all over the tune spa
e ex
ept the parti
ularbands. Sin
e the wire ki
k at a large separation is equiv-alent to long-range beam-beam intera
tion, these s
ans
an be interpreted as showing the e�e
ts of a long-rangeintera
tion at di�erent tunes.D. Beam Transfer Fun
tionsThe beam transfer fun
tion (BTF) is de�ned as thebeam response to a small external longitudinal or trans-verse ex
itation at a given frequen
y. BTF diagnosti
sare widely employed in modern storage rings due to itsnon-destru
tive nature. The beam response is observedusually in a downstream pi
kup while either a striplineki
ker or RF 
avity ex
ites the betatron or syn
hrotronos
illation over the tune spe
trum. The fundamental ap-pli
ations of BTF are to measure the transverse tuneand tune distribution by ex
iting betatron os
illation, toanalyze the beam stability limits, and to determine theimpedan
e 
hara
teristi
s of the 
hamber wall and feed-ba
k system [20�22℄. Sin
e this is one of the observablesin RHIC, we 
al
ulate the BTF to ben
hmark anotheroutput from the 
ode against measurements.
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(a)

(b)Figure 7: Tune s
an of dynami
 aperture at goldinje
tion energy: (a) dy = 7.8σ and (b) dy = 3.8σ.Working point (28.230, 29.216) is plotted as a white dot.Red indi
ates low dynami
 apertures while blueindi
ates high dynami
 apertures. The unit of dynami
aperture is σ.Figure 10 presents the beam transfer fun
tionsfor deuteron 
ollision energy and nominal tune
(28.228, 29.225) obtained by applying a sinusoidal driv-ing for
e to a beam in transverse plane and tra
king theex
ited parti
les over 1024 turns at ea
h ex
itation fre-quen
y of the ki
ker. The driving frequen
y is swept from
(n + 0.21)frev to (n + 0.24) frev in steps of 2×10−3frev,where n is the integer tune and frev the revolution fre-quen
y whi
h are listed in Table I. Through this fre-quen
y s
an, we 
ompute the amplitude of beam responseand its phase. However, as the ex
itation strength is in-
reased, it is observed that the response 
urves are dif-ferent a

ording to the dire
tion of the frequen
y sweep,i.e., downward or upward [23, 24℄. The driving amplitudeshould be applied as low as the response 
an be dete
ted.In the simulations, the driving amplitude is 
hosen as
10−4 σx′ ,y′ , where σx′ ,y′ are the transverse rms slopes.Besides, the response pro�le is a�e
ted by the sweepingrate. A relaxation time needs therefore to be applied justbefore starting the evaluation of beam transfer fun
tionat ea
h su

essive driving frequen
y, be
ause the dire
-

(a)

(b)Figure 8: Tune s
an of dynami
 aperture at gold
ollision energy: (a) dy = 8 σ and (b) dy = 6 σ.Working point (28.220, 29.231) is plotted as a white dot.Red indi
ates low dynami
 apertures while blueindi
ates high dynami
 apertures. The unit of dynami
aperture is σ.tional dependen
e of the response amplitude may be dueto the remnants of nonlinear os
illations driven by for-mer ex
itations. In order to avoid the un
ertainty, wereload fresh parti
les with distribution identi
al to theinitial one.The response 
urve reveals two peaks, as shown in Fig.10 (a) and (b): One peak is 
lose to 0.230 whi
h is thehorizontal tune, and the other is 0.225 whi
h is the verti-
al tune. The amplitude is in arbitrary units and normal-ized by the peak amplitude. We observe signs of trans-verse 
oupling in these BTFs, the verti
al tune showsup as a lower peak in the horizontal BTF and similarlythe horizontal tune appears in the verti
al BTF. It is
lear that due to resonan
e with the external for
e, thebetatron amplitude of parti
les grows when the drivingfrequen
y is 
lose to the betatron frequen
y. However,we observe valleys in the response at νd = 0.226 and
νd = 0.228 for both horizontal and verti
al amplitudes.They are lo
ated at the resonan
e line of order 9, andmay stem from the detuning of parti
les away from theresonan
e. For a sinusoidal driving for
e, the phase of
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(a)

(b)Figure 9: Tune s
an of dynami
 aperture at deuteron
ollision energy: (a) dy = 8 σ and (b) dy = 6 σ.Working point (28.235, 29.225) is plotted as a white dot.Red indi
ates low dynami
 apertures while blueindi
ates high dynami
 apertures. The unit of dynami
aperture is σ.the beam transfer fun
tion 
hange its sign through theresonan
e frequen
y [25℄. Sin
e the simulation does nota

ount for the phase 
hange due to 
able delays betweenthe pi
kup and the network analyzer, the absolute phaseswill not agree between simulations and measurements.We 
an however expe
t a similar phase variation a
rossthe resonan
e. Both simulation and measurement resultsshow the �ip of the phase angle as shown in Fig. 10 (
)and (d). The small di�eren
es in the zero 
rossing phaseand the di�eren
es in peak lo
ations of the amplitudesbetween simulation and measurement are likely due tothe external impedan
es and the nonlinearities not in-
luded in the simulation.The in�uen
e of the 
urrent 
arrying wire to the beamtransfer fun
tion is presented through the 
omparison ofFig. 11 whi
h shows the beam amplitude and phase re-sponse obtained without the wire and with the wire pow-ered at 50A and at two separations in a deuteron beamstudy. The shift of a peak lo
ation of the amplitude in-
reases as the wire separation de
reases while the widthof the amplitude response widens, as shown in Fig. 11 (a)

and as expe
ted from the in
rease in the size of the tunespread. The wire with 10 σ and 8 σ separations shifts thepeak lo
ation of the horizontal response by 3.4×10−3 and
4.1× 10−3 respe
tively, whi
h are equivalent to the tuneshift of zero amplitude parti
les. As shown in Fig. 11(
), the wire moves the phase pro�le leftward 
ommensu-rately with the shift of the amplitude. The BTF response
ontains a wealth of information about the beam, a de-tailed analysis of measured and simulated BTFs is left toa subsequent publi
ation.E. Di�usion Coe�
ientsWe have 
al
ulated the beam di�usion due to non-linear parti
le dynami
s whi
h in
ludes the nonlinearitiesfrom the ma
hine itself, the head-on beam-beam intera
-tions, and the 
urrent 
arrying wire. Growth of parti-
le amplitudes may be des
ribed by a di�usion in a
tionvariables. The di�usion 
oe�
ients 
an 
hara
terize thee�e
ts of the nonlinearities present in the a

elerator,and 
an be used to �nd numeri
al solutions of a di�usionequation [26℄. The solutions yield the time evolution ofthe beam density distribution fun
tion for a given set ofma
hine and beam parameters. This te
hnique enablesus to follow the beam intensity and emittan
e growth forthe duration of a luminosity store, something that is notfeasible with dire
t parti
le tra
king. Here we will fo-
us only the 
al
ulation of the di�usion 
oe�
ients and
ompare them with past measurements in RHIC.The transverse di�usion 
oe�
ients 
an be 
al
ulatednumeri
ally from

Dij (ai, aj) =
1

N
〈(Ji(ai, N) − Ji(ai, 0))

(Jj(aj , N) − Jj(aj , 0))〉 ,
(5)where Ji (ai, 0) is the initial a
tion at an amplitude ai,

Ji (ai, N) the a
tion at an amplitude ai after N turns,
〈〉 the average over simulation parti
les, and (i, j) arethe horizontal x or the verti
al y 
oordinates. Equation(5) is averaged over a 
ertain number of turns to elim-inate the �u
tuation in a
tion due to the phase spa
estru
ture, e.g. resonan
e islands. In the simulations, thetra
king 
ode evaluates the di�usion 
oe�
ients in two-dimensional a
tion spa
e with the boundary determinedby the dynami
 aperture obtained in the previous se
tion.We load the initial parti
le distribution whi
h is built byusing 100 parti
les pla
ed at the same transverse a
tion.The tra
king is performed for 106 turns. The di�usion
oe�
ient is averaged every 104 turns at whi
h the 
o-e�
ient approa
hes approximately the asymptoti
 limit.The above pro
ess is performed over the transverse a
tionspa
e with the boundary typi
ally set at an amplitude of7 σ.Figure 12 presents the 
ontour plot of the horizontaland verti
al 
omponents of the di�usion 
oe�
ients forthe gold beam at 
ollision energy. In these plots we ob-
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(a) (b)

(
) (d)Figure 10: Amplitude of (a) horizontal and (b) verti
al beam transfer fun
tions, and phase angle of (
) horizontaland (d) verti
al BTF for deuteron beam. The amplitude is in arbitrary units, and the phase angle is in degree. Thewire strength is 125 Am.serve that the di�usion 
oe�
ients have angular depen-den
e. The horizontal di�usion Dxx depends stronglyupon the horizontal a
tion Jx while its dependen
e onthe verti
al a
tion is weak. Similarly the verti
al di�u-sion Dyy depends primarily on the verti
al a
tion. Thedi�usion 
oe�
ients s
ale exponentially with initial a
-tions, spe
ially at small a
tions, in both horizontal andverti
al dire
tions but at very di�erent rates in ea
h di-re
tion. A single exponential �t does not however su�
ebut a 
ombination of at least two di�erent exponentialsis required to des
ribe the growth of the di�usion 
oe�-
ients from the origin to the dynami
 aperture.
Figure 13 shows the di�usion 
oe�
ients for threeRHIC situations: gold beam at store, deuteron beamat store, and proton beam at store. The 
oe�
ients areplotted at the a
tion J =

√

J2
x + J2

y after averaging themat the same a
tion and are 
ompared with the measure-ments obtained by �tting the time-dependent loss rateafter moving a 
ollimator into and out from the beam[27℄. The loss rate due to the movement of the 
ollima-

tor 
an be des
ribed by [28℄
Ṅ (1) (t) = a0

(

1 +
∆z√

πR (t − t0)

)

+ a1,

Ṅ (2) (t) = a0erf
( ∆z√
πR (t − t0)

)

+ a1,

(6)where the supers
ript (1) and (2) stands for the inwardand outward movement of the 
ollimator, ∆z the 
hangein z due to the 
ollimator movement, R the di�usion 
oef-�
ient, and a0 and a1 are 
onstants. The di�usion 
oe�-
ient R 
an be obtained dire
tly from the �t of measuredloss rates. In Fig. 13, the verti
al axis is a logarith-mi
 s
ale. It should be noted that dependen
e of dif-fusion 
oe�
ients on the initial a
tion is exponential atsmall amplitudes and power law like at larger amplitudes.However, sin
e the measured 
oe�
ients are �tted by apower law, i.e. D ∼ Jn, they agree with simulations onlyat large a
tions. Sin
e the 
ollimators were not movedinto the beam 
ore, the di�usion 
oe�
ients were notmeasured at small a
tions. Conversely it is di�
ult to
al
ulate the 
oe�
ients in simulations at large a
tionbe
ause some of the parti
les are lost qui
kly. The ef-fe
ts of wire on di�usion 
oe�
ients are 
onsiderable atall a
tion amplitudes, as shown in Fig. 13. For exam-



11

(a) (b)

(
) (d)Figure 11: Amplitude of (a) horizontal and (b) verti
al beam transfer fun
tions, and phase angle of (
) horizontaland (d) verti
al BTF for deuteron beam. The amplitude is in arbitrary units, and the phase angle is in degree. Thewire 
urrent is set 50A. The separation is in unit of rms beam size at wire lo
ation.ple, the di�usion 
oe�
ient at 3 σ amplitude be
omes20 times larger when the wire with strength 125 Am andseparation dy = 8 σ is applied. First we observe thatthe relative in
rease of di�usion 
oe�
ients at below 3 σamplitude for the deuteron beam is higher than that forthe gold beam. In general the di�usion pro
ess dependson the parti
le motion in phase spa
e and the resonan
estru
ture due to the nonlinearities. The di�eren
es intunes 
hange the 
ross-talk between the di�erent non-linearities as well as the resonan
e driving terms whi
hare likely to be responsible for the di�eren
es in di�u-sion. The enhan
ed di�usion at near 3 σ amplitude forthe deuteron beam leads to signi�
ant in
rease of parti-
le loss under the simulation 
onditions (see the followingse
tion).F. Beam losses as a fun
tion of wire-beamseparationThe beam lifetime in RHIC is determined by the in-elasti
 intera
tions and beam-beam intera
tions when thebeams are in 
ollision as well as nonlinearities of ma
hineelements, intra-beam s
attering and residual gas s
atter-ing. In this se
tion we will fo
us on the impa
t of the

wire on the beam loss rates as the beam-wire separationis 
hanged. In this study, the initial beam distribution isa hollow Gaussian in transverse phase spa
e and a normalGaussian in longitudinal phase spa
e. The initial trans-verse beam sizes are obtained from the RHIC opti
s andtypi
al initial emittan
es while the bun
h length is takenfrom measured values.The tra
king is done with 5 × 103 ma
roparti
les, and
arried out over 107 turns for ea
h wire separation. Theloss rates are estimated from the asymptoti
 limit by ex-trapolating the simulated loss rate from 107 turns to in-�nity as shown in Fig. 14. It is observed that in thebeginning of the simulation, the loss rate de
reases expo-nentially rapidly and then approa
hes a 
onstant rate atlater times. We apply, therefore, an exponential de
ay �t,i.e., ae−t/τ + b, to the loss rate data between 4× 106 and
1× 107 turns. The asymptoti
 loss rate is the parameter
b. Figure 15 plots the asymptoti
 beam loss rate due tothe wire as a fun
tion of beam-wire separation distan
efor the 
ase of Table I. For the gold inje
tion energystudy, we in
lude the 
hromati
ity 
orre
ting sextupoles,
hromati
ity set to two units, and the wire. It 
an be seenin Fig. 6 (a) that the ele
tromagneti
 for
e of the wirede
reases the dynami
 aperture signi�
antly 
ompared to
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(a)

(b)Figure 12: Contour plot of (a) the horizontal di�usion
oe�
ient Dxx and (b) the verti
al di�usion 
oe�
ient
Dyy for gold beam at 
ollision energy. The 
oe�
ientsare 
al
ulated at the Blue ring. The 
olor assignment islogarithmi
ally s
aled in the plots.the 
ase when the wire is not present. The parti
le lossrate of the beam shows a sharp in
rease wire separationssmaller than 8 σ.For the 
ollision energy simulations, we in
lude thenonlinear �eld errors in the triplets, the head-on beam-beam intera
tions, and the nonlinearities in the inje
-tion energy study. The onset of beam losses, seen inFig. 15 (b) and (
), is observed at 8 σ and 9 σ forgold and deuteron beams respe
tively. In all three 
ases,the threshold separation for the onset of sharp losses ob-served in the measurements and simulations agree to bet-ter than 1 σ. It is also signi�
ant that the simulated lossrates at 7 and 8 σ separation for the gold beam and 8and 9 σ for the deuteron beam are very 
lose to the mea-sured loss rates. At �xed separation, the wire 
ausesa mu
h higher beam loss with the deuteron beam thanwith the gold beam. For example, the loss-rate for thegold beam at a 8 σ separation is about 10 %/hr whilefor the deuteron beam the loss rate is about an order ofmagnitude higher both in measurements and simulation.This di�eren
e is not re�e
ted in the dynami
 apertures,shown in Figure 6, whi
h are about the same for the two

(a)

(b)

(
)Figure 13: Plot of di�usion 
oe�
ients of (a) gold, (b)deuteron, and (
) proton stores of RHIC. The
oe�
ients are 
al
ulated at the Blue ring. Thewire-beam separation distan
e is 8 σ at a wire lo
ation.The 
oe�
ients were measured and �tted in stores inprevious years [27℄.
ases at the same beam-wire separation. Nor is this dif-feren
e 
orrelated to the tune footprint and the resonan
elines, seen in Fig. 3, where the footprint for the deuteronbeam is free of resonan
e lines lower than the 12th whilethe gold footprint is spanned by the 9th and 12th orderresonan
es. However the frequen
y di�usion maps withthe wire, seen in Fig. 4 and Fig. 5, show greater dif-fusion in the deuteron 
ase than in the gold 
ase. This
orrelation of the frequen
y di�usion maps with the lossrates observed here deserves to be studied more deeply
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Figure 14: Plot of the variation of loss rate versus thenumber of tra
king turns. The loss rate is estimatedfrom the asymptoti
 value of the exponential de
ay �t,i.e., ae−t/τ + b.gold beam deuteronbeaminje
tion storeMeasurement -5.2 -7.3 -9.4Simulation -14.2 -11.9 -11.2Table II: Dependen
e of loss rate on the beam-wireseparation: The loss rates are �tted to τ ∝ dα
y , where dyis the separation, and the power α is listed on the table.and tested for validity in other a

elerators. The a
tiondi�usion seen in Fig. 13 is also larger in the deuteronbeam than the gold beam at small amplitudes by one totwo orders of magnitude. Thus both frequen
y and a
-tion di�usion seem to be better 
orrelated with loss ratesthan the traditional short term indi
ators like footprintsand dynami
 aperture.Changing the beam-wire separation 
hanges severalparameters in
luding the tunes, the tune spread, the res-onan
e driving terms et
. The wire separation alone 
an-not des
ribe the 
hange in the dynami
s that in�uen
esthe loss rates. Nonetheless the loss rates seen in Fig. 15
an be �tted to a power law in the separation. The re-sults for the three 
ases for the measurements and simu-lations are shown in Table II. The simulations have stud-ied smaller separations than would be pra
ti
al in RHIC -the large loss rates seen at the smallest separation wouldhave quen
hed the ma
hine. However, the simulationsshow the steep 
limb in the loss rate beyond a thresh-old separation and 
onsequently will have a higher powerlaw behavior. The power law at inje
tion is somewhathigher than at 
ollision but the power laws for gold anddeuteron beams are very 
lose despite the large di�eren
ein loss rates. We expe
t that the power laws depends onthe details of the ma
hine and not to be universal. Infa
t di�erent power laws have been reported for the SPSand the Tevatron [8, 29, 30℄.

(a)

(b)

(
)Figure 15: Comparison of the simulated beam loss rateswith the measured as a fun
tion of separations. (a) goldbeam at inje
tion energy, (b) gold beam at 
ollisionenergy, (
) deuteron beam at 
ollision energy. Wirestrength is 125 Am.V. SUMMARYIn order to study the e�e
ts of the ma
hine nonlinear-ities and the beam-beam intera
tions, in
luding stronglo
alized long-range beam-beam intera
tions, we have de-veloped a six-dimensional weak-strong 
ode BBSIMC. Ma-
hine nonlinearities, beam-beam 
ollisions and the �eldof a 
urrent 
arrying wire 
an be in
luded in the model.We have studied the e�e
ts of the wire on the beamdynami
s in three di�erent 
ases: gold beam at inje
tion,



14gold beam at store, and deuteron beam at store. Resultsshow that the betatron tune 
hange due to the wire iswell tra
ked by the simulation, and that the stability ofparti
le motion is strongly in�uen
ed by the wire whi
h
auses a signi�
ant in
rease in tune spread and di�usionfor both gold and deuteron beam. Tune di�usion with thegold beam and the wire is appre
iable only at amplitudeslarger than 2 σ while the tune di�usion with the deuteronbeam and the wire is signi�
antly larger extending to thebeam 
ore at amplitudes down to 0.5 σ.At inje
tion energy, the dynami
 aperture is largelydetermined by the wire, while the wire and the IR mul-tipoles have a major impa
t on the stability boundary at
ollision. With the beam-wire separation only along theverti
al axis, it is found that the stability boundary nearthe verti
al axis is linearly proportional to the beam-wireseparation. We observe, from the tune s
an of dynami
aperture, that at inje
tion the largest and the smallestdynami
 apertures are distributed along a band parallelto the zone along νx−νy ≃ 0.02 and νx−νy ≃ 0.03 respe
-tively at all wire separations while at 
ollision the largestdynami
 apertures are distributed nearly along the diag-onal between νx = 0.21 and νx = 0.24. By modeling thestripline ki
ker we obtain the amplitude and phase angleof the transverse BTF. Results show that the betatrontune is well identi�ed by the simulation, and that thewire 
hanges 
hara
teristi
s of the beam response signif-i
antly in the horizontal plane, similar to the result forthe tune shift.In simulations the wire enhan
es the di�usion. This ef-fe
ts is parti
ularly pronoun
ed in the plane of the wire,and at amplitudes of about 3 σ, where the wire 
an in-
rease the di�usion rate by more than an order of mag-nitude. The a
tion di�usion for the deuteron beam islarger than for the gold beam, similar to the result forfrequen
y di�usion. Simulations of the beam loss rate

when the wire is present are in good agreement with theexperimental observations. The threshold separation atwhi
h there is a sharp rise in the loss rates agree to bet-ter than 1 σ. The loss rates with the deuteron beamare found in measurements and simulations to be nearlyan order of magnitude higher than with the gold beam.Comparisons of tune footprints and dynami
 aperturesof these two 
ases show no indi
ation that the loss ratesmay be higher with the deuteron beam and in fa
t thetune footprint with the deuteron beam is free of low orderresonan
es. However frequen
y di�usion and a
tion dif-fusion with the deuteron beam are substantially higherthan with the gold beam implying that these di�usionmeasures may be better indi
ators of loss rates.In this paper simulation results of the beam-wire in-tera
tions were 
ompared with measurements taken whenthe long-range beam-beam intera
tions were not present.It is expe
ted that 
ompensation of parasiti
 intera
tionsusing the wires will be tested during the RHIC run in2009. We plan to 
ompare simulations with these forth-
oming experimental results and also to determine thee�e
tiveness of the 
ompensation of long-range intera
-tions in the LHC. A
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