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Abstract The results from the HERA experiments open up a rich

The HERA electron-proton collider at Hamburg German)fuwre physics programme. It is therefore highly desirable

designed for collisions of 820 GeV protons with 30 Ge\/to produce luminosity in excess of what the present design
can deliver. Therefore, plans are underway to rebuild the

electrons is now in its 6th year of operation. It delivers™™ . "~ ) . .
luminosity for the colliding beam detectors H1 and ZEUSCOH'der interaction regions (IR) to allow stronger focusing

and longitudinally polarized positrons for the internal targe?]c both beams.
experiment HERMES. HERA is operated close to the de-
sign luminosity with peak values @f2 x 103Lem —2sec—1. 2 HERALUMINOSITY OPERATION

While the beam currents still fall short of eXpeCtat'onsHERAIuminosityoperation has made steady progress. The

Machine is now operated close to design conditions. Since
3994 HERA has been operated with 27.5 GeV positrons
hich collide with 820 GeV protons. At this point the peak

minosity is1.2 x 103'em™2sec™!, the number of pro-

tightly at the interaction points at the expense of usin
up most of the margins on aperture, chromaticity an
beam-beam tuneshift. In 1996, an integrated luminosity c}%
J Ldt = 17.2pb~! has been delivered. Despite the strong o per bunch is up t6 x 10'°, the total beam current
beam-beam interactions, the degree of longitudinal pola([_’)—]c '

o . i 4 the positrons reaches values of up to 44 mA. The nor-
- 0
L}z)fgg);:; the positron beam is, with (50-60)%, larger than alized emittance of the p-beam is in the order qfrd

. .. .in collisions. The beam-beam tune shift of the positrons
Despite the good results of HERA, more luminosity is P

. . of Avy. ~ 0.03 exceeds already the design value by a
negded for the physics program in . ngxt d_ecade. Prg Setor of 1.5. While the beam currents quoted above are
rations are underway to increase the luminosity by rebuil

ing the | ) y With tional till below expectations, the matched beam cross section at
Ior:‘gmae ncévtvf :tnsseerelr?gslto ble ug;;g;/eer:(ﬁrr]‘irgss\f\;tiﬁ:slthe interaction point is reduced by more than a factor com-

_mag : . b Hared to the design value. Thus high luminosity in HERA
minosity substantially. The expected valuedsg..; =

N S A is achieved by cutting into the margins of aperture, chro-
;fs;;r}(\)/alﬁrg sec” which is five times larger than the | e of the protons and of beam-beam tune-shift of the

leptons.

Great progress has been made in the last two years on

1 INTRODUCTION overall reliability. In 1997, HERA is delivering luminos-

The HERA collider[1] for 820 GeV protons (p-beam) andity to the experiments for nearly 50% of the scheduled
30 GeV electrons or positrons (e-beam) in Hamburg is tHgme. The minimum time needed to re-inject, to acceler-
only high-energy accelerator in which two completely dif-ate and to tune the two beams amounts to about 20% of the
ferent species of particles are brought into collision. Th&cheduled time. The remaining 30% are still needed at this
double ring collider has a length of 6.3 km. The protorpoint for optimizations or recovery from failures. The re-
ring has a superconducting magnet structure with 4.6 §ent progress is the result of preventive maintenance on the
magnets. The electron ring has conventional magnets bwore than thousand magnet power supplies[3] and regular
needs, besides 84 room temperature rf cavities, a supercé@eonditioning of the superconducting rf cavities. Further-
ducting cavity system to reach at the current top-energy ofiore a large effort is underway to store accelerator data in
27.5 GeV. HERA has two interaction regions for the collidcircular buffers to ease trouble shooting on the numerous
ing beam experiments H1 and ZEUS. In addition it hostsomponents[2].
two fixed target experiments, the gas target experimentIn 1996, HERA delivered an integrated luminosity of
HERMES which needs a longitudinally polarized electrori7.2 pb~! to the colliding beam experiments H1 and
or positron beam and the new HERA-B experiment whickEUS. At present, luminosity is produced at a monthly rate
is going to analyze the interactions of halo protons with af 4.5 pb~!. The continuous improvement of HERA oper-
wire target. ations is reflected in Fig. 1 which shows the integrated lu-

The collider has been providing luminosity for more tharminosity versus the running time for the years 1992-1997.
five years now. It is operated close to the design values Since 1995, the HERMES experiment investigates the
for luminosity and spin polarization. The recent incorporareactions of high energy longitudinally spin-polarized
tion of the HERA-B target operation in HERA operationspositrons with a polarized gas target. HERA has a pair
was a success. At this point four different experiments witbf spin rotator magnets installed around the experiment,
very different demands on the accelerator performance andich rotate the vertically oriented spin into the longitu-
running simultaneously without much detrimental interferdinal direction and back into the vertical direction. The
ence. polarization is usually between 50% and 60% in routine
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effect. This leads however to unsatisfactory lifetime due to

T 'T'ESA “U”?‘“‘OS"W ‘1 9?2T97 . increased pressure of desorbed gas. It has been attempted
o 717 to drive out trapped particles by kicking the beam. This
o 16t s {16 provides relief only for a period of several minutes. Then
> o [ {15 the lifetime breaks down again. BPM monitors have been
s 1‘3‘: :1; used as clearing electrodes. But this did not solve the prob-
Sl 1o lem. The last attempt to resolve the problem, without major
g 1} 19064 111 changes in the pumping system, was to equip all integrated
= o B Y AR I pumps with pre-resistors &f M/Q. This did not improve

o 9 9 the situation.

g In the winter shutdown period 1995-1996, @an120 m

o long section of HERA has been equipped with passive non-
C

evaporating getter pumps (NEG[8]). These pumps have
been operated without any problems in the 1996 and 1997
luminosity operation. Pumping speed and required gener-
ation are within expectations. Experiments with electron
beams indicate, that in this vacuum section, the local beam
Mar Apr May Jun Jul Aug Sep Oct Nov losses due to bremsstrahlung events have been drastically
reduced after the NEG pumps have been installed. Electron
Figure 1: Accumulation of HERA Luminosities 1992-1997P€am experiments with all getter pumps turned off have
been performed in December 1996. They seem also to in-
. dicate that the lifetime degradation is removed if there are
operation. Peak values of up to 70% have been observeg, getter pumps present and electrons behave the same as
The polarization is remarkably stable. Major tuning W'thpositrons. Therefore, the pumping system in the HERA e-

harmonic orbit bumps[7] is performed only once or tWicering is planned to be replaced by NEG pumps in the winter
per year. High polarization can then be maintained by OGhut-down 1997/1998.

casional orbit corrections. There is some indication, that

hlgh pOlariza:tion is more difficult to obtain with Strong 4 HERA LUMINOSITY LIMITATIONS

beam-beam interactions. In 1996, there was some corre-

lation was observed between beam-beam tune-shift of tiée Luminosity of HERA is best written as

positron beam and spin polarization. The tuneshift reached NI,

values ofArv = 0.035 and sometimes the polarization ap- L= P 1)
proached a level of 50% only after many hours of slow Y .

growth (The polarization time in HERA at 27.5 GeV is less(V» IS the number of protons per bundbis the total beam
than 37 minutes). More careful control of the tunes insidgurrent of the lepton beam, is the elementary charge,
a very narrow window reduced this problem. Recently thé=v are the rms beam sizes of the p-beam or e-beam with
vertical 3 function of the positron beam has been reducef®,y = Tay)- i L

at the interaction point (IP). Since then no correlation be- With @ bunch spacing of 96 ns HERA luminosity is lim-
tween proton beam intensity and positron spin polarizatiofied by the total lepton beam current and the beam current

=N P OO N
L e e e e
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has been observed. is limited by the available rf power. At present, the rf power
is sufficient to store 45 mA reliably at 27.5 GeV, the low-
3 HERA ELECTRON OPERATION est possible energy which allows longitudinal spin polar-

ization. An eighth rf station is under construction to raise
A very unpleasant surprise was that the lifetime of inthis limit above 50 mA. The total available rf power will be
tense electron beams in HERA is not determined b$2 MW which will allow the design beam current of 58 mA
bremsstrahlung at desorbed gas molecules as expected taube stored at 27.5 GeV.
by effects which have been explained by dust trapped in- The bunch intensity of the protons is limited by space
side the beam. The present understanding is that dudtarge effects at injection into the booster. The incoherent
particles are emitted from the chamber of the integratespace charge tuneshift at 50 MeV injection into the syn-
ion getter pumps by an unknown mechanism. This efhrotron DESYIIl iSAQ;ncon = 0.4 (see also[10]), which
fect makes the operation with electrons virtually impossieorresponds to about2 x 10! protons per bunch at ex-
ble. Since 1994 HERA has been operated with positrorigaction into the PETRA injector ring. Tight aperture in the
and there are no anomalies in the beam lifetime. The duseam lines and dynamic aperture limitations in the whole
or micro-particles hypothesis has been supported by mapyoton acceleration chain up to 70 GeV lead to beam losses
experiments[5, 4, 6]. All efforts to overcome this prob-so that only6 x 10'° protons per bunch can be reached at
lem have failed so far. It has been attempted to lower thgresent in HERA luminosity operation.
voltage of the integrated pumps. This was not successful. The beam cross sections of positrons and protons need
Turning off the pumps completely seems to suppress the be matched to keep nonlinear effects of the beam-beam
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interaction to a minimum. The beam width and height of 5 HERA LUMINOSITY UPGRADE
the protons are given by the product of emittance dnd
functions. HERA beams collide head-on to avoid synchro-betatron
The limit on p-beam emittance, is closely related to resonances and loss of luminosity due to the long proton
the p-beam intensity by the maximum brightnégs/sy  bunches. The beams need to be separated before the proton
achieved in DESYIII. With the present intensity the norbeam can be focused by strong Igixguadrupoles. In the
malized transverse emittance in HERAds, = (4 —  present lattice this is accomplished by a dipole field gener-
5) pm. Electron-proton collisions require short protonated by displaced e-beam loweguadrupoles and by mak-
bunch lengths. This means that the longitudinal emittand8g use of the different magnetic rigidity of the two beams.
budget is also tight and the bunch intensity cannot be fuA number of constraints limit thg in the present lattice.
ther increased by rf manipulations. The hard synchrotron radiation generated upstream of the
For the e-beam, the low-quadrupoles are placed muchexperiment by the separator field is a potential problem for
closer to the IP than the p-beam quadrupoles. Despite tHee detector which limits the strength of separating fields.
small proton emittance of 5 nm at 820 GeV the cross sed-he separator field is a part of the spin rotator. Spin trans-
tion is limited by thes-function of the protons. There are parency of the beam optics is required. Dispersion gener-
in the present lattice no limits on focusing of the e-beam. ated in the separator gives rise to the excitation of synchro-
There are many constraints on the choice of the e/p worketatron resonances in the adjacent rf sections. The result
ing point of the HERA collider. Nonlinear resonanceds that the first quadrupole magnet which focuses the pro-
for protons, synchro-betatron resonances, spin-orbit res@ns can only be placed 27 m away from the interaction
nances for leptons and proton-lepton coupling-resonancegint and the design values for thefunction at the IP are
need to be carefully avoided to prevent loss of spin polarather large with3; = 10 m andg; = 1 m. Meanwhile
ization and damage to the proton beam, which causes ithese values have been reduced to values of 7 m and 0.5 m
creased backgrounds and loss of luminosity. Therefore ttigéspectively by using up all the aperture margin in the low
tunes are limited to a narrow window of B-quadrupoles.
th« 47147 +0.002; QF, , = 47.215+0.005  (2) A new .intgraction. region has been laid out. to overcome
these limitations. It is based on two concepts: putting sepa-
hor = 31.204 £ 0.002; @y, = 32.297£0.002  (3)  rator magnets much closer to the interaction point and mak-

With the tunes inside this window and for present intensi"d use of new types of septum quadrupoles. Both concepts
ties, the lifetime, the emittance growth and the general st€!p to achieve smallgi-functions at the IP.
bility of the proton are excellent in collision. The specific The early separation fields will be generated by air-coil
luminosity stays nearly constant over many hours and bacRagnets inside the colliding beam detector. They are more
ground conditions are tolerable. The proton beam-beaifian twice as strong as the present separators. The in-
tuneshift parameters are tense, hard synchrotron radiation (with a radiation power of
b Ap P,..q = 25 kW, and a critical energy of..,.;; = 120 keV)

Avg = 0.0014; Avy = 0.0007 (4) does not hit any components inside the detector and gets

which are apparently still below the beam-beam limit. A@bsorbed further downstream. The Igivnagnets of the

present, the e-beam experiences beam-beam tuneshiftd¥eam which are aligned on the e-beam axis need a gap
Ave = 0.0026; Ave = 0.0032. From the 1996 experience between the coils to make way for the synchrotron radia-

(W|th a IargerﬂQ vaIue at the IP), the tuneshift limit is ex- tion fan. At about 11 m from the IP, a factor of more than
pected to occur at values above 0.04. This means that #0 closer than in the present lattice, the two beams are
substantial increase in luminosity can be achieved by prgufficiently separated by 56 mm. This is enough for a new
viding a smaller proton emittance. type of quadrupole septum[11] which focuses only the pro-
|ncreasing the e-beam intensity could provide further inton beam. It is described below. The new lattice concept is
crease of luminosity until the yet unexplored limit of theillustrated in Fig. 2 which shows a top view of the magnets
proton beam-beam tune shift is reached. However becaug@und the IP together with the synchrotron radiation fan.
of the high costs of rf power installation and consumption, The new scheme allows titefunctions of the protons to
this would be a very ineffective way to increase luminositybe reduced by a large factor. In order to fully exploit this
Increasing the proton beam brightness is also quite expesdvantage, the lepton beam must be focussed more tightly
sive because is requires an upgrade of the linear acceleratgsrwell. Since large chromatic effects must be avoided,
or another small booster synchrotron or exotic beam coalk is essential that the separator magnets have a gradient
ing techniques. Taking into account that the e-beam beamnd provide some focusing to the e-beam. The outer di-
beam tuneshift does not have a large margin, this way @meter of these magnets is limited to 190 mm and the
increase luminosity is not attractive either. The most efmagnets have to be very compact. In addition sufficient
fective way to increase HERA luminosity by a large factomaperture must be provided to avoid obstruction of the syn-
compared to the design value is therefore to remove ttehrotron radiation fan at the downstream end. This requires
limit on the proton beans-functions by a new IR geome- a non-conventional coil design. The conceptual design of
try. This will be discussed in the next section. this magnet promises a gradient of 7.6T/m and an average

53



Epoxy—Carbon

“x [em]

“““““ VYacuum
‘ : / . Pump

2 [m]

Figure 2: Top View of the New HERA IR: The beams are
separated by a relatively strong dipole field generated by
air-coil combined function magnets in the colliding beam C
detector. The intense synchrotron radiation fan passes
through gaps between the coils of two iron quadrupoles
which form, together with the air-coil magnets, a Igv- p
triplet, for the e-beam. At about 11 m the two beams are

sufficiently separated so that the first septum quadrupole It—cfgure 3: Section of an Air-coil Separator Combined Func-

focu§ the proton beam can be placed there. The thin S&n Magnet which is placed inside the colliding beam de-
tum is protected by a small water-cooled absorber. Mo

¥ctors. The magnet fits into a circle of only 180 mm diam-

of the synchrotron radiation passes along midplane 938R%er. It has a length of 2 m. Its average field is about 0.22 T,
through the septum quadrupole and gets absorb2d ai its gradient is 7.6 T/m '

by a power absorber.

This is accomplished with a beam optics with 90 degree
dipole field of 0.22 T. About 100 kW of electrical power tron phase advance in the horizontal plane and 60 degree
are dissipated in each of the eight separator magnets. Thegfise advance in the vertical plane. With this arrangement
magnets present a challenge for the technical design. Figecond order chromatic effects can be kept under control
ure 3 shows a cross-section of the separator magnet.  and sufficient dynamic aperture be provided. Table 1 gives

The new type of septum quadrupole has been devehe main parameters for the upgraded HERA lattice.
oped from the half-quadrupole concept used in the present

HERA lattice[11]. Since the field at the mirror plate in the | Lepton Beam Energy 30 Gev
magnet midplane is zero, the mirror plate can be reduced to| Proton Beam Energy 820 GeV
zero thickness at this point. In this way a triangular cut out | Celliding Bunches 174
has been designed which separates the region of zero mag}- -€Ptons per Bunch 4.18-10
netic field and a strong gradient by a septum of quasi zero Protons per Bunch 10- 10
. . : Lepton Beam Current 58 mA
thickness. Figure 4 shows a cross-section of the septum Lepton Emittance 22 nm
quadrupole. Proton Emittance 5nm
The second part of the first focusing lens of the protons | Lepton Emittance ratig 0.18
is a current septum quadrupole which resembles the one of| Protong; , at IP 2.45m/0.18 m
the PEPII design [12]. A layout is shown in Fig. 5. Leptong; , at IP 0.63m/0.27 m
As a result, the3-functions of the protons at the IP can | %= Xy . 118 um>32 pm
be reduced from the design valugs, = 10m, 3,, = 1 m E'E tuneshift e, 0.027, 0.041
-b tuneshift pAvE 0.0017, 0.00044
©0 fop = 2.45 m, By = 0.18 m. The same aperture of Specific Luminosity | 1.64-10°° em™?s™' mA~?
12504, is proylded, which Ieavgs sufficient margin. The Luminosity 7.36 . 103! em—2s—!
vertical 3 is, with 0.18 m, touching on the bunch length | |provement factor 4.9

limit (o5 ~ (12 — 19) cm) and cannot be further reduced
whereas in the horizontal plane there is still some room for Table 1: Parameters for Upgraded HERA IR Lattice
improvement by giving up safety margins (present beam
optics for protons in luminosity opertion provides only There are a number of difficulties which associated with
100, of aperture). this layout. There are many technical subtleties of mutual
Using the focusing provided by the separator magnet&rces between the detector field and machine fields, with
the g-functions of the e-beam must be reduced by a largaupports inside the detector, with cooling supply inside the
factor as well. In addition, stronger focusing is required imdetector with high power synchrotron radiation absorbers,
the arc to produce an emittance as smakas= 22 nm. with on-line alignment system, with technical layout of the
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Figure 5: Cross Section of the quadrupole with a septum-
coil.
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