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A Recoil Mass Spectrometer (RMS) is to be built that ,.,,'iii carry out a broad research program
in heavy-ion science. The RMS will make p_,_qble the .,,tudv _,f othcrv,,i_c inacccs,,il_lc cx,_tic
nuclei. Careful attention has txzcngiven to ro:itch the RM5 tc_ali the tucams avail,ll_lc frtml the

HHIRF accelerators, including those beams with the highest energy, as weil as massive parti-

cles for use in inverse reactions. The RMS is to bc a mc_mcntum achromat followed by a split
elcctric-dipole mass spectrometer of the type tq_eraling al NSRL at the University of
Rochester. The RMS is essential h_r many of lhc prop_scd experiments on short-livcd and/or

low cross-section products. The spectrometer design is discussed, with examples and compar-
isons with other spectrometers given. Dctcctor arrays to bc used with the RMS are also dis-
cussed.

2.1 INTRODUCTION

For many years scientists have studied nuclei far off stability, both via their radioac-
tive decays and in-beam -t-ray spectroscopy. (Several reviews 1-3 h:tve exan_ples of ,,,,_rk
relevant to this discussion.) As the regions of known nuclei are pushed t)ut tc) m(:)rc ileu-
tron deficient nuclei, the cross-sections fl)r tt_eir [)r()dtlctic_n in t_¢,tvv-i_n reztcti()llS :rrc ._)
small (< a few mb) that they are difficttlt ()r inapossible to study by iraditi_nal in-beala_ .r-
ray techniques. However, there are important physics questions to be answered bystt_lies

: of these lighter nuclei. New ways have been sc,ue,ht I(_identify them.

: Several groups have resp()ndct.l lw rec(_gnizing the p()wer c_t :t l_,cc(_ilMass Stwc-
trometer (RMS). The Daresbury RlkIS4 is c_[_erational (yielding excitii_g results); tl_c I<NIS
at Legnaro 5 (LNL), Italy, and the RPMS _,at MSU are bec(_ming ()perati(,nal; altd (_lllcrs.
such as Argonne National Laboratory's Fra_ment Mn,:_ an.qlw, or7 /[:'ka' a_ ..... tT ....... A&_,ar-- Irl

University's MARS project,8 are being built.



where the first successful RMS of the current design was develt>ped, '_ studies _t" nuclei far
from stability that have production cro._s-sectic_ns -1 mb have been underway for several
years. This spectrometer was combined with a segmented neutr_n detect¢_rl¢) anti (;c

detectors to produce a powerful tool for in-l_eam spectroscopy. These in-beam -t-ray re-
coil-mass coincidence studies were the first ¢_ncs d¢_ne. As n()led by the l):tresl_tlry t:.r¢_tJ[_

when these results were first reported, 11 the results clearly ju._tified their large effort. In-
cluded in the initial studies were the identification for the first time of levels l,'- in V3Br at_d

the extension to higher spins of the knc_v,,nt_:_._dsiri a nunlber (_f iluclei 11,_2 i_l tllis re,t,_ic_t_.
The success of these studies strongly encouraged the expansion t>f t)_e research with tile
Rochester RMS.

Nevertheless, the Rochester RMS had limitations, including the energy of the accel-
erator, which limited the range of the nuclei far off stability that could be reached. This
has been improved with the upgraded energy c_fthe Rochester tandem, but there are still
regions of heavy nuclei far from stat_ility that will not be accessible because t_f beam ef_-
ergy. More importantly, the rigidity of the Rochester RMS was not designed to cover i_-

verse reactions, where one uses a heavy projectile on a light target. The irwerse reactions
are important when very-low cross-section pr[_ducts are to be studied, because kinematic
focusing can increase their intensity through the RMS by large factors and becat_s;e the
high-velocity recoils allow Z identificati_>n in a ,_E detect_r, both of wllicl_ can I_akc tl_e

difference between success and failure in un experiment. Thus, the idea f_r an I_.MS, whicl_

would be connected to the higher-energy accelerators at the l-t()lifield lleavy lon Rese:trch
Facility and which would be capable of separating products in inverse reactions, was b_rn.

The key design features which were established fl)r the RMS t_ be (*l_eratc_! _t
HHIRF were the following: 1) To match as well as possible the RMS rigidity to the beams
and energies available from the HHIRF accelerators, especially including those for inverse

reactions. 2) To make the solid angle as large as p{_ssib!e to sttldv very-weak reacti_n cl_:tn-
nels. 3) To make the spectrometer flexible t_ c_,,'er br_ad ranges of different research a-
reas, both for now and for the future. The RSIS achieves these g_mls, and it will be an im-
portant facility in the world for research with such devices.

2.2 SPECTROMETER DEVELOPMENT

The recoil n_ass spectro_ncter dcscril_cd l_crc is designed t_ analyze ttcavy Iluclegt[

products from a heavy-ion-induced reaction. Several papers 13-15give reviews of spectron_-
eters used in nuclear physics, including rec_il mass spectro_eters. The intent here is n_t t_
reproduce those ¢tiscussi_>_s hut t()p(_int t_ tl_e ii_[_¢)tt:tut fac.'t(_rs tlt:tt t_:tke :t_ I(MS, :_t_tJi_

particular the RMS being constructed for III IlRF, uraique in its abilities,, C_r_l_aris¢>_:_
with specific spectrometers are made toemphasize particular points.

Various spectrometers (principally magnetic in character) have been used since the

discovery that radioactive decay inv()lved the enaissi_>n c>fparticles that could be naataipu-
lated by fields. Although the need fttr high-qt_',_lity spectrometers dates fr_in the early de-

velopment of accelerators, it was not until the late l!)40's that modcr_ stmctr(>i_eters began
to be designed. There has always been particular interest in determining tl_e Z _r ele_enl

number of the reaction products. The Z cannot be determined by electric or magnetic de-
flection alone; however, in an inverse reaction, detect(>rs capable of determining Z within
one unit can be used at the focal plane __t the spectr[_meter. Omitting Z fr{_xn t'urtl_er
discussion, the prapor_io,: _h._,_,-..,,, v,e '_"tc"'": ..... '.................... ,,,,,,,,.,, ,ire the tnas,_ _u_nber (A), the kinetic
enerw (E'I nn¢t in _nrn_ ,":_¢_e ,l,,,, m,,_,- ,' ...._ T. _,............................................................................................
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the recoil (q = Qe), its velocity (v), and its mass (my are the parameters that determine itr;
path through a spectrometer. Magnetic devices disperse in nl(_nlenti.lln (l)/q), :Jlld electric
ones disperse in energy (E/q). A combination ()f these tw() clcIllcnt,, lead,,; t() a tc)_,'t_si_!_(_f
lines of constant miq on the focal plane of a st>ectr(>meter, This is, in essence, tl_c z_t_-
proach taken with the development of the current family of recoil mass spectrometers.

The direction of the development has been influenced by several pr'ot._lems that
must be solved to provide good identification of the nuclear products. The direct identifi-
cation of the products has been limited by t_,,'(_l_r(_t_leFns. First, ttle reacti(_ll t_r(_(ttlc'ls:_r_(t
the elastically-scattered beam particles usually both lie in the forward directi(_n, l"or a sign-
pie particle detector, this gives a high gross count rate that masks the low c(_unt rate (_f the
reaction products. The second problem for detect()rs al(>ne is tl_at, for the more-massive

recoils (A -, 100), the energy resoluti()n of the detectors is insufficient to determine nlas._
using time-of-flight and direct-energy measurements, llighly-developed magT_etic
spectrometers, such as those discussed in the reviev,,13 by Enge, allow analysis c)f tlae

heavier fragments by dispersing across the f()cal plane, depending on various properties,
but they still have inadequate beam rejection at 0°. Devices such as beam filters _)r
velocity selectors have been developed to separate the products of interest from the beam,
but they leave the balance of the analysis to downstream detectors, which still lack energy,
resolution for heavy fragments. Only in recent years has there been an effort t(_ c()mbinc

the beam-rejection function and the analysis function into a single "recoil spectr()_neter."
Some discussion of the most current cfff)rts in the field are needed f()r c()mt>:tris(_n

to the spectrometer discussed here. /X velocity filter (SllIl') 16 is included in tile discussi_)_.
SHIP is included for its success in the limited class of exl)crirnents for which it was de-
signed. Three full-recoil spectrometers [lJniver,;ity of R(_chester,'_ l)aresl_ury RMS,4 ,_rl(t
the l_boratori Nazionali di Legnaro (I.NI.) RMS at Pad()va, Italy 5] and a re:tcti(>la set,ata-
tor [RPMS at NSCL, MSU 7] will be discussed, as they are working systems ()r are untlcr
construction. The FMA 7 at ANL will be discussed in conjuncti()n with the Legnar()device,

as they are virtually identical. Several spectmtneters will n(>t be cliscussed, but are imp()r-
tant to the current work in nuclear pt_),,sics. I.ARA 17 is being built at Mui_ich, MAI?,S_ at
Texas A&M; also, the LISE _8 and SPEG _9spectrometers are in use at GANIl_..

2.2.A Designs with Velocity Filters

The present ,SHIP is a velocity filter (QQQEDDDDEQQQ) at the Gesellschaft f{ir

Schwerionenforschung, Darmstadt, FRG. lt is tl_e m_>st outstandingexa_ple (_f a l_c;_n-
separation device for heavy-ion physics. TI_e beam rejection ranges tr(>m 10_:'---1()'_ wit)_ _,_1
acceptance of 2.7 rnsr and a dispersion of 2.2 mm/%..As can immediately be seen, tl_e fi-
nal identification of the reaction products is al_>s{ t(>tally dependent up(>n the detect(_r at
the focal plane. 20 SIlIP has rigidity (Ep = 2(I MV .-: 1() NieV/q, lip = 12 k(}-_ -= 6_.5

. MeV-nucleon/q 2 ) in t.he range being discussed fl)r the proposed spectrometer. The out-

standing success of the work at GSI with Sl i1t' is an excellent illustration of the _natching _._f
, the spectrometer to the facility and the progra_n for which it is planned. SIllP was built

" primarily to search for new elements, including super-t_eavy ones, and to expl(_re particle-
decay modes of nuclei very far from stability. "I'hese could be iderltified by impla_ltir_g tl_e

; recoil products in a charged-particle detector and studying their particle-decay m(x.les, l_-
verse reactions cannot be used at St-IIP.

The RPMS at MSU 6 is by far lhe rn,,)st rigid of the svstems _o be (li,_ct!sse,]. '!he
: RPMS ........
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vantage that it can be "tuned" to pass a certain velocity. The condition on this vel()citv i.:
v = E/B; thus, the electric field is not designed to have t)ne value per pr(_duct t(_ pv()¢ltic,.,

an orbit through the rnachineo l-tigh-rigiditv ions will pass with a low dispersic_rl, alld Ic_w-

rigidity ions will pass with a high dispersion. This initially seems to be an excellent device,
but some high prices are paid for these pr(_perties. Following the wein filter are nine

quadrupoles and a dipole (QQQIVQQQQQQDQQQ). The chromatic aberration in this sys-
tem is large, and, if completely cancelled, the higher-order terms become a pr()blenl. 'l'l_is
spreads the line widths to the point that the mass resolution is I(X) t(;r 8% and 2(X)l(_r ..+.4%
in AE. This is for a recoil energy of a maximum of 30 MeV/nucleon. The solid-angle ac-
ceptance iS 1 msr. Although a good system for fragmentation or reaction studies, it is lim-
ited for other studies.

The RMS Daresbury'* (QQQtVWQQQSSI.)QQQ) is very sinlilar to the MSU design.
Theivelocity selector is separated into tw() parts, allowing the primary beam to be dunlpe_]
without striking the electric plates. The s(_lit!..angle acceptance is ah(mt ] msr, and sex-
tupoles have been added to correct some of tt_e aberrations. The velocity acceptance is
--2% with a mass dispersion of 10 mm/%. The use of an eieg':.,:t and complex detect(_r at
the focal plane enhances the recoil identification, so the low mass resolution is somewhat
misleading. For spectroscopy work, the target is surrounded by an array of comptoil-sul)-
pressed Ge detectors. Future plans call for the use of a Ge ball arrangement of twe_ty de-

tectors called Poly-TESSA. However, the 35-cm distance from the target to the first ele-
ment may present problems.

2.2.B Zero-Energy-Dispersion Designs

The discussion will now turn to the three otl_er spectrometers and what can be
gained from their design and operation. The design of the RMS at R()chester, :_the RMS at

Legnaro,5 and the IrMA at ANL _i are ali I)ased tJpt)_l the same t_re_nise. 'li_is prcr_li.se is
that by having a system with no spatial or angular energy dispersion, the energy aberrations
will not be present or be very large for the system. Thus, Iv having an energy focus, both

: (X/6E) and (0/a E) vanish (S E is the fracti(_nal energy dispersi()T1 '_IS'/E). 'l'lle selecti(_i_ (_l
an electric dipole before and after a magnetic dip()le (El)E) is the c()nfiguratioi1 used t()
produce an energy focus.

The differences between these spectrc)n_eters involve how the higher-order correc-

• tions are applied and how the intermediate optic ccmstraints result in :liffercnt focusing and
beam rejection. All designs use a split-©'lindrical electrostatic deflector. The magnetic
dipole separates the two parts of the electric _lc[lect(_r. The high separati(_n of the reacti(_
products and the elastically-scattered beam particles is achieved because of this configura-
tion. The momenta of the beam particles and the fusion reaction products (or p/q) are
very close, while their (E/q) are quite different. '1"he electric deflector disperses based

upon energy (E/q), thus allowing beam and reaction.-product separation t(_ be a rnaximunl.
The immediate criticism of this design is that tt_e primarw beam strikes the first p()sitive-l,(_-
tentialdeflection plate in the system, l lc)wever, the R(_chester RMS has t)ee_,,v()rki_g i_
this manner for several years with no problems, s() this is n(_t c(_nsidered t() be :tn issue.

: The Legnaro spectrometer has been dcsig_ecl t_ rni_i_nize ;t_ad c(_rrect t'(_r I_it.l_cr-
order aberrations as much as possible. (This is n()t true ()f the Rochester spectr()meter.)

The Legnaro design (QQESDSE) uses only the two quadrupoles to focus through the entire
spectrometer. No intermediate focus is formed. There is an energy focus, but this d()es not
I_eOllr uJ_th '-:_nV c n,_;,_l ¢"'e'" lll;,I... ,Lr ....... , ,, ". -- ".r. " ---.-- .............. ---'_' " ........... _"
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the beam extent and also keep the hi_.,laer-order aberrations as small as p_ssible. I_ tl_c
dispersive plane the focus is quite goc)d, but in _be vertical plan the bcan_ size is :lppr_)xi.-
mately 6 cre. q'he second-order corrections tt_z.ttare n_ade are used in part tt_ n_ke tl_e
mass-focal plane tilt go to zero. The Rc)chester design uses a quadrupole triplet for b_tla
entrance and exit to the spectrometer (QQQEDL'QQQ). The final triplet b_th magililies
the mass focus and the dispersion precedi_g it and alst) brings about a spatial focus at the
focal plane position.

The FMA at Argonne is virtually identical to the one at Leg_aaro in that it is a

QQEDEQQ configuration. The sextut'u_lcs present in the l.egnaro design are repl:ice_! Iw :l
curved poleface boundary on the central tlitn_le. Tile firlal c!uadrul_ic d_)ubict is tisett t_
reduce the vertical beam size to approximately !.5 eta.

Several general comments on ali three of these spectrometers can be grouped to-
gether. First, the high-beam rejection is based c_rlmultiple scattering within the spectrome-
ter if the beam strikes the first positive plate of the split electric dipole, Ft_r so-called nor..
real reactions (projectile particle lighter than target nuclei), this will always w_rk. If tile

beam does not strike the first electric dipole plates, this rejecti_)n is lost if the cnergy _1'
the beam particles (Eh) and the energy of the reaction recoils (Er) both lie within the en-
ergy acceptance of the spectrometer, both types of particles will be focused on the focal

plane if the rigidity Of the spectrometer is sufficiently high to handle the recoils. Obviously,
the energy of the recoils can never cxcccd the energy of the beam particles, s(_ ttais case

need not be considered. Between the two extremes of E b > > E,. and Eb _ Er, a very large
variety of reactions, focusing conditions, and beam rejection levels can be devised. The net

result is that not ali or necessarily even a large number of reactions, particularly inverse re-
actions, can be used ira a spectrometer of this type.

Second, the rigidity of these spectrometers is relatively low at 6 MeV/Q for the

Rochester RMS and 9 Me V/Q for l_egnaro and Argonne machines. This puts an upper
, limit on the reactions that can be studied with these spectrometers. Any reaction prodtzc-

. ing a recoil of _5 MeV/nucleon cannot be studied in these systems (even assuming Z = N
and complete stripping). Thus, rigidity is important if the spectrometer is to cover a broad
range of reactions.

"lqle discussion has been centered on c_ulparing the design c_f velocity filters or

other recoil mass spectrometers to the design presented here. Some comments comparint. .,
a RMS with more traditional magnetic sl,ectr_n_cters (Iii{S, Q3I)) _r is_t_l_e sc'l_;tr;tl_s

need to be made. The rigidity and dis[)ersion desired ca_ be ()btaincd in tl_ese spe.ctroznc-
ters, but the beam rejection at '13° anti large solid angle are problems that cannot beover-

come together. Although mass separators can be made to have large acceptance, the
: problems of different ionization efficiency for different reaction products, the loss of cor-

relation between information at the target locatic)n and the separator fl)cai pla_e, and the
long hold-up time of the species in the ion-source are not present (and therefore not pre)b-

' lems) in the RMS. Considering these spectrometers, separators, and the other RMS de-

_-: signs discussed, the design effort here is for a spectrometer based upon the Rochester ap-
- preach, but with significant improverr_ents. Effort was made to remove the second-order

aberrations but without the loss in spatial ft)casing. P, igidity will be high to matcl_ tl_e
" HHIRF accelerators as well as possible.

, , .... , _,_,,',1_ .... ,...... irl,_ ,_,,,,'N_ ' ',, .... ,,,_ lit, II_ ,_
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Ii" t2I_'*2.3 I),,,,,,,N INTROI)UCI'ION

Careful attention was given tt_ n_atch tile RMS to all tile beai_ls availal_le t'rc_J_l
HHIRF accelerators, including those with the highest energy, and also massive particles fl_r

use in inverse reactions. For the tandem, the highest energy for fully stripped nuclei w¢_uld
be about 25 MeV/q for N = Z. For the electrostatic deflectors used _in this design, the
maximum energy is about 15 MeV/q or 7.5 MeV/nucleon for N = Z an{t fully-stripped re-

coils. This shows the need for the high rigidity. 7his /ast considerati_._n is il_ co_ltrast t¢_
some present and proposed RMS facilities.

In designing any spectrometer, close attention must be given t¢_the broad view of
what experiments are to be performed with tt_e systen_. Initially, the primary expcctatic_,_
for the RMS was to study exotic nuclei from normal reactions with abearn that was lighter
than the target nuclei. Some attention was given to inverse reactions but more in the na-

ture of those that would have the beam focused onto the focal plane. Since that original
design effort, inverse reactions have been reconsidered. The current view is that "all" in-

verse reactions must be handled by the RMS, and the case of the primary beam reaching
the focal plane is not acceptable. This is to say that the high beam rejection must work
equally well for inverse reactions. The kinematic advantage in using inverse reactions is
simply too large to lose for any reaction,

A completely new consideration for the spectrometer was the GAMMASPlIERF
project. 21 At the timethe idea for GAMMASPlIIT.I_.I._w_s R)rnlulated, n_ne _ftlle root)ii
spectrometers was considered to be important to its mission. After some consideration and

the appearance of early results from experiments at Rochester and Daresbury, tl_e in,per
tance of the RMS to GAMMASPIIERI_ was seen. 'lt]e prc_blern was that none _f tile ex-

isting or proposed spectrometers could operate at the large i_1_ageor object distances re-
quired by GAMMASPHERE without significant loss of peril)finance.

With these new conditions in mind, a modification to the RMS was sought that
would allow use of ali inverse reactions, have large image and object distances, and meet

the high rigidity needs of HHIRF. The result that is presented here is the spectr¢)meter
that is currently being built for use at tltlIRF.

The general description of the modificati_)n is that a mc)mcnttJnl achrt)mat has I)ee_

added to the front of the original RMS design. This is shown in the element layout ii1 ]:ig. I.

: D2

Derecro

: I::::21oi
° l_ i= 'I -1 -! a APERTURE (SPFCIFIC)

, BEAM SCALE METERS 0 DIPOLE (MAGflcTIC)
=

li DIPOLE ([LEC I t:_OSTA] lC)

O QUADRUPOL.E(MAGN[.IIC)

=" S SEXTAPOLE (I'IAGNEIIC)

.... _ ' ..... ' i _, i_" I i_ I iil%i,r iii ' i* itllll,;lll [r ........
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F|gulr'_ 3. The reaction products and beam particles for the reacli{_n, 1-vt("id(12C,&l)lt',aYb, at the focal plane

theachromat. The ,most probable charge state for the beam is {49}. Apercent of the l(,4Ybw_uldbe st_ppcd

with the beam, but this is a negligible amount.

suits from the focal plane being at a 70 ° angle to the heath axis, whereas the calculati_+n is

for a plane perpendicular to the beain axis. The beam l_articles can easily he st_l_l_ed,
while the reaction pre)ducts are passed ,,vi[l_c_ill,,,a st_all l(i,,s.

2.3.A Target l_cation and Irirst Quadr'up_,les

The general view of an experiment with an RMS is that the RMS is but c)ne element

in the experiment. Detectors (Ge, Si, plastic, Nal, liquid scintillators, gas proportional
counters) in singles or various array configurati()ns will be used with the spectr()n_eter. A

• variety of different detectors may be used at the f()cal plane fl)r different purl._c)ses, l l_)w-.
ever, detectors around the target itself are essential to mc_st experiments, s_) the i_itial c_)n-
sideration is the target location. The prcpost.d)" use c)fGAMMASI'IIEREwith tile RMS

puts severe requirements on both the image and ()bject distances, q'he physical distance

from the target position to the first spectrometer element (in this case a quadrupole) nee_ts
to be as large as possible. The c)ther c(_Ilsidc::,,lin_._ affecling it_e l;irget I¢}cali_)n are lilt,
solid angle subtended by the spectron_cter arid tl_e nlagr_ific_ti_)rl ¢)1tile ii_slrtlincz_t, lrc)r
energetic reactions above the coulomb barrier, the strong fl_'ard fl)cusing of the en_ittcd

particles requires that particle detectors be placed between the target and the spectr(_me..
ter. In particular, this can be a l.)roL_lcr_lf_r r_ct_tr()n<,lctect(_rs,as tl_e size <)f tl_e detccl_r is

determined by the interaction distance of tl_e neutr_)n. "l'he target distance cho)sen in tile
present case is 75 cm. This gives good space f_rboth v-ravand neutron detect<_rs. M_)rc-

over, this distance with quadrupoles that have ;_.naperlure with a dian_ctcr _)f 2()cm still

gives a large solid angle of 15 msr. "Vt_eangul_tr accetitar_ce is not sym_nctrical, as tl_c vti_,-

persive plane has anangular acceptance tt_at is _.)ne-tllird that of the vertical plane, Ar_y
: slits used to define the solid angle of the spectr()meter will he positioned at the entrance t_

the first quadrupole. The first lens is diver_,ing in the dispersive plane, and the second le_sr. q-

,_ ,...,.,_,..,_,t ,_ ,,.,,, ._ ......... , ....... .., ...... .. ....... , ................ i,-.......... , ...................
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Tile optics of the achromat are parallel-tc_-parallel in ttle dispersive t)lnne. At the t¢_c::tl
plane of the achromat, the center of quadrup_)le #3 (l:ig. 1), the dispersit)n is - 10 mm/<;:*b
and the resolving power is _350 at the full st_liclangle, l_ = 25 mst. The acllronl_lt is c_nt-
posed of three quadrupoles and two dipoles. The dipoles are 50 ° inbeild ailglewithl_c)tll
dispersive in the same direction. The tw() entrance quadrupoles have 20-crll apertures, and
the third quadrupole has an aperture of 30 cre. "l'his achromat precedes a l_,ochester-stvle
RMS (i.e., a split electric dipole) that is basically the original design.

The achromat is designed such that there is a focus formed t)etween the
quadrupoles and the first electrostatic deflector. At this point the beam is completely re-
moved and an image of the target spot is reformed. Since the di,stance between the
quadrupole and the electrostatic deflector is 6 m, with this focus occurring 4.5 m after the
quadnapole, the achromat can be used independently of the rest of the RMS. This provides
amomeptum achromat of rigidity of 25 MeV/ilucleon and a solid angle acceptance of 25
msr.

To understand the advantage and pc)v,'er of the addition of the achromat, consider
the following example of an inverse reaction at 5 MeV/nucleori: l_d on 12C. In this
case, 164yb is the reaction product of interest, l:oraRMS()fthe Rocllesterstyle, t_ttl tl_e
primary beam and the reaction pr()dticts pa_;s through the first electr()static cleflcctt)r
unscattered. In the case of the 15"Gd on 12C, the most probable charge states ()f the beam
actually result in M/Q r_atios that are focused at the focal plane. This' is shown in Fig. 2as
calculated for the original design without the achromat. Charge states 47 and 48 reach the
focal plane of the RMS if they are not stopped it1 the achr(_tl_at.
Figure 3 shows the beam particles and the reaction products for the 1-_iGclon 12C case at
the focal plane of the achromat. The mostl_r()bal)le ch:lrge states aresh()wn but without

being weighted. 'I_at is to say, an equal number of rays are used in each charge state

calculation, and the figure does not represent the most probable population of each charge
state. The reaction products clearly fill the space avail,',,ble at the focal plane, while the

' beam particles are focused into lines. The change in height in they plane for each mass rc:-
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2. A Recoil Mass Spectrometer for the HHIRF Facility

2.3.B Electric-Magnetic-Electric Dipoles

The choice made for the present design is an electric-magnetic-electric cli[)()le coli-

figuration following the achromat. The physical dimensions of these elements are 2()° elec-
trostatic deflectors with a radius of 6(X) cm and a separation of 10 cre. The deflectors are

separated by a magnetic dipole with a 50.0 ° bend angle and a radius of 14()crn.. 'i'he gap _f
the magnet is 10 cm, with the pole faces havirlg n() curvature. The magnet is weakly ft_cus-
ing with shim angles, a = b = 15" The electric deflectors are planned to have initially a
maximum field of 40 kV/cm, which would yield an electric rigidity, En = 24 MV _ 12

MeV/q, The final goal is to conditic_n tile l_lates to h_fld 50 kV/cin. This would give l".'r, =
30 MV = 15 MeV/q.

2.3.C Final Quadrupole Doublet

At this point, the system is a mass spectrometer. At the exit of the second electric
deflector, a triple focus occurs iri the disl)ersive l_lane. By adding the quadrupole d<_ublet, :l
vertical focus can be obtained, tile mass disl_crs_c_n increased by cllangiTIg ttle t_ag_lifica-
tion. These improvements have their price in other aberrations becomitlg larger, but so}tile
of the worst of these can be corrected in the fl_cal-plane detector.

= Figure 4. The lx)sition in X, Y at the fr_cal plane nf lhc spcctrnmclcr fl,,r different ;;1/q v:llucs ;ll_,_;utlhc cen-
} tral mass. The central mass isA = I(X) and the charge state is 15. The solid and.lc fur tilts nh_i is ft.8, m-,.r. :ro,l,......
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J. I), C_dc,T. M (2_rmic.r,and J, II, ll:ln_ill_n

In summary, the RMS will have the follt,wing characteristics'

a) a large-acceptance solid angle of up to 15 mst
b) an energy range (z_E) of 3.5%
c) amass-to-charge ratio range (m/q) of +5%
d) a good mass resolution (m/Am _ 770) (FWItM) at 10.1)msr and _54()

(FWHM) at 15.0 mst (Fig. 4 shows the focal plane resolution for 10.() mst.)

e) a mass dispersion (x/a,,,) of .-.43 rnrn/% (6,,, = 6,1/m or '/he fractional mass
deviation in percent)

. . f) a magnification at the focal plane f()r the reaction products
g) an excellent primary beam rejectic)n (-- 1013 irl most cases) iii 1)°
h) a large target-to-first-quadrup()le distance ¢)f75 crn

The spectrometer is to be comprised of seven quadrupoles, two electrostatic deflectors, and

three magneticdipoles in a QQDSQSD(.?(,)EDEQQ configuration. The electrical rigidity
(Ep) is initially to be 12 MeV/q, with the design go:ll being 15 MeV/q. "l'lle inagv_etic
rigidity (Be) for the dipoles is 20 kGim (2 Tta) maximum with corresponding rigidity
planned for the quadrupoles to rnatch closely the spectrometer tc) the accelcratc_rs at
ORNL.

The total transmissiori of the spectrometer is also very good, with approximately
90% of the reaction products reaching the focal plane at the 10.0-mst solid angle. Cc_nliri-
uing efforts to improve the spectrometer will occur durivlg the ei_giileeriilg-design pl lase
and with the establishment of the specificatic)ns. I:inal adjustments and refinenlents will
occur to the spectrometer as fabrication, assembly, and testing occur.

2.4 CONCLUSION

The field of heavy-ion physics is develc_ping its own instrument._ to address the

problems and experiments unique to this area. A wide range c_fheavy-ion-r_hysics experi-
ments can be done with an RMS, as suggested in Table I. A list c)f sc_me experir_ents pro-
posed for the HHIRF RMS is given in Table l. Some of these experiments can be carried

out on other types of devices, but only an RMS can perforrn the many different experi-
ments. In particular, it is essential for many c)fthe propc)sed experiments on shori-livecl

and/or low-cross-section products. To dc_cument this, since it becanae ot_cratii_nai al
Rochester, the RMS has been used in 50-70% af all experimental runiaing time of the ac-

celerator. The large sol;dangle, high beam rejcctic_rl, l:lrge n_;lssdisl_ersi_n, I;irge el_ergy
acceptance, and large mass resolution arc combined into a device that has uses in nuclear-

structure studies (be it through traditional spectroscopy c_fradioactive decay, in-beam high
spin, or the new decay modes of exotic tlticlei), re:lctic)n studies, fusi_)i_stuclics, :lilcl r;icli_:_c-

tive-beamproduction. The RMSproposed here has the capabilitiest_)t)ert'_)rlnthesefunc-
tions. The design is new in the sense that a cc)nfiguration was selected and calculatiolls

" were performed to match the spectrometer to the accelerators at I IIIlP, F' so) that tile ex-

perimental program outlined could be perf_rn_ed. "l'l_e rigidity ci_osen is within tt_c li_iis

: of what can be produced t,_day, btit tl_e c:lt_;lliilil;, t_f il_c'¢_rln_ralill,g i_lll_i_vci_lcl_Is is t_rcsc_i
in the desigm
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2. A RecoilMassSpectrometer for the ttI ITRFF:acility

Table I. Research with an RMS

-- ....... - .-. , al" S---- . ii{ii i i ii ::_

Radioactive decay of prot_),_-;ttatl neutr{_n-rich ex_tic tltlclei.
Generally inaccessible nuclei

Weak reaction channels (--:1 nab)
Short half-lives (_ I(R) ms)

Difficultly-ionized species (e.g., Zr, [._l,W, Ta)
Exotic decay modes_at (or past) proton/neutron drip lines
ft-delayed particle emission
Super-heavy nuclei
Low-lying, excited-, and ground,state properties

High-Spin studies of neutron-atlcl l_r()ton-r'ich nuclei
Nuclei with weak reacti_)n channels

Continuum 7-ray studies

Band structure of weakly-populated states
Alignment at high spins
Average internal conversi(_n

Fusion studies

Meay,ure fusion cross-section,s
Fusion resonance

Reaction studies
Quasi-elastic

Fragmentation _
Massive transfer rcacti¢_r_s=

Resonances

" Radioactive beams

: Coulomb re-excitati_)n of rcactit)n products
NMR studies

Implantation at lattice sites

Characterize transport techniques
Atomic spectroscopy of highly-ionized a,tonas

__

-i
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