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| MPROVED MASS ACCURACY CROSS REFERENCE TO RELATED APPLI CATI ONS Thi s

appl i cat We03gp¥0érs 't he benefit of provisional applicati oRCHESHEI7402

60/ 384, 742, filed May 31, 2002, which is incorporated by reference herein.
5 BACKGROUND IWH&S S REEHROMIVERR (VoITH BYEROYBIDMARSS AGRAIRACY net hods and
apparatus in which the mass filtering action of the apparatus is scanned

by an anal og syste g O o I Lgh performance nmass
spectronmetry it ise%{s %ﬁ%ﬂ%@@%ﬁ%mﬁéﬁo@go accuracy possible
i n det erm ni Myistapplicadon oRirhs the behefithd pfasigibiel aFplivhli@cilebdritot3 g4 g4bei ng
measured. Two key attributes help determine this. The first, resolution, is
the abi filed Mgy 31,:2082,Fehich tsjpeqrpensiaddy refsrece b$Teui sh bet ween i ons of
different mass-to-charge ratios. The second, mass accuracy, is the ability
of the mass spectroneter to accymteGROIgySr M ne the nmass-to-charge ratios

of the ions being neasured. 15 G eater resolution corresponds directly to
.t he i ncrease@heapichént jnvention fefatestotass enalysisimethpdsind dpparatuslie vitickrthewei ght s.

The abilit o.diff.erentiate two.ions sim l.ar SS-,. Lo-charge ratio from
enen ot Fise? ittt 6k okt i Shed by b AheiPh PR ER A M BRAT . .
peaks f@énitdirge ions in a mass spectrum The better the resolution, the

nore accurately the mass of the unknown chemi cal_égeci es, can be neasured,
and t he nor elichigh porformeangeymasopeplaemetst it ispsualbpdasired tacgifaip dhedhest er ent i at ed

from ba ave]] L0 : 0 . cal eci es
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~hi gh- r eambsttred rilwamksy stréatesdrelt doterminsthise rhetfirstsrebcdutiat, iisiheabdite e m cal

backgroynd of the sanme. nomni,nal, ss but different accurate nass nd,
Cher of oFt IR SPoeEPEAGE 4 SRL e e iopeel b HPe iy DrBaCeAgE: Tty
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obtained. Wth high résolution, separate” detection and fherefore separate
i sol at | onssxtrachvgevBieyddhe mnabeingmeatredl. Resol ution is affected by,
anongst other,things,. the instr nt design. _and .confiquralion. |nstrunment
il act ur or SEUR R s PR s i o g ek Bt SR ate o

hand| edjgi @€kinfilapidiiclad d@ithes. PTHRRBIRY todifRreatisd vwe Sondvd sl yaes Wi th 30
optim zed instrunmental settings. Manufacturers g{ener ally provide

speci fi bathasgrratio froprrach gfher trdirpetliirlated trthe il P ORsHva FPARIRMPH- t hei r
rrac hin eﬁgaﬂ%%h@s‘é%ﬁs%ﬁ% ds8%p S%53inf The better the resolution, the more accurately the

" mass of the unknown chemical species can be measured, and the more easily the mass

20  peak of that species can be differentiated from background noise or from the mass peaks
of other chemical species that are close in mass to the unknown species.

An additional advantage of high-reéoluﬁbn mass spectromeiry measurement is to
climinate chemical background of the same nominal mass but different accurate mass
and, therefore, to increase the signal-to-noise ratio and the sensitivity respectively. With

25  low resolution, only a combined spectral result is obtained. With high resoiution, separate
| detection and therefore separate isolation and MS/MS specira are obtained. |

Resolution is affected by, amongst other things, the instrument design and

- configuration. Instrument manufacturers typically specify resolution for well-known.
molecules handled under standard sample preparation procedures and analyzed with
30 optimized instrumental settings. Manufacturers generally provide speciﬁcati‘ons‘ for the
different modes of operation available in their machines. Masé accuracy provides a |

measure of the maximum error expected during the determination of molecular weights.
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up the omssesalpmettods.t he atons expected to be in the conpound. This
cal cul at ed nEss Is then conpared to the exper| mental | y measured mass to

det er mi ne i fE¥afbirasgradeysethiacomiirmear slemental compesitiercinanshsoagbly he t ypi cal 5
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known, so one begins by neasuring the accur at sanple. One
gener a|$°§13W8m§°eawbl%éwa@§uﬁgﬂ1wmmasnm theteuabkesnm salativelyni t hi n t he

avefpag ul ains . several different
el emantes ;ﬁj ‘é“?%dﬁg ebpr%%(%e w‘vﬂat&tgéaqn Sﬁ?ﬂl‘@e" %?iqremqkpngf ¢ORF hin t he
+1-5 pmpﬁmagemammemaﬁgﬂimézﬁ aDREAYRS r prodablelaBinativests RIPMLT better
error r red for "accurate nass tags', at l|least, for exanple, for the
|dent|fFEe£ﬂ"ﬂ8 of peptldes 20 Commercial instrument nmanufacturers
typically spggicompliBrs | a its of
percentage (% or parttsa@% 1;‘!{c?nﬁl &0?@?1fﬁ%t %§§JSE%SA%£?ﬁW separate
mass acOmpPasijion péﬂ‘lﬁfsﬁlvabu@netlmowm ypomzeiezins pyendadathd e ARG geELgMi .nat i ons

based n al i bratjon, net hods and different nodes of
opzir%atﬁgnésdﬁ?p% %%g %&“" assumptipn hsiihe gotual mapss pparidhin fhect r onet er, a
cont r olaveagé &ger (5op ﬁgarmde\te@ ifMBE )ho‘lé&ﬁle%ﬁéms%@%ﬁ&]]tdlﬂ&ent %18{1e1ﬁ§<a”p' e, to

sel ectively eject 1ons fromthe ion trap, or to selective ass ions
t hr ougHbers @%@%%@W@ formmleg thatrwidl fﬁtlvndan itiey+/efpbm meansd eﬂforof t he swept

_VOl t a9§an rﬁé gﬁ%@@ﬂ%&ﬁﬁﬁk#ﬁ?%ﬂﬁ" (J)[rrl]ae & efror Eshrequn'eds for f'ac%%ateecégscsi ons can

be deter
tags", at least, for example, for the identification of peptides.

20  Commercial instrument manufacturers typically specify mass accuracies as
relative errors in units of percentage (%) or parts-per-million (ppm). As for resolution,
separate mass accuracy specifications are typically provided for mass. determinations

' | based on internal and external calibration methods and different modes of operations in
mass spectrometers.

.25 In many types of mass spectrometer, a control voltage is scanned to vary the mass
selection — for example, to selectively eject ions from the ion trap, or to selectively pass
ions through the mass selective filter. The linearity and precision of the swept vbltage

" determines the accuracy with which the mass of selected iens can be determined, Mass
‘spectrometers that use a digitally controlled voltage source to select a mass range suffer

30  resolution losses due to the errors mherent In converting a digital control word to an

analog voltage.
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SUMVARY Exanpl e enbodi nents of the present invention provides techniques

for precisely and accurately determning the mass of ions. In accordance

with one aspect of the present invention, there is provided a nethod for
operating a nass spectromneter in§WM‘ﬂj“§n ion production neans, a nass
anal yzer, armaagwahes&lﬁ@m%Fﬂlea)rss@ﬁ&ﬁ@énn%ﬁ%mdésh&m r pRRIMRLY sing: (a)
performng a calibration to"calibrate an output tage response of a
di gi t alantlecamatchyletamirng tre rodss bhne.dntacalrdareangth oo pspret dibthepregerd i r st
mass axi s .caljbration mass,.axi s calibration mary

Cai b AbTaH OBy hersRet bgpetdior ARG R RyStpetie oyt afifng o

second gFB&ctioN nfeaid Ialr@ersghhapze} canqah HREABE ahi 8 cHRRNANDAs, IR mbiA8d MBSS

anal yzer across a nass ran of the mass spectroneter to characterize the

i nper f eeMPHEEMLoa) PREONNHBE a&?&malé)ratwﬁ@ ealébrateanautnyt veltase refporscaiot her
aspect vi ded {er program
product(ﬁ%'r%?fgfg%ggga{ve &’l@%&%ﬁr@d{nﬁﬁ% ﬂ%ggraﬁgngfﬁ%“ﬁr%ggg spectronet er

- i ncl udicalibration,ahe fifsothasd xidicalibaiion baingRIHineAfcyldtestionadT a respodled exher, and a
control mean t he conpu er .program product conprising_instructions

“oper ablBa% gt Srgcand éﬁ’@?ﬁﬁfoﬂ ‘BB@S%‘E)?C 18‘3“9%}0 Faly e aespriese

cal i br gffigahm, r al -t o-anal og

conver?)tglr of ‘Sétgr?gl é& %tar%%)(ﬁs %ggl(rglés%ﬂg%?f{pe&%gr?ﬁgg&§@?ﬂ§§ﬁ’n@é§aete§§?{sﬂecal i bration,

the fi rialpe:rfecsigna&f&xemslmumeatsmﬂpdméng a primary calibration of a response

of the mas anal yze erf rma second nass axis calibration to
calibrate t ac“roélaﬂﬁﬁyét {hﬁ')e Q}"r‘é?fﬁsf& INYEntpds thare s BOVICedde of t he

mess S%ﬁipﬁféﬁic%&mﬁ 9mdﬁbtaén%deerduﬁat5dg%lh mfa;dn@farlo@@@uﬁgah{a@s instrument’s

response i cul ar inplementations can 1 nclude one of nore of the
f ol | owispertiomsetarieguding Ae iopt pypductipn nieans almass analmermnorméetp@mf, @ndred in the
order rec%ﬂed ab n different ., order.

Ol br PR SeRSNE porBue oS kbl pBhRRN R il Betion RherdRiedo ki e

cal i br gré@ammbbR proctksioRlto:(BRREfogaR DAC! dliBrafoe tofalibRftearehi@pRVoftagh Sposed in
a 3 21 Novenber 2006 thermally controlled environment. A |ock nmass

cal i br despepsecrs digitahde-patlag gonvistteratitheceptrol means; (b) perform a first mass
axis calibration, the first mass axis calibration being a primary calibration of a response of

the mass analyzer; and (c) perform a second mass axis calibration to calibrate the
~ response of the mass analyzer across a mass range of the mass spectrometer to
characterize the imperfections of the instrument’s response.
Particular implementations can inclﬁde one or more of the following features.
The steps of the calibration can be performed in the order recited above, or in different
- orders. The first mass axis calibration can be repeated after performing the second mass

axis calibration. The control means can include one or more elements disposed in a




~points AL YO

| i near correction between | ock nmasses of a plurality of 2hoetenmesms. The
mass anal yzer response can be calibrated to an accuracy of 1 mmu across a
mass range of 1500 AMJ. The nmass anal yzer response can be calibrated to a
linearity of at |least two parts in 1,500,000. The DAC calibration can
include cal cul ati ng an anal og output voltage error at each of a plurality
of set points of in digital-to-anal og converter of the control neans,
and deftﬁ?ﬁw@)wﬂn‘aﬂﬁa&g@mﬁv\% tl%t%é“%sé Pﬁ@%rﬁfemb?aﬁ&etpsrfe%w tgrdefipeap urality
of set |RRhAlErectidiMBet@BAH Bk ffabdts ¥Ph Pﬁﬂﬁitﬁ%ﬁi&ﬁnﬁséé@.' Ti8adsAn§zQuUt PUt by a
trimdigital-to-analog converter of the control neans. The nain
di gi t alresppnsmedndy cebbratedtte an aevurachef il mmm dengss mmasstrengmat] 1660 ddvilVer t er can
t ogeth conprise a conposite di.gital-to:zanalo nverter, the conposite
di gi t al eGP ER AN ReP Svaresen BeraPrata ip S BRPped €I Iodrs ity ar Ienst 7
m croval $@,@d requiring less than 24 bits of control. Calculating an
anal og out put vol talglg_-error of the main digital-to-anal og converter can
i ncl ude conpkheiPRCxalkAReen includriealgdatingga applogwEtpyhveltage grreast t o- anal og
convert : 01t I set
R B L T
- tri m vaindesfiniag@h ahalogtrim boleageabrregpadihigng edch of tieosluadity efizet poilws. appl i ed by
the trjimdi ital-tgt-anal %% c%gvert r at each qof the pl ura}Iity of set

i nts 1t RE $2RI°C A0 OBasDtP ¥ asopelieitahir8plednver ter. The
trim dighi@ler bpf@@ah@a_lﬁ@ﬂmﬁfe%aiﬁaggiéaﬁtdéaﬁ@ogt&nbme%ﬂ@k&ttﬁnﬁﬁ fgen set
points of the main digital-to-analog convertér. Performng a first nmass
axi s cap+abalag corvedancanrtogatiche cpmpfisr atagpesite digitskto-amldguoavertan, thé a r esponse

f th anal . t, t ints. Perform d - i
cal i br PTBAS e a0 A0808 P SHGa e Al L4 B ST ng B 5pur al [ty of
speci esnichAditl ank RAWRHEESERBarPE4 BESofcoep (aldtdiingdlanthgiodRegpuipect romet er,

measuring masses of the species in the sanple, calculating a deviation of
each ofvoltage ereerad thedmpin sigl-ta-annleg coavenier aaninrluste compadig peapdegli ng

speci e I i ol - se polynomal fit t correct. the deviation
for eacC ml%? %l}%g@ﬁg glse%rrl%h %?étgig{eos%ag?%é’o&vgwrﬁ% a%e?ﬁegii,eg Ioflﬁp)}l?%ltagg %F rection

val ues ehesefinom thdie2(00Isyiintal Défiring &hanaley thiactdlnge val inekde eforiggaondi ng to
correct ?d anal og out put voltages for a digital-to-anal og converter of the
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rat e dependenci es ep nmeasure n pos nas-"a scan rate
~is adjusted. Conpensating for slewrate
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dependenci es can include performng a real-tine mass calzetbanben2ead
adjusting a tine scale for data acquisition such that a tinme per sanple
ratio is adjusted to provide for a constant ratio of atom c mass unit per
sanpl e. The techni ques can include introducing a sanple into the nmass
spectronmeter, and nmeasuring an accurate mass of an ion derived froma
species in the sanple. In accordance with yet another aspect of the present
i nvent iapalogichmvestef. Ihp timi digithl-4o-anales capenerambe @sed todmerposithbetwaemas s
sel ecti £.Qr gl of a selected ion, the nass
.s%#&ﬁ%@%?the%aﬂﬁi%‘?%gogédgg)@@&&

T. -
sel ecti means conprl ol nmeans capabl e of providing an anal og

cont rol vol tPsgferminge fosimnass laxiveahisratien eay inclpddpafoming edatieng mass

sel ecti . ' j r [-]. S| e or nore
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i mpl enenasaakigwelibration erolineledeintoducinms simfle inebiding 4 plwiality éfeweciees.  The

Mass. S?ﬁg@ﬁ%{}gﬁ@wﬂ BRiSs GAMdsd MilaldBn %ﬂ@ﬁqaﬁé’{pegﬁﬂ&ﬁ&bﬂ%eraélﬁingrmés'sés‘bqe of an

RF field. e one or nore el enments can | nclude one’or nore€ conponents

sel ect dbe $peeies inhtbe garoplp, cabaatingiaideyiabon pf exch of the mi¢agined Imassesdrom ag

convert ' at | L] | 3 sistors, and

RF dot AZ S BEBLGLLGRERTL LR, AR el oo f pof Bl [E2 T e

di gi t alcomectdbadeyiption nyregack p§ the Theasurgd mussesyand shringl d Muralibwafr onment  can

“includ . Qr LSt ;;11[5?1% ' [ . nbedded into
a pri nt% 813'@%}‘3?0‘]&[{?5 E%%?gbﬁﬁl#éﬁ ne _%?rﬂgh{)hregao ea%.b}r1 ?\véﬂdyél%gﬁrre ts gdlggﬁdei ncl ude one

or nor €ogepeeinalaseident voheses dertd digitditermnplpg connertgeoittba tonjtnl eatans.o provi de a

snoot hl Al - La( . ' he printed circuit

4 21 Nopéreﬁréggl}rﬁggg%%mﬁgga ﬂ%#ﬁ@%{r%ﬁ?e H%Qeg%%?l @oarpgﬂgg% i ncl ude two or

nor e | ayer s Thairshaiquesoranriadtedeodompeasating dot shep edte denendensias thkeadi st ri but ed

across I OnR: : . ating

el 'enentnés]éacszlgﬁ@g{éasgg%e%gf %‘ﬁﬁ%&??“égu a%eelg gﬁi}l ge{%%ted;bgl%ﬁue?%ﬁgl% fg[)%ée[&t? ﬁ%§m| |y

cont r oldependersiesroon iahedeperforming arrgaldime mass @ladytion/and adigstinga tihe . 05' C. The
Nt . . _ : o _ |
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controlled region. The boun c ) one’or nore gaps, slots,
or per fconsant 53, of prsnic oAk Halt Por seole: The taghwinuesraon imakedediahodusingrde an

- insul a%ﬁlﬁ]@leqﬁﬂ%mﬁégg&ﬁf&ﬁ@éﬂ Ml%ﬁ@ééﬁﬁh@&l Zecitd AGS FHfandon derf

Ve
t enper at ure-contro region. The nmass spectroneter can inc uge a mass
anal yzdiom aspecighictheisamplear e i ntroduced for nmass anal ysis. The nass

anal yzer - camy, heldid&: Rith ye@Tbter Rflebordfie HURGE RRbAfor, BfFe is PRSvided a

mass spectrometer, comprising: a mass selection means for determining a mass of a

. selected ion, the mass selection means comprising a control means capable of providing
an analog control voltage, the control means being capable of providing mass selection
that varies linearly, the control means comprising one or more elements disposed in a
thermally controlied enviro-nment.

Particular implementations can include one or more of the following features.
The mass selection means can include a means for scanning the amplitude of an RF field.
The one or more elements can include one or more components selected from the group
consisting of precision digital to analog converters, associated operational amplifiers, gain

- setting resistors, and RF detection diodes. The one or more elements can include at least
two digital to analog converters.

The therrrially controlled environment can include one or more resistive heating
elements integrated or embedded into a printed circuit board. The one or more heatin g
elements can include one or more copper traces. The heating elements can be configured

- to provide a smbothly varying amount of heat to one or more regions the printed circuit




rods can be fabricated to an accuracy of better than 2 pamNogeniber &80, 1 part
i n 6000, or 2 parts in 8000. The mass anal yzer can include a resonant tank
circuit that includes at |east two pairs of conductive rods, a RF
anplifier, a transforner, a DC anplifier and a capacitor. The tank circuit
can have a high Q of greater than 300, greater than 500, or greater than
700. At |east one winding of the transfornmer can include nmulti-stranded
litz \vioasl TAebprntedgircuinboard cihiaclulanss or mere lagais,iand loteler inbtezof\the €. The

tuning (tin an include. litz wre havi a_ gauge, and nu r,of turns such
that oot B8Rt b pisnbfe efoRe AL T o BB R 81 BRT rly PS5 4B
accor daftecheatitihelambnts chebe esfigaiedad rdgatatos eaqriatire\oE iid thermallher e i s
provi ded SS.spectroneter, conprihshLA; SS l.yzer for receiving
i ons focronﬁ%%%a%gpg?fa t,W’{tTtﬁléar%ﬁgglogg’é"p%c@h%/@%ﬁé’rg%@éo ant tank circuit
conprisi ng dkhelprastdd areaittboavdsho invhrdeadmondaiy dgfising anherghally oentfodleded from
ther e 16PN ta b el Mg - DB Eipe Uehr aBrBRCEry ABFt for

ere i's Brov e I 8 36’8 LY R cdft for
cont _r?Ithémgdla gpm?lfmw?ﬂnTntcmﬁgnlwé an insuhhgigh meltmbfeﬂmfjhstahtia{tgans for ool nt
speci fying. nt rol wor rresponding to a desired nass setpoin
in the cr?g%g%aanéa%fgp;fg%nﬁpg%urgicap?él e-dtrsglgﬂ'al og converter coupled to the
di gi tal contThelmassapestrotieter oo inchiidg a tiedss hieal prea ing whichviens ¢ inteidacgd
“config Q.lr [ digital nt rol r.d from.the di.gital .control
eans” aiel ERERLTE Brdndbhg TR « SRR bR PO il ThEcs
- anal yzepdbeads fabriciagito ah accrdayalf beiterdhant hpartsdn 6060, diphd in 6000, anZl og
convert | A0 r each,of a plurality. of set. points; and a trim
i g1 ¢ ol IR TAC B B 2 GBI R PsRirtbPant Vel B8RRI e+
di gi t altwbpaanafl agdodiveands n Rbnpidier.onttangforeer, tad€ empiifier anddi gi tal trim

word fr : 1.Ql . ans~and to 5,21 venber, 20, enerate an
anal og c? ﬁ%c%ﬁ@&&e%%%@ﬁ@%ﬁ g%:‘iena?hd@j ghogng %Fr tlhﬁné ﬁ@ %%%fré oﬂ}t%pﬁ vol t age
gener atgeehtdntharhB)0mait teasti qetvdhding oftheltmagsfoomerant éncludeuntititdhatded lgzven anal og
out put v:ol t . i.n nal oa trhmyveltage sum,t o an anal og
ot o AHine i didfc FRTRRCORUARE R s THRLRN BEEB: T o e
cont r ollitawwird ha%iag 2 gadeyardbemz0 06turRsnch that ar RF npdisarenofithecamsing aingi ncl ude

one or . : ol lowing features. The circuit can include a trim
Iookupl%gtgg{sl?lwzl%ﬁ% a plurality of digital trimwords. Each digital trim

word can cordnespotuice withradudheraspdctiofthe pyesedt iovegitibal theroid providedhads. Each

mass spectrometer, comprising: a mass analyzer for receiving ions for mass analysis, the

analyzer comprising a resonant tank circuit comprising at least one transformer
comprising a tuning ring formed from litz wire.
' In accordance with another aspect of the present invention, there is provided a
* linearized sweep voltage generation circuit for controlling a mass analyzer, comprising:
digital control means for specifying a digital control word corresponding to a desired
mass setpoint in the mass analyzer; a main digital-to-analog converter coupled to the
digital control means, the main digital-to-analog converter being configured to receive a
- digital control word from the digital control means and to generate an analog output
B voltage to control the mass analyzer based on digital control word, the main digital-to-
analog converter having an error at each of a plurality of set points; and a trim digital-to-
analog converter coupled to the digital control means, the trim digital-to-analog converter
being configured to receive a digital trim word from the digital control means and to




digital trimword can represent an analog tri mvoltage thaovestereos
generated by the trim digital-to-analog converter to correct an error in

t he anal og out put voltage generated by the nmain digital-to-anal og
converter for the corresponding digital control word. One or nore elenents
of the circuit can be disposed on a thernmally controlled region of a
printed circuit board. The invention can be inplenented to provide one or
mor e of gdnbratd @ draldgrtgm aduantca@act OF 8 bg6r iaahd dfaiig upudioldle Nass

spectronet e an, permt. agcurate nmass neasurenents to. be attaipned. In sone
enbodi riseied 1B P Tiai ditilrio gl G o ieE U At en SRR OREE ne

i nvent i amd thacnmp%}@@aﬁﬁ%&nf iBCeINagE g%% @ &Salhd_}_c?]g deev@ﬁag_b forthe ﬁélsi@gmass g
spectroneter, ca of measuri ng. nmu. e techni ques can be use

wher e §§§Féﬁ?°ﬁ@%?ﬁﬁ#ﬁﬂﬁﬁﬂ@é?“ﬁﬂﬁg@ﬁFPW@%&Wpr linear to allow the use of

| ock masses to accurately assign the position of unknown peaks. The
details of one or nore enbodi ments of the invention are set forth in the
~acconpanyi ng drawi ngs and the description bel ow Unless otherw se defined,
all technical and scientific terns used herein have the neani ng comnmonly
understood by one of ordinary skill in the art to which this invention

bel ongs. All publications, patent applications, patents, and other

ref erences nentioned herein are incorporated by reference in their
"entirety. In case of conflict, the present specification, including
definitions, will control. Oher features and advantages of the invention
w || becone apparent fromthe description, the drawi ngs, and the clains.
BRI EF DESCRI PTION OF THE DRAWNGS FIG 1 is a schematic diagram of a mass
spectroneter according to one aspect of the invention. FIG 2. is a
schematic diagram of the digital-to-anal og converter (DAC) subsystem for
generating the mass anal ysis control voltage. FIG 3. shows the output of
t he DAC subsystem voltage deviation fromlinear. FIG 4. shows the

| i neari zed subsystem voltage. FIG 5. shows the nass output prior to nmass
correction and after mass correction. 6 21 Novenber 2006 WD 03/103006
PCT/ US03/ 17402 FIG 6 is a schematic diagram of the thernmal/tenperature
control system according to one aspect of the invention.
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FIG 7 is cross-sectional schematic diagram of the thermiotdnesapeoogt ur e
control system according to one aspect of the invention. 5 FIG 8 is
schemati c di agram of a quadrupol e mass spectronmeter which can be
calibrated by neans of one aspect of the present invention. FIG 9 is a
schematic di agram of a quadrupole ion trap mass spectroneter which can be
cal i brated by neans of one aspect of the present invention. FIG 10 is a

schemat i ¢ diRagticubar ihpleniatations ¢dndhcladhondcoruidrt b28e fblowiag Yednltes.angl e of 1o
. Schemat i am of a

the lo w.thin a transforner,'s flux. FIG , 11.is c, diagr
ol o Ehe el BrRiok 8RR L Tooatuf Senne f phidiey B BB bt A ane o
one aspkgital afmtved pireserspondve vhe ofia pﬁlrrlﬁﬁtﬁafdi%ﬁalao]aﬁglamﬂk.daadh agram 011: a
magneti g . t or ss spectroneter which. . ca e calibrat means of one
eonet et Rl ol B P A aheog bin Bt 2an B el By B aoe, gmat §ons
i n t he digital-varsnalogoanvgder to dotedt @nleirein thé ematey cutpdvbAbgaiRnBREGRPTI ON Mass
spectr ters..neasure . the nass-to-.charge ratios. i Qns. t he speci es
bei ng ggf‘gg‘ra{?e%glﬁaﬁo'ﬁn%ﬂ%f’%e%?r {?ﬁ f}{eﬁon‘ggmln mﬁg’ﬁ@if?@“ﬁ Wé’\r/%gg? ¥or many
common makickatentsrof tiklciroaitihan be dispesedwas-thanaligcgaralRiiiregiandf apsstedf the ion
are the.ﬁa.@g%gs aresult, it is often said that nass spectroneters neasure
o

simply e of ions. However, several newer ionization techniques,
such as el ecthedsyntyn carbezatplanentediotprodty oy @rduere ofithet fopbyinghar ged i ons.

Fortun | | ti.ply. ch ed (mz) states give peaks in the spectrum
t hat c%ﬁga%%ge%mqtﬁrﬁ%ﬁlgﬁlw Oﬁﬂ%éﬁ%sé 8ff r8n‘{?gelrf’ T %F?rﬁﬁaﬁ’é?ssrml ecul ar nass
of t he nsb@emkats td be 2&itddi b specémhbaiimens,utilihgicnerfm chliaton pocedeel to refer
to eit when t.he char of the iqgns h been accounted for) or
mse. t AXHITE Lo PARBR i BREE AiaptsdBeyrndlia o SRR IR H0ER Accbunt e
for). Bbéiroinetes capabbchefimdasering &§0eamo Tha tevhaguep@atheared eherk@Psteracor di ng to
one asp of .the i nvention. Ssspectro er 100 includ an.ion

or oduc DeanRes 1 bt AT O incal S BEP -8 TR Sk s et bis PN ana o
cont r olthemstonlof@nkndwrcpeaknicl udes a digital signal processor (DSP) 150 and
a digital-t | onverter AC) 160...f0ollowed b anal og system 170
that recei Vg@%gﬁtagggf%& 0561?1??81(1.‘%8&'@}16&& ‘%frﬂbf‘rﬁnb?ﬂ‘i“’i‘éé“y%eﬁg‘”ﬂ}l 2*@%5% the 7 21
-~ Novenbeccd@bying@r3@hgO80i06e BESTHHEABDAFWOdnless otherwise defined, all

technical and scientific terms used herein have the meaning commonly understood by one

of ordinary skill in the art to which this invention belongs. All publications, patent

applications, patents, and other references mentioned herein are incorporated by reference

in their entirety. In case of conflict, the present specification, including definitions, will

control. Other features and advantages of the invention will become apparent from the

description, the drawings, and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a schematic diagram of a mass spectrometer according to one aspect of
the invention. _
FIG. 2. is a schematic diagram of the digital-to-analog converter (DAC)
subsystem for generating the mass analysis control voltage.
FIG. 3. shows the output of the DAC subsystem voltage deviation from linear.
FIG. 4. shows the linearized subsystem voltage. '

FIG. 5. shows the mass output prior to mass correction and after mass correction.




anal og control signal, causing mass anal yzer 120 to tr arz$mMotenibenzooef a
sel ected mass or nass range to ion detector 130. In operation, ions

deri ved WO®3103966 i on production neans 110 are transmitt eBCTAB/174SS

anal yzer 120. In mass anal yzer 120, ions are separated according to their
nmass-to 5 cHAGy6 is asélematio diagensoithe thedusli/tempentss canteot bystege ratio (or
range of ss-to-charge tios). are passed to the detector, where an ion
si gnal 3°§° %Pﬁ&ﬁa%gt%étg%’é’g %o provide a mass spectrum 180. The

separ at i on iFIYRSS crdBakatA6al ddiniafic GRIFNE bIokY therdtiienigteateetbnedl of DSP
150, which is coupled to DAC 160. To sel ect a desired nmass range for

t r ans mi @ysteoraccerdintg tocme aspesoof thysmvem®nout puts to DAC 160 a digital control

dositod mmsd PaRgeetiafe Sl LIl BIc AR sh Sk SR ERGP O © 1

cont r ol calibrated bit ey cioat agpecwifthe presont invgtionComrer ci al | y avai | abl e DACs
160 are not perfect, i.e 0 not have the_desired resolution or. accuracy

.. d
(for exanpl &1G: 8 ippeaicmatip dlagranspisnqusdrupolq iop Hap mass PerEpmetshuhich 15
ear i erg., 3R 548k ﬁéﬁ%f%ﬂ?&tﬁ?ﬁxf%?nést ﬁtiﬁ%nti%ﬁ.a”pl e may be non-linear,

t he anal og output voltage deviating e expected voltage for the val ue
of the digi tHG. 0id 2 sdhematic diagiant ofi ssdevisedhat@dn be vilifpgRo v&F theTangleorf ect thi s

i nheren rror,.(.e.q. on-linearity), the output voltage of DAC 160 is
"trTomTetEd‘eﬁi??ivﬁ %ag@éﬁ'ﬁmﬁﬁéﬂﬁo having a finer quantization (i:.e., a

smal | er vol tige 1¢ PngheRBfic Hi8gsin & Ofpld fRbfupbictm#at ai@abmelel whithul d be 20
noted that in this specification, "linear" and "linearity" are not limted

t o t he wnbegeliupiedbyaneans obensaspecy obthepyesant inventigna strai ght |ine defined

by the equaty =X+ ngd- t is i : tions as -
wel I, such aﬂéﬂc;lu%&{r%%‘%ﬁgm? ﬁ(th((izl?l ons&aelﬁ%%lr?{elﬁg ?céﬁ%%sgg}gﬁcgéﬁag{e?%ﬁ e |like.
The seasAlibAGIIROmemtiex ops apecoftt predet infenttomr r ect trim val ue, outputs a
vol tage that_corrects any variance for a given DSP djgita). control word 25
betBeen t he %?E%Preéﬁmbwr\dé%é‘gﬁm‘{nﬁ@l CrVEFORAEaTEIgS E'itetlg‘eexpect ed

out put é{&h&lﬁge. This corrected voltage is supplied to the anal og system
170, which causes nass anal yzer 120 to transmt ions of the sel ected mass

or mass range to detector 130. The linearity and precision of this process
" determi nes the accuracy w t PERAICEDIPESCREYION sel ected i ons can be

det er m ned. The sour.ce of iopns 110.c be an f a ri f.

convent | onal MPBrRRRTIREES nsanS Megna 1wt ARY of oS Wil Heies,

i oni zathel 4HARGEN heP bR e HMndty RSP RPidally Hic&Se fR mpRRbAm @ ibaiaiticn (APPI)
source, an atnospheric_ pressure photo-chem cal -ionization (APPClI) source,

a et r imetheds, eqaassdaeharge swiopnd sress ehthe ien v thavapoy s atsgwlbdt is gfen
said that mass spectrometers measure simply the “mass” of ions. However, several newer
ionization techniques, such as electrospray ionization, routinely produce multiply-charged
ions. Fortunately, the multiply charged {m/z) states give peéks in the spectrum that can
be mathematically processed to derive the original molecular mass of the molecule. In

25 this specification, the term “mass” is used to refer to either mass (when the charge of the.
ions has been accounted for) or mass-to-charge ratio (when the charge of the ions has not
been accounted for). '

FIG. 1 is a schematic diagram of a mass spectrometer 100 according to one aspect
of the invention. Mass si)ectrometer 100 includes an ion production means 110, a mass

30  analyzer 120, an ion detector 130, and a control means 140, which includes a digital -
signal processor (DSP) 150 and a digital-to-analog converter (DAC) 160, followed by an
analog system 170 that receives an analog control signal from DAC 160 and processes the




at nospheric pressure MALDI (AP- MALDI) source, an el ectr o Nopatler 20m8i zat i on
(El') 8 21 Novenber 2006 WO 031103006 PCT/US03/ 17402 source, an

el ect r osWwoOa3/103806 zat i on (ESI) source, an el ectron capturRCT/AR3AHI20N
source, a fast atom bonbardnment source or a secondary ions (SIMS) source,
or any ataheerconyrpksigdal, daosing magscanalybrbisk2 Oain dtepgmit idiR@f e acledled mags @f a variety
of conventional, nass analyzers that can 5 be configured to selectively
transml?’aﬁstfﬁ%geotf’l%u@?t% ﬁéss or mass range. Thus mass anal yzer 120 can
i.ncl ude, formeRMAHOR; ioAd@ITERBom B Ich frolii@iod mAHAN M'RE heniRifted i8S,

triple quadrupol e mass spectroneters, magnetic field type nass

spect r onassemglyzent0. dn iass analwrersk20s puss wreovepansted atenadipgte theirmeass<$@r uct ure of

e oy pebiE e g o ARk PO AR T PRIRTR! B PR A re AT T o, "

mass angt yased tefhedercor, Wieed feiof Rignbl i€ abtairedland bRReREPIORLWAEA the setting
of the digital to_analog converters (providing digital <control) for the

anal og ®8vsPertrEy 4@ nThersparetien iysass analyprdal iy canded R nderdhs epntiohe mass
selecti omH@b 159 %ﬁhu?ﬂ-cﬁqai{lsd%@Aggle%P%fs%Jﬁcﬁé'&ésﬁea 4% féﬂl%é opave a mass

sel ection pararteter t depends upon the particular analyzer, and may
conpr i steansiissicextanieteetor 330, RFSPt I'S*ppitmds ©EDA0) t68galigital coftenlargpd i t udes of t he

applied magnetic, electric.or.acceleration fields., The. calibration curve
Pl et o4 et iR REE Y oiesnRiiE theldtSined Pt o 5 o

sui t-abl @adsQhalyl 1985 DA 266 EHVRLS thelBEiNT c&ttd] Wodd Rfo aitchibpyfipisses at
wel | known values distributed across the nass regions of 1nterest. From

t he calvdtage.i on chart prepared, one can select a combination of DAC val ues

(providing dhgll . i Wi || Se. q] | ection of a
specific m gcglgj%kmﬁ%é%ﬁ%%%%&% q&é?’f%’%"&é’ﬁ@g tlaer\%%?@éﬁ%gstﬁ%%el%ﬁf}%ant part in
the caldekslatiornor mbuﬁags§or apepld, W1sbisinshe Shsjgm bet/Mpphefigmt nebintibhedat t he
conponent_ level (is difficult to avoid. Mdst |IC specifications list drift
per 15de (faskierandsdsysate from the desired paths for skamaple may beanidinegr, theewalogre  strain

; . . . S

Ponor oo B R UARSA G AU the EOUMLATORELS R M rdBER] BEel YT ree.  For

exanpl ewordrbatli€rdceived from ISP ¢50.t Thoaratt thininbetenivarroat(e.gy ronlipganithlas a

t her moc | e effect .1Q m crgyvol t er Cel sius. In sone

o endit Buipureitgt o DG frosauupedy winge fel A% R s Bigzcoune 1 or

sone ofqahliz#font(NE:S£srhalfek gryz%%?cﬁén%wef fedist sﬂ%&ﬂﬁ&nﬁ i€ Bitingbe St sHoRlPBg ticul arly
% i ch I p

applica [ he overall system pérfornmance i s not

le to situations in W _ove te -
suf0i cinoted thatigrthisspecification, “linear” and “linearity” are not limited to the characteristic

or property of lying along a straight line defined by the equation y=mx-+b, but extend to
lines defined by other equations as well, such as quadratic ﬂmctions,- exponential
finctions, and the like. The second DAC 190, when programmed with the correct trim
value, outputs a voltage that corrects any variance for a given DSP digital control word
25  between the actual output voltage of the first DAC 160 and its expected output voltage.

This corrected voltage is supplied to the analog system 170, which causes mass analyzer
120 to transmit ions of the selected mass or mass range to detector 130. The liﬁearity and
precision of this process determines the accurady with which the mass of selected ions
can be determined. ' |

30 " The source of ions 110 can be any of a variety of conventional ion sources, such
as an atmospheric pressure chemical ionization (APCI) source, an atmospheric pfe_ssﬁre
photo-ionization (APPI) source, an atmospheric pressure photo-chemical-ionization
(APPCI) source, a matrix assisted laser desorption ionization (MAYLDI) source, an
atmospheric pressure MALfo(’AP-‘-MALDI) source, an eleciron impact ionization (EL)

8.,




30, (or linear) to allow the use of |ock nasses to accuratnglammssiogn the
position of unknown peaks. A calibration procedure can be used to
conpensaw® Ban3vegy st em aberrati ons. The calibration procedpusessm2 ncl ude
mul tiple separate calibration functions. In one inplenentation, three
separ at eovsgfs an nieciad;Sipmyaioniaatidll(lESE) susceaareelectma captunesianimomgnmeeate 9 21
Novenbe 3006 1'CT/1J503/[17 mass on a S _spectroneter.
Al ternafﬁséﬁ b%‘ﬁ%ﬁn AOHEe greap%gspglg ﬁ@ﬁf’%&t%&ﬁygﬁ?ﬁ@ﬂ’?(? s can be
used. Aid‘nisroaﬁcecal ibration is a DAC |i nearl zation procedure, which is pur ely

a hardware calibration and is generally perfornmed once. This calibration
can be per f oMstanglyzenk20 @n by ansefn yeriely of coventinmatmass pabyzsrsibaigin y ref er

to t t t to th
Lo Sy ot IR BRI BF B s, DGR 70,
met hodsanmyzabdﬂ@mml ingleds, féraxampiophsirtdle AasslBrdpd hu@dihlf)ole &dd teapR] | ng

serial/ e D sol d by Anal og Devicges. In sone inplenentations,
per f or n?ﬁ’éﬁ%ﬁé@‘%ﬁﬁsﬁg%tﬁ%‘?f%ﬁnﬁﬁe@? figld dvne prss wPeFEromEiRis.Bd super i or t o

"those o h DAC
i nZarlgltg?tlﬂo%A yp| ca y%gpgﬁe out t*r ?ﬁ?%ﬁpé%%%m%ﬁ%g&bg; thermal |y

1 egul at mehaimng hempenepodsystan 400 wim dépend on theitppecrfhaabs tahallyzdriused. devi ce be
operated. A ol |aI DA at es _an input .0f 20 bits and.is at |east

ohR) ot AR s For et YT ik oBlincit miptRe GBS O 211 a
st andarﬁlaﬂ%ﬁmpbm@e@melse@iagwﬁd& cﬁgﬁm% Mgte%nvéﬁ&iis Gro@dingidipgak of 20

m crovolts, would provide 15 the perfornmance required to obtaln t he

accur acSPelidhat the rhgog eontrnl sysiem 1 ¢ pystest ynicallyirasponsifele Sordhetagee. 9., in a

non- vol agl ks Hr L on nor mal

s axieiickp P B, T snR SOMAN syital 1A EBARG B RIS el T or ot on

set up. thhndapmdsi upphdi@atmdlamnaltym ambB AP, pbrisaj fob egdrsle, dnSRF aappihgd out

_ut|I|2|n two cal tion points, thereyellmnatln t he chance of 20
| nf 1ect YO fydiy qsu His aPUFbISgasliEnsIERiT¢ oF nsrleration;ficlds. (Thes

cal i br aédlﬂ&tﬁhfcﬁﬁrtegis g1 ‘%ﬁﬁhéﬂeﬂ%%g%gﬁl{r @fé'fenlcte @?mwe ere" on of more

than two calibration points give rise to relativ per or mance

cal i br asuighledfoxstbe Duﬁsa&pewmmetar g caiibraterktanduhmtmasﬁseatu@l lofownonl y two

ints js th | | t t rument
ot i nsraess e feSafod M 08 ofiSHo0.Fioy BEFHUSRIOm T ey ond t he ¢ vo
coar se V\];r@i)arbdl ,nk @h RMchh SomBinatiod 8Ff DAC a&m&*@fdvﬂﬁng dighaBoontlyvwiigear i zation

step, ch is also a mass calibration, .
~will cause ejection or selection of a specific m/z value,

Instrumental performance can play a significant part in the calibration of mass
spectrometers. Short term thermal drift at the component level is difficult to avoid. Most
IC specifications list drift per degree Celsius as a part specification. In addition there are
strain gauge effects and other well known electronic quirks which are typically ignored as
25 insignificant relative to the overall system performance. For example, the IC lead to
circuit board connection at every pin has a thermocouple effect of ¢.a.10 microvolts per
dégree Celsius. In some implementations, the techniques described herein attempt to
account for some or all of these instrumental quirks. These techniques are particularly
applicable to situations in which the overall system performance is not sufficiently correct
30 (or linear) to allow the use of lock masses to acourately assign the position of unknown
peaks. ' '
A calibration procedure can be used to compensate for system aberrations, The
calibration procedure can include multiple éeparaté calibration functions. In one

~implementation, three separate system calibration functions are used to measure accurate




but is nuch nore obsessive than the standard cali brati or1Ndadmbes20pgr rently
carried out in the art. This second nmass calibration characterizes system
non- | i neWa @3i1e3p0across the entire nass range. |t neasur eeTiSEs/mo® ti on of
known peaks across the mass range of interest, thereby allow ng the nass

peak of nzass unkmnmssspeotrpmutet Altednatively, foparaicre seffardte oystdnhealiveaour ed nass of
known reference gonpounds. The conbination of these three calibrations to
drive t&%ﬂcé@ﬁﬁcaﬁg}?g‘gﬁ‘iﬂor provi des a mass scan function which i-s truly

[ near Wt h ATBPealibRfich 0 TS 1l A b0 iR i€ BRI PHrkih a Sind! &
calibration procedure, but in sone Inplenentations It cdan be advantageous
t o separcakilgatioreand iy penerdlyperomedrbage. Jhiocaliw@tion ca0BORS fR@E] LBER/IC7 402

first caljbrationds applied to the entire DAG subsyst whi,ch retains the
ful 5 anirSRh T CotuBBial it ubthErePR N s R aee SR HAS e o ¢

cal i br atchldtraticn is bermag itb ¢ies 195 Ofhek B6HmERES B8plaMeh@iohsSthhviilical | Y

performed with all high mass accuracy nmass spectroneters. Since the system

i s | i ne&ynamigicabibrafionsmetinds canche ampleyedofor ssamnple thenl &1 &bivgelécalimiing
correcti%}m 8 ) ' | 4 f n i pl e I ock
peaks dg | neytgIgéggte)%]{s%%ﬁﬁgg@og?reﬁgi %ﬁsgwﬁlé@%g%&a%ﬁ%%? %O%Jl]él 5st rates
one enbditi DALt linehrizetidh da sid eanravidé mgultsssiperior26 thdsb abtalmablepdtiadukcle t o

provjde for accurat ontrol_of _the.sweep, vql tage of the mass spectroneter
as | fﬁﬂ@ﬂeﬁ%ﬁ&‘a"ﬁﬁ@? P%‘T%rjaw Qér@mpﬁt@nﬁﬁg@lﬂaﬁﬁ“@_&@m &t icor di ng t o
one aspggdterdhad hiln HePmbally Sdpul ALk tom.retgf Slafii FBSRich i1 Middd¥d MAPhePe Preci se

to allow interpolation fromknown rence conpounds to derive the
neasur e feyiee bF oncratedrad sommreialiRAG thatdakep o frpsit of Ahbitg ipat least

digital - ! Ler whigh receives digital tput from.the DSP 202
and gengéﬁ%tbgegoqltpggoﬁgé%h O%PF%HEJQ}?&P Y& Y Uk VQ%/((?@%&S{*}P&@QH ty of the
sweep Vdetiagen of16ss Byt EMictOClisNaldudeak o géaltidrado Si@owts Prene piside DSP) 202,
whi ch provides digital out]g)u_t to two commercial DACs 204 and 206, which

can1de, the npriomgnes requingd i ebipjathe acgiragy roweht. o de calffwesigny RAGahi ch have | ow

t her mal jf6intdtion chilbd &Bﬁdﬁ%@oﬁgﬁ%ﬁ-vol% &%orgf?o%%\@s%ﬁ@% i, i n DAC while

DAC 206 operates as a trinib even bi are used to
gener at e a ndmnserndyeatibemton (s anen20hdss dxis AAbraP04, dsTasiedput @dthid h a 20

vol tage such that , 65,535 (1111 1111 1111 1111 ip binary) corresponds to 10
V, thenSY%R&%an‘éaﬁi_bg@iwﬂaﬁ%wté@%ﬂp@ﬁ@fl@@%ﬁ? eia%axmcail%raﬁwgﬂ%ps of
appr oxi gatied YutkRBizingidlPiR) et pYfis, ke elibtifarkldnd hald o ©F fect (that

i's, in this exanple, non-linear, ‘
20 - inflection points occurring in the system performance. Since this calibration affects

Di

piecewise linear corrections, the utilization of more than two calibration points give rise
to relatively low performance calibration associated with a typical iﬁstrument. The use of
only two points is therefore a simple linear coarse calibration. The instrument’s intrinsic
non-linearity will persist smoothly between and beyond the two coarse calibration points.
25 + A third calibration is a system linearization step, which is also a mass calibration,
but is much more obsessive than the standard calibration that is currently carried out in
- the art. This second mass calibration characterizes system non-linearities across the
entire mass range. It measures the position of known peaks across the mass range of
, interest, thereby allowing the mass peak of an unknown compound to be interpolated
30  from the measured mass of known reference compounds. The combination of these three
calibrations to drive the scan generator provides a mass scan function which is tfuly linear
- with mass. The two mass calibrations may be combined into a single calibration

procedure, but in some implementations it can be advantageous to s‘e‘pérate them. The
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particul ar setting of DAC 204 will not produce the preci2s$Boaunibeti200g0l t age
desired. Accordingly, to correct (i.e., in this exanple, to linearize) DAC
204, thewousfodeos 25 210 of DAC 204 is summed with the oupErus@d84mf trim
DAC 206, which is attenuated |eaving sufficient range to cover the span
requi r eflrst EalibrARANE Efplicl €o fRichtifASA Ol subsykieg, whidhareidssld full rsgetdfe range
required to linearjize the mass _range of the instrunent. In one enbodi nent,
the triWinygeniw! &gthe faersaoamdcabibmfion +/ - 7000 nicrovolts to the output 210

of DAC 204 t ' ' i b foes S XAHR . ting in DAC 204
of 3, which %(#’ %%%%@’5@8%29@18‘7‘*@%12,‘5&88%?%858&8%6%1 I N le)iis @%@ﬁ&my groduce a
vol t ageparformhdd withcaichigh tmss dcostaepthased spetisometersn Sade #eGyrtenriolintars. To

l'i nearize DAC 204 in this ex l e, .DAC 206 can .add 13. mjcrqvolis to

[ e | 98 HE S8R 196K S GRS ROMP %SRSV GUGTHG. ThanBl KRS suppl i ed
by tri myMed 205 afreet %ﬁ@ﬁﬁ%hl\iguggﬁ pedkdb ARk Pick dAkElinda BorrdiiBn HRcAEM ned as

follows.” First, the main _is progranmed at 2048 points using 11 21
“Novenber 200Biguty3 iiiBsi136006 cpbpdiesd of 4 digital-toranglopsystomt208itepiils i cant bits

using the precise .and |inear 24-hi t.ADC 212. The vQltages rr nding to
thess pOreRE G aoyRE o LRERG cfach s B arehp ol A AR e RR R )
measur eglfigsticefiadsito bi@tidecdurafbifss nitaviraikms Scadiding feshel @paablibat e t he
digital, word that nust be programmed into DAC 206 to generate an
addi® i oBXFPINB: put voltage that will 5 trimthe output voltage of DAC 204.
The trim wor I MG ' ' a. given word
to be progra'g’rﬁcfe S’%ﬁ?%lgﬁi%e%?ﬁr%é% fégisgﬁ};agb(ﬁ ﬁlgésrg%lﬁ m%g&%lrk%lﬁﬁnvmrd t hat
shoul d feéerprcegomprreatisita deri@Ge gR6surementiofiticheasser gfinnkemin egepaindDAC 204 to

linearize it. . In.addition, the trim.DAC 206 iS.use i nte |.at,e between
the 204Ee G srgustino-seiles eotiery whieh Ssavexsigidiontan dosttt B ARC 206 doos
not 1 eGad @nblalQMd #itlch BnRISGBUBR is HGePltd BRURRGy WM dvtRBNbEAgRS are bel ow
the systenmis requirenents. However, the ADC 212 i's used neasure the trim

DACs ful | s¥ystem 2Adipslydese tigplsignahprocesser (DFR) 2071 wiieh provides digiteb

accurate h 19 e ettipgs, a of t ection

poi nt s. O@I&ﬁ? g‘ﬁg g?‘éﬁ%fcl%%@é@o@%tﬁg&hfﬁﬁgaiefﬁ"osﬁ"ﬁﬁ][ei?l%#q% %R?ét the two
DACs 20#ithRAR 1adde? Qbtworiedwvhich hivgd Iowaberpes i, DAGiS@ibdddmeait, DAQ 204e

enbodi nrent, a 32-bjt_floati point representation for this_conposite DAC

Wit h 7. opegies a5 maind A6 wmlgﬁA&Z%ﬁnew afpm DAGs Hlevenpiis &G i s | near

and pr 9%‘04%? h&d%gglﬁér{?t%:&giggfog{ Egt%fegr}’ P27 9P #@ﬁ)ﬁgghﬁﬁie&%ﬁﬂ&t range

with a Tocal set I on mcrovolts, as ilTustrated in Figure
4. 2n owvadtage such that 65,535 (1111 11111111 1111 in binary) corresponds to 10 V, then

DAC 204 can set a voltage anywhere from 0 to 10 V in steps of approximately 150

microvolts. However, since DAC 204 is not perfect (that is, in this example, non-linear, a
particular setting of DAC 204 will not pro&uce the precise oufput voltage desired.
o Accordingly, to correct (i.e., in this example, to linearize) DAC 204, the output
25 210 of DAC 204 is summed with the ouiput 208 of trim DAC 206, which is attennated
leaving sufﬁcient range to cover the span required to linearize the main DAC plus the
zero offset plus the range required to-linearize the mass range of the instrmnent; In one
- embodiment, the trim value can add anywhere from +/- 7000 microvolts to the output 210
of DAC 204 to trim or linearize it. Thus, for example, a setting in DAC 204 of 3, which
30  corresponds to 0000°0000 G000 0011 in binary may produce a voltage of 437 microvolts
. instead of the intended 450 m_icrovolts. To linearize DAC 204 in this example, DAC 206
can add 13 microvolts to linearize the output of DAC 204 to 450 microvolts. : |
| The trim values supplied by trim DAC 206 are stored in a trim .lookup table, and

- are determined as follows. First, the main DAC 204 is programmed at 2048 points using

1t




enbodi ment utilizing a 10 volt DAC, the resulting system wasnibengms to | ess
than 7 20 mcrovolts (in one instance as low as 6.6 mcrovolts) and

requi r edWpDe84030ban 24 bits of control (in one instance POI/BSWB/it7¢020f
control). This conplete conposite DAC subsystem 216 is placed within a
t"'enper atteli bmosiovignifitant titewsing thepesviscahd higeai2dibigtDE 212 eWpevaltagee sensitive

el enents _of t C rol. .system Not hat ,more or. fewer ,bit relative to
the Dacieetopisfing Othésd moisth e iRogpiniied: 360 i dBvigHions h Loy B

exper | mgRhsurdd asWh&wh @4 PiEutd @t Tﬁ@@ﬁb‘ﬁ@t@i@tar@ﬁs_em )& Bhte B dﬁgﬁal%ﬂd not _
necessarily produce better results, but required nore tinme. Since nore tine

was r eBut mag beprogrammed R Ar 286 & sameraten widitinal pupwirwltagntbptewillhs mor e
time; avaj I t t t or drift
and %on%%n%@ﬂﬁﬁgéééﬁgymggﬁ E&%P%%%ﬁ%%?ﬁggéﬁq a 188]6%‘[ %lre results
t o be awhizhnfeda gBGnAvant d beprogesnrhédian D AQ 10anrehanpticfcorregdniing adhelr ess
additional , errors Qr non- linearitjes within the system The system

l'i neari ?’Q’eqg‘ﬁt %B‘é@&cé’é'oﬁrm @@MC@% kol the otk veltaes 0§ DA{e 20iSs range
of i nt efigskize fce the DAC 204 has been linearized as discussed above, a

sanple mxture (preferably with species at evenly spaced intervals along
t he entire nsslditiongthe tim DAC20ducesd tointerpoleterbebecenthe 2048rmettimgs ofind t he

hoakd o sflinBACHd PHR Bt fim IR e SRR A e, o

PEG exhitBiatte@todana-lirakGesaire belbNiNAdyStedls AduirehéRE SHoReverafy ANVt abl e
m xture_can be used as |on a,sﬁélzgqgﬁ)eak positions are known and there are
s

no i nt e?¥isiuprsl peasiee the gim eoignEE precisely anddhisdnfommationdser. 5 A
plot is | e i f e expected
mass pe%%gqgg&g&}“ﬂgg%%ﬁlt%ﬁﬁg@%%ﬂga %ar”;ﬂggj‘\}%&gﬁ%’%%&&& %glf#l]s I s shown
aﬁ‘ curve 500Dig‘(iua1 ﬁg:lgﬂu peocBssoA2 ¢l mﬁeth&s: mforprkiyn ense theftivo D%C@Imregﬂd) renove

t he cur re non-11 neafr|l that | appar e { In nass, deviatiqQn curve
50015 5 HEAom & STHELS CRHBepoHE DAT 5 Romt Bk B Pmpoatnas odiobp SoBNERIMS ! | e
Lo L e ABRLGHaRITHL il R PBAC M 713\Eei00OBOIR fHn if binpfAa DEnd O used o

determ ne the nass deviation as expl ai ne ove. ese s deviations can
t hen breswting sxsteslisdineaandguedisego btterdbam(t micodtodiy ecroks haGn@@40 wdt bef or e,

by adj usting.the tri | : d into. DAC 206 f. the trimtable.
¢ B 3o ool B P2 RSB Lol bR B BERTA B b o e
sanpl e ghpddithentasiliding WO Ve DAT, 1R $&uRingS wabQireA9D 16439kHndy be corrected.

This is acconpljshed, as shown in curve 502 in Figure 5. )
20 - microvolis (in one instance as low as 6.6 microvolts) and required less than 24 bits of

control (in one instance 20.5 bits of control).

- This complete composite DAC subsystem 216 is placed within a temperature
controlled environment along with other temperature sensitive elements of the control
system. Note that more or fewer bits (relative to the DAC set points) could be recorded,

2% although in one set of experiments it was found that measurement of more set points did
not necessarily produce better results, but required more time. Since more time was
réquired to measure the greater number of set points, there was more time available for
the temperature of the DAC subsystem to vary or drift and consequently the final
calibration did not facilitate better results to be attained. |

30 A system mass linearization is performed to address additional errors or non-
linearities within the system. The system linearization measures the position of known
peaks across the mass range of interest. Once the DAC 204 has been linearized as |

- discussed above, a sample mixture (preferably with species at evenly spaced intervals

along the entire mass range) is introduced into the mass spectrometer, and the positions of
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15 Thus, by trimm ng the output voltage of DAC 206 usi n@1iNaendatz006r om t he
polynomal fit, the mass deviation as a function of mass shown in curve
502 is fwatosabtobs zero sl ope, as expected. |In one enbodi penuUsesa7apl ine fit,
such as a cubic spline fit, is used to correct the mass linearization data
dt the @R@4tasspeakparainsasured. e onambdiMdest, thei sampRhixturt is 2Qxpestbr m ng a
spline fit, the, domain, or x-axi f the si ' I vi,ded inéo a nunber

S nal, is
of spl TRE sxhtbafemess RRAFCH uéﬁlgalwgﬁw t9n%gu@&aéwt§hqiguxt@§a%n Bl ine
I nt er val,qdl r m " L $4,4 L ak guadrati c
or cubi {ésegc%iagc?%oaﬁ. A &gﬁg’&ggﬁ%%gﬁg‘gﬁg%“g@%%%h‘%@% terva (gh,lﬂgeonst raints
ar e appbdckgrouod bbtheanash epeomometer.ghbori ng equations to  be equal in val ue,

firsg derivatiye, second derivative, etc., up to one |less than the order of
25" the pol y nbrAlSis HEGF SSpEE bW dha Hhestidabsed RSBV (o ARPEHE second

ar e f or gask Rakeds AfncheOBkIsEor rafhef, sespaslifagh). CTHEP1sisRewn adéutvd 580 fi r st
derivatjive is forced equal. The spline fit ensures that substantially every
one of nddgweds Uk piscedisanaynogral fgdngome tasesoysdhr suvpiuse @apdnesyspl i ne. A
cubi ¢ p@ﬂa@’ﬂ%ﬂ%ﬁk 115 g § '&fionfc%{'ve hS'nQ:te?l{lé/ﬁle bt ER B g@% i@r[ of HE. :
measur ed Caltoration sanple mass data pol nts. ?&m cubi c 30 polynomal is
not typsweblvpltageosuppliedoribé bealedyistem Mt DAL 204 theolgiopddiitombd s ar e

chosen in ,su¢ch a way as to, make the first_ deriyative of the cubi
"~ pol %MS&F‘%@WD}}&% mwéﬁweﬂ@l%%ﬂ&piaéﬂe&&i?amf(hﬂﬁ@w FyLatiens eaktgethnt ai n a

curve W ChrBRA%Dy ARk ﬁ@%ﬁtgﬁf vdiage of BATH RS aé?l?éf&l%%ﬁ% %@ﬂsﬂﬁ%iﬁe gy nts, and

that provides a Snpoth continuous curve across the e neasured donain.
Anong ovdlegs prégragmedfintotD AG 286 fiensihe firima tahle.v Withrihesepdjusted $rith3ralues, :

.- 21.Novenb 2006 WO 03/ 103006 P US03/ 17402 t el
et weer TP AEVRFTA 40 AP <O B TRE B0 A8 SLRPR A T FaVESRt arm non-
i near | faiiagh ShWEbDESFeck ALINThid HakcfisbER a0 hohEin RFRS (SR Pigad DT at | on

procedure produces excellent results across the entire mass range w t hout

t he "heelusoby frsamingihe eytputyriiage sER A Satsingthe date drom the prlymemial dst em
perfor l j i | ; t ses to give
accur a'[%g(rhg‘lssléjl %@Xﬁ%dggfl n%t?m Oénﬁis%%ﬂsogvtﬂ %%S%r% |%%Q§%%Z%§§¢P§?§a | i near
correctéxpected | nterpol ate precisely between | ock peaks and accurately
assign the npasure sses. Wthout the |inearization provided by the
precedi ng calf Algerep sgaspvés%ﬂwbewﬂ{&ﬁ%ﬁus*/ PEFEIDMIE i f the
| ock MBEERYiREE-Atch @ o fod 1098 YUHOBNEIARR s BAICSs bl tlbeS pmr eSUl s are
still obtained en the Iock masses

20  performing a spline fit, the domain, or x-axis of the signal, is divided into a number of

spline intervals, which are typically of equal size. Each spline interval is represented by a
distinct polynomial, for example, a quadratic or cubic equation. At the boundaries
between spline intervals, constraints are applied to force the two neighboring equations to
.be equal in value, first derivative, second derivative, etc., up to one less than the order of
25  the polynomial. For a cubic spline, derivatives up through the second are forced equal at
boundaries. For a quadratic spline, only the first derivative is forced equal.
The spline fit ensures that substantially every one of the measured calibration
sample mass peaks fits onto the spline. A cubic polynomial is selected for each interval
- between each of the measured calibration sample mass data points. (One cubic
30  polynomial is not typically chosen over the entire domain.) The cubic polynomials are
 chosen in such a way as to make the first derivative of the cubic polynomial contimuous
over the entire domain. The aim here is to obtain a curve which goes-through each of the
- measured calibration mass points, and that provides a smooth continuous curve across the

entire measﬁre.d domain. Among other things, fitting with such a curve interpolates
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10 are close, the penalty for choosing | ock nmasses di st aniNoferar 2doe unknown
Is significantly reduced. In sone enbodi nents, other features can be used
t o conpeneas@oIed slew rate dependencies to keep peaks PCI/p8SIi740an as scan
rate is adjusted. One of these is ion flight time, which for |ow eV ions

can be zgh@Rbhyivediden tﬁ@&alﬁ?f@ﬂiﬁ'p@mts 7 @Bmbniriep bénsiktan wmah@smﬁsnolﬁ anal yzer,
the ion flight time in can be in the nei ghborhood of Eoseconds per

SQRT ( himearity. ftrhagbesn foaadath@éthp Hse piclhn direnBer FbERtion PQ%GWEP Ehds per
SQRT (nms si gnal processor
can peﬂ‘% 1?%1%re%1§gssa%i‘<o%s ?]gufi?‘lﬂ qu%ssg%ng{e qﬁx‘?ﬁfe‘f{?@d t&i?lljcgﬁtk :ﬁgéstl me scale for

- data acqui siwheriotlonlassee ardzed, ttltaehﬂmssystmpaformﬁcaammspmarsarrpl e is thus

adjusted to kee;l)) the atom c, mass uni{ 9 onstant. In
addPt i é‘ﬂerp§ atien betwgen pose lock massis i@ 8YE aﬁf)‘H%\tetrP?éﬂté'afgeag%"i ¥ aegéch el ement
Wi thing gmgp ng%fél!r;hestal'lﬁleﬁlac%&e@ﬁ%ngto'ﬁeﬁﬁhdt@ﬁﬁhﬂﬂy%&%e@ﬂldéﬁ?&aﬁshe i on

flight t whi ch has units of m croseconds (‘mass),
with aahd)a&mmnatblartmbmgn Wﬂm@stmahmssezaWﬂmmﬂleﬂhﬁeam@mmeﬁby| possible to

only | ProsERleE SRRSO ARy epa ety b5 b v SR LB BEE SO 212

conpengfse e fieunkAdwh Peake dVRile the bast aésm%ﬂexsuneibtammazm thd Ibclsnnmses ases, it
can be difficult or inpossible to keep_ the ther stablllty system

- andoi tﬁ%@ﬁﬁ%ﬂ?@menﬁéyfﬂichwﬁlgd?ﬁh pgsps disteat Gem ¢ q:‘BﬂmPWPéS fighifiean ﬂtyrrat erials
and t cﬁf? ces for all conponents of the mass spectroneter can be chosen
such tha lermal so expansion is limted as nuch as possible. For exanple,
i n one enbodhs®nt embplimentsgothepfeatures chebe utdddo quapensato farslew mté abri cated as

hyperbolic rods that are 6nmin "radi us bI|c adlus with a
preci sidghendengies fodeep R znmsmsa@’cw%ég‘gﬁg@%k ‘60{) g8t ﬁ*n equat es

to bet R@@} | 4t Ho xdribieriaa 1618l e a
t ol eraﬁ%fée 0 fopRpBY éﬂSdangQ %uggr to l'ic ?ingg one%glgsﬁuawo

m cron on a 6mm in 6000), or a
t ol1sr anoslysdr, ﬂaeimﬂﬂght\lbmenmﬁﬁ omb@mmmu@a@@toﬂﬁkmm@gmﬂmm mcron on a

| ar ger ) rboI radi us .rad | d enabl e
rreasur(-grlr%i' Y gmeﬁ Hn A 1H,§t§esueg%}@8§5>m§b ngggém Pé"%&é’c ggktT%nérg@ghl ni ng

t ol er ameAgke advastaBh bEtHN REMES a Hpetal TG 5al PECUYERE Yar RRfolh & st ai ned. A better
design mght also place the quadrupoles in a thermal]y conEroI | ed

envi r orealsnlatios omike ﬂiéslpib%@@t 516 fﬂ%scélerfé{ld%ta aeBhEHedme ¢3S nay drift
depe ndiDg. l’ﬁ%%ﬁ@&r sample is thus adjusted to keep the atomic mass mt (amu) per sample

20 constant. In addition, since time of flight depends upon the voltages for each element

- within the jon’s path, the mass axis is calibrated and adjusts the ion flight time parameter,
which has units of microseconds per SQRT (mass), with a lookup table.
* While linearization of the DAC can make it possible to make accurate mass
~measurements, the resulting measurements are accurate only if other non-linearities,
25 deviations or drifts in the system are compensated for, minimized or substantially
eliminated. 7
In some cases, it can be difficult or impossible to keep the thermal stabiﬁty of the
system and its component parts substantially consfant. For this reason, materials and
 tolerances for ail components of the mass spectrometer can be chosen such that thermal
30  expansion is limited as much as possible. For example, in one embodiment employing
quadrupoles, the quadrupoles are fabricated as hyperbolic rods that are 6mm in “radius”
(hyperbolic radius) and with a precision of better than 2 microns accuracy, peak to peak,
(which equates to better than two parts in 6000). Tighter tolerances -- for example a

tolerance of 1 micron on a 6n:|m hyperbolic rod (one part in 6000), or 2 tolerance of 1
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environmental conditions, including the thermal environmgnoveri@Pg®s | N
anot her aspect the invention facilitates the thermal control of the

t her mal Iyodsfewdent conponents by providing a thermal | ypcookosnd7hed
~environnment for one or nore than one thermally dependent conponents, thus
nai nt aimichgh sihelargurbepabelicradis kit eigh)Shira) (oyie papirglon]) - Mowdapblent s at a

predeterm ned tenperature. In this manper, it i s possifl.e to.ensure that
the appBPARUFEeNE Wil SRRTBYRd s @RPWRGH eﬂﬁ@%?ﬁ?&‘s‘“@}f‘e‘@?&%ﬁ Sraeesy ot h

cal i br gheth ADfrecQP fledhdid Pfédﬂ&yfr&%ﬁts e ghlko pREPARENt S are
mai nt ai ned at” substantially he same tenperature.” I nthe instances where
one conpedewpbles $n atheenslheronitblled gemenmieni2 t han anot her, conproni ses can be

made on the l.ess sensitjve components t0 15 acco te the nore sensitive
Conponent o TR IRETE OHbh CroNt DyRBms HEsRaM Ry oL e Coo R oI he

I nvent | @RireANeRE] coniitof BIein@fheIR@ Al erfifofndfdiatedn eRGheH A&pebtr esi stive
heating el enments, for exanple copper traces, integrated or enbedded into

t he ci rthainveniden facilitites thethernal canoladthy harmallydepensigat cosanpneds By t her mal
control__cjrecuit | Qur V] I eat to 20
parti CLﬁrg.‘l‘rldlﬁl gal t%%réna?&%{) %&%eﬁ%gg#%ﬁ%%grfﬁ? ﬁéa(?r Ils}(gllt%its .‘%ﬁ‘%rg{a% edet er m ned

t enper atepemient ¢drafionentspthud Meintatmng e tanmperdtpeatibe thennaipodependent n t he
respective reI%i ons. gh_e conponent s upted in suych t eratur ontrol | ed
r egiPon COMPPILHE pLAjere @.@mgpe%;n@e@;urﬁr gsirgwnem@posg@ga TG "er at i onal

anpl i Tigg appegﬁmﬁscguw%&tidagin&ﬁéicﬁw&@ maddheBlrorflet L bR cAlitRateg and N ONE
enbodi nent’;” as sho In"Figs. 6 and 7, 'the heaters 610 are configured to
25 pr ovipeeated swhdia Ehe-themplin deprmdemitcompoherds are anaititined atrrubstenfisdlyt s/ r egi ons

620 of tiahe cjrcui boﬁ{]ﬁg 639, andhnot nmer el dti.ffereﬁ}t | evel s .éiswitchi ng
or cycIhAGHRS ISTHACTIIEr TG FSEISRaPHSTE Pe Gappney i PR ey efpitive

enbodi MM andtik®, RANREmES ttetfladen the 138 nsHive Bddporats the vari ed smoothly,
via a PID (proportional integral differential) control algorithm 640 such

t hats t Hscommsdatathn mowisersiévegormmenentpoar d segnent 620 can be precisely so

mai nt ai ned. ‘ ' 0, Lcal L& L VLLY: Of copper traces
(whi ch repr e%@%rﬁag{ %téﬁrﬁf;ég%tg# ngg‘l)dﬁf%{%@gﬁséeﬁ%%ﬁ%%%}v%t}?&%aygg t he copper
traces iﬂ}gﬂémé’tﬁecgﬁsam% oe nupdedicatednmendiztd redistivedgatingeslemass, Sowexampldue to t he
| engt h of these copper ,traces,. the copper. tr%gg,% a}:/enly cover .one or nore
| ayers @pp@rﬁéacewmﬁgaﬁeggr %‘Hb?iﬁGdHEPﬂb?%EH{tPBM mée gjtﬁrs ;é%%‘&%l’_ ;95} ficient
0 a . e hea
19 51 REoutes R ARAGKH Lol Eutiy] G dre e EnaS E’Sr. e & e et o N opper

- heamer Biticularacgiens af thpcisail bohrddbafatitiicsiies preditemitZiemperppre criteria

of the temperature-dependent components in the respective regions. The components

mounted in such temperature controlled regions can include one or more of precision
DAC s, associated operational amplifiers, géin setting resistors, and RF detection diodes,
In one embodiment, as shown in Figs. 6 and 7, the heaters 610 are configured to

25  provide a smoothly-varying amount of heat to different segments/regions 620 of the
cjrouit board 630, and not merely different levels (switching or cycling from low or high
power for example) of heat. In this embodiment, the power delivered to the heaters 610
can be varied smoothly, via a PID (proportional integral differential) control algotithm

. 640 such that the temperature of the circuit board segment 620 can be precisély

30  maintained. The relatively low electrical resistivity of the copper traces (which represent
the heater 610) is such that the length of the copper traces must be great enough to
provide the required resistance. Due to the length of these copper fraces, the copper

~ traces evenly cover one or more layers of the entire region 620 being controlled, with

. spacing sufficient to allow_aﬁg"ﬁaé needed for the circuit being heated. To assist the heat
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pl anes 650 can be provided above and/or bel ow t he copper2iinesdratrer po0BCces. A
boundary in the formof a gap, slots, or a set of perforations 660 defines
the areaW0dB0O0MN6 t he circuit board 630 that is to be conPcoiUSEd740Ehi s
boundary physically isolates the 5 region 620 of the circuit board 630
whi ch i prowialqdl byﬂtb doppérchentar 61 Gitraved tca&preadsﬁlhmgmw ittedl egion $381 cappent enper at ur e.

This mnimz ain th erature, and mnim zes
t enper aR'APE ﬁﬁg Hieflgggvetqu}qré) GP@’eﬁﬁ?ﬂt rgPa[cgﬁ region. It is known
t hat CO”poneAtb%uﬁ@ﬁjrﬁP&@féﬁibfas apsbléﬂ &Saée%fﬁérﬁﬂ&ﬁm@%@ﬁéﬁﬁds@ﬁéare@r of f set
voltages of anplifiers, are a%ec ted to varying degrees by tenperature. In

addi t i 0620 eftbecisetidhmantiéithaidn tcks ¢osirobed. mﬂ@ﬁb@nﬁl@mémﬁy isalatesilee t he
t t f_.al
Al e e A R AT S e e

connect ¢dmtint aﬁ@elramrm Thiginzigdhizds thépowemredallty heaitthihfthe Rngpesat@scandi ni m zed.
The boundary can also fungtion to relieve stress cqupl.ed &Prough the | ead

frames WA mpEEErearadents ageRfibnicnperaia cor g QJled regionr it yuce shifts
- In chargef &k El%tg 8&&‘1‘5&6 ics, st £k HIEEAGE SorQJffs\éPHlﬁg@s gief erences. A

power regu ator suppl 1 es power to e heater’ di sposed on the
.t her mal m;lplcﬁm:; rand&f&;ttadutomﬂngxmr@s Bsmlﬁmwmddﬁmmc exwhseldetsrd a st andard

commer ci a supp At er gt.ure sor 70 | ocat e t he

Cenfior atipec RO FEPE A olingaH TR0 IR AT PR P  PSRRSRMEte dhebr 670 i s
used t opdtRffRsitdrail iihae BRAMRbC ug[b,'d ldahedds bR tl?thﬂ‘ér@ﬂéHé DetveeAiGhpRituigFper at ur e
at the tenperature sensor enbodi nents, the tenperature of the

"t her mal differeaheqngeetions.cdiis @mﬁedeéihebﬁnp@gmeahﬁ@m@@smq Witpmized. 0. 5C,  +/.-

0. 2C 01 degrees
Cel si usﬂe%rl %J%g‘gég ét attrt\lgg 1{«3&8\56”%8% SS s°|c‘)1 %ﬁd&%ﬁg ﬁl%)i%%%@ctgl t board 630
can havmt@mtemarﬂu&tdomponémmmmmt ofherwite mducashitsintichadatigristivégnch 4she t op

and bottom surff\ces ?f at | east one 25 tenperature controlled region 620,
in U’rde’fegﬂléteﬁivﬁ o of Neliagergftengss. convect i on and  conduction, and minimi ze

heat er power %H ﬂir%zlov%&;%ﬂrl]i&ﬁ&dv@}o% %&%1%& s60 il | ed

envi r onnent conJ nction call L1 on net I dentified above
(for t htheqnﬂljrrumpﬁbﬁedm&mt@pmdt@ﬁnﬂhe pownﬂmdrman be dcstandarki@dmhﬁlrcjal,

i ncorporatin ant i a e hance nts di scuss ter in this 3o
oot Db oy Ao Ry ssts 7% BRAER TR iR Dioon  and t b
copper §Je&aRl infoRh8sPh&H ﬂ!ﬁ@@é@b}) 67081k nS3Sto IrbitREBE pdWerdbgdhtol RASt two parts
inone and a half mllion to be attained; in one particular experinment, a

~|indar |1pr9dme a1coBstgat iemperatmeatdheltemperature seison6 s dn embediteents, e

temperature of the thermaily controlied environment can be regulated to within +/- 0.5°C, -
+/- 0.2°C , or +/- 0,05°C or better, for example, to approximately 0.01 degrees Celsius,
during operation of the mass spectrometer.. The circuit board 630 can have an insulation
member(s) 680 which substantially covers the top and bottom surfaces of at least one
- 25  temperature controlled region 620, in order to minimize heat loss by convection and
conduction, and minimize heater power requirements. |
Utilization of a thermally controlled environment in conjunction with the
calibration method identified above (for the quadrupole mass spectrometer embodiment
" described below, incorporating substantially all the enhancements discussed later in this

30  application, including a Litz wire tuning ring, high Q tank circuit and the copper trace
integrated heater), allows a liriearity of at least two parts in one and a half million to be
attained; in one particular experiment, a linearity of 1.5 part in one and half million was

" reached.
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one werHarinonitp ende@roveiy the RF amplitude at the fundamental frequency because they

. cause errors in the measured RF amplitude,- which provides the feedback to regulate the

RF amplitude applied to a quadrupole mass filter or ion trap so that it follows the
25  commanded mass selection voltage from the DAC. The higher the value of Q for the tank
circuit, the less power loss and heating experienced in the circuit, and the more stable the
resonant frequency. If the system were to detune (due to mechanical vibration, for
example), the most stable place of operation would be the peak of the resonance curve.
At the peak, the slope of the curve is zero, and any shift experienced by detuning would
30  cause operation to occur at a point either side of the peak. The amplitude deviation

caused by the detuning would therefore be relatively small. If one were fo operaté away
from the peak, one would be operating on the slope of the resonant response The steeper

. this slope, the more the amplitude changes as the resonant frequency shifts. For example,

if vibration causes the resonant frequency to shift up the slope, the response would allow
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fromthe peak, one would be operating on the slope of thke¢NvesmeaZidsr esponse
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frequencwodbiiéwes For exanple, if vibration causes the PEEUBBNT4Rr equency
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magnetic.force ush the flux of electrons within the wire. towards the
outs: debri Ay sRoBu B o G rueE BRASABIT oG F T IEr surf ace or
skin ofcdoperwiree. This skin effect is frequency dependant and reduces the

effective'wire cross section. This, in turn, reduces
20 The resistance of a given winding is a function of the cross-sectional area of the

wire and its length. Loss can be minimized by using the proper diameter wire. Large
diameter wire is required for high-current windings, whereas small dimneter wire can be
used for low-current windings. However, when the current is an alternating current,
magnetic forces push the flux of electrons within the wire towards the outside, and most
25  of the current is conducted along the outer surface or skin of the wire. This skin effect is
frequency dependant and reduces the effective wire cross section. This, in m, reduces
the wire’s conductance and increases its resistance. Litz wire has been used to address
- this problem. Litz wire comprises a conductor coﬁsisting of 2 number of separately
© insulated strands that are bundled together. When the diameter of the individual strands
30 s comparable to the skin depth of the RF current, the skin depth goes completely through
the wire, the RF resistance is essentially the same as the DC resistance, and most of the
- areas of each wire is usable for conducting RF current. Since each strand tends to take all

. possible positions in the cross section of the entire bonductor, this design equalizes the
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the wre's conductance and increases its resistance. Li©2zNoidndhehZBsbeen
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In order to generate the required high RF voltages, the tank circuit must resonate
at the selected frequency or the frequency must be chosen to resonaté with the tank
circuit. In one embodiment, the frequency is ﬁxéd, and one or more elements of the tank
circuit are adjustable to allow optimum resonance to be achieved. The introduction of a
25 | shorted loop within the transformer may be used to reduce the coil’s inductance. This
loop is typically of solid copper with a large cross section to reduce resistance. The
tfansformer’s inductance can be adjusted by varying the angle of the loop and therefore
the cross section of the transformer’s flux which is shorted.
 Unfortunately, the current which flows within the shorted loop is substantial and
30 . the power losses reduce the Q of the tank circuit. In addition, heating of the shorted loop
can detune the tank circuit, increasing losses further. This power must come from the RF
power supply which in turn generates more heat within the instrument’s enclosure.
These problems are mitigated by constructing the shorted loop from Litz wire.

The paramefers such as Wi_regauge and number of turns are selected such that the skin
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circuit. In one enbodi nent, the frequency is fixed, and:2oNevedibenE006
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de-tuning is therefore a source of I's’int able 1n an
accur at Blyestendingt feom ofé sfde 00a hdusingt 1020 de thee adlesrj ane Hei@Orotatehly wetaindde

utilized to. rot r .va he |l e of, ,15 t.he ne. of. op 1002 within
the croSéP glgérﬁ m%ofef?lﬁe @HEPEE’%?E atfé@'ﬁe‘?tfeﬁ}aigﬁga 1&@%8 92 is

di sposegovibléé1Bmants1 03D wiidiis @écuadly elURSA VR SBIREY médhkTnotlshew ) BREAt ed
menber 1015 extendi r(l)géfrom one side of a housing 1020 to the ‘other, and

 bei Ay rdengeisimenberddi0l & cndiwiimgelytie thedoaw 2602 Fhsi movatbt dement 1830 t he
el ongat &%ﬂi‘ﬁgpﬁo s’119t§5105§, lfﬂ% bﬁh&g%ﬁgldco YhE irﬂersecting one a1_10ther, and forming

central void 1045. Located securely within the slots 1035, 1040 is an actuating nut 1050,

which comprises a bush 1055 and a segmented rod 1060, the segmentation being formed
by the bush 1055. As shown, the segmented rod 1060 is securely retained in at least a
25 portion of the first slot 1035. The bush 1055 is disposed within at least a portion of the
second slot 1040, and also passes through the void 1045. Rotation of the l_dop 1002 is
facilitated by an actuation member 1065 comprising a {irst threaded portion 1070 at one
end. The actuation member is connected to a stepper motor 1075 at the other end. The
threaded portion 1070 is disposed within a second threaded portion 1080 of the bush
30 1055, Second threaded portion 1080 is oriented in a direction orthogonal to the axis of
the bush 1055 itself. In operation, the stepper motor 1075 causes the actuation member
1065 to rotate; rotation of the threaded portion 1070 of the actuation member 1065 causes
- the actuating nut 1050 to move along the axis of the actuation member 1065. The
 segmented rod 1060 is securely retained within the slots 1035, 1040 of the movable
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mak? i tpaﬁ% :ilrmagcn? i Q}'@fl{l)c‘éltm&gmlhlts@roportmnately flicult, The method of

calibrating the mass scan function rather than the acquired data is therefore a requirement

for successful operation, The enhancements in the techniques described above are
especially beneficial in this regard. ..
The accuracy of mass determination using the techniques described herein,

25  generally speaking, is better than 50 ppm (parts per million) of the mass to be determined,
for fairly noise-free spectra. With optimized conditions, mass accuracy better than 5
ppm, or 1 pmm can be achieved. In soms cases, the mass of the monoisotopic peak can
be reflected with substantially no error, which is down to fhe sub ppm level.

‘ Figure 8 illustrates an exemplary mass spectrometer configured to implement the

30  techniques described above. A quadrupole mass filter 800 includes two pairs of
elongated conductive rods, 802, 804, and 806, 808, disposed in a configuration that
provide;s a quadrupole field through which ions of the material under investigation travel.

~ The rods are connected to radio frequency (RF) amplifier 810 via the transformer 812 and
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oot UTHERERE bt Siralitigh Mo Aol th A0 Neurfie ARUBLELHEENTEL Vs

quadr upwbliagki Fhelntaks filigringaetiomof e suadrupdie nred Bitérds provified by syadinggat i on
travel. The rods are_.c ected to radio freqguepncy (RE mpl i f.ier 810 via
the. ¢ 1 aPRSTAORER SHHOT o e K ETETD RERAEHE B L B G S oa B e ERga 17407
to DC agphdlfr&eSsoBdp.and 816. The resonant circuit, including the rods,

capacitors 818, stray capacitance and transformer w ndings, forma tank
circuit havi Higuee Sphoaisipesecond exgraplary mass speeteagseten agnalrupclt inn trap MPpl i ed to

_ : e o . | 20 ich ¢
qends ac BhaTle't ik dedrdte 62 BrngiiPeohe soRBgRRRG g 0 i e ARRE 905 "L e e
anmpl i fi eingldiewhotbbr. RIPVoISe ?r@i@ﬂ:{‘@ E@dentd1000B1S ap iRt YefidiR the giidl Mary
wi nding 826, to the DC anmplifiers 814 and 816, which in turn apply DC
- vol t age$aPsP84+906 anfl fles Fagsclectrnde 907 Rz aredip Sreapenshi(RF pamaplifics 9hita t he

oL U O AP 82 e
830 whi géneszorsH 4twikclaforms t sovkementiodteithgBifor thORFpendbioD@08,@ntr ol circuit
o R e o S S R RB bt A 0R, I 8
- 940) between the end caps 904, 906 and the ring electrode 902 to thereby selectively eject
ions. - ‘
One of the end caps 904 includes an electron beam aperture 916 through which an
1ionizing electron beam, for ionizing the sample molecules which are introduced into the
25  ion storage region 918, projects. The opposite end cap 906 is perforated as illustrated to
allow ions which are unstable in the fields of the ion trap to exit and be detected by an
electron multiplier 920 which generates an ion signal on line 922. The signal on line 922
is converted from current to voltage by an electrometer 924. The results are summed and
- stored by the unit 926 and processed by unit 928. The digital signal processor 912 is
- 30  connected to the RF generator 910 to allow the magnitude of the frequency of the RF
voltage to be varied. This provides for mass selection.
| - The digital-to-analog converter (DAC) (not shown) is connected to the RF
_ trappiﬁg field generator 908 and RF amplifier 910 for controlling the amplitude of the
' 'oytput voltage. In this schematic, the hyperbolic end caps 904, 906 are connected to
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an anal ogue system the RF sweep generator, which is di gitNaldmbeegousr ol | ed
by the digital signal processor 820. Figure 9 shows a second exenpl ary
mass spedordnelved , a quadrupole ion trap 900 15 incl udi PGI/ESWSIIA¢P2e] ect r ode
902 of h i guration_and two end caps 904 and 906 facing one
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" processed by unit” 928 st gnal processor hnected to
t he :RF tdursrtabung 8 glyen maat Inbawesdramomgith hfxadfsupplembnenfigac wied thehe RF

vol tage to be varied. IS vides for, mass sel ection. The
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caps 90#libmigion guwe anthsrs dute thaRAC22 tizmbiivambeslu®6fific RAQ AL ARGPOGAs
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Wi ndi ngn8BGeri & detnnaet & thiddedign Paph B Bhcl 2 rifRE HEQUARE YeQaRa! at or 938.
The mass axis is calibrated for a fixed value of supplenmental frequency.

| deal | yectgn theguencypnd themazdmpmRE goltased to the vol tage applied (V) and to

the DAC contg gty ahd 1845, L orah terlal .sui for use with
the ionization I?rre?%%%l%psou%% %%p%&%%%t&flgpbe é%ogﬁg%ﬁ%i%ttﬂ | zation or MRFA
for el epplicdiponais showi xaFigore, 11f and Bxiaswpibed invnbie detail in U.S. Patent No.

20  4,234,791. An atmospheric pressure ion source in chamber 1102 is interfaced to a

[{e

tandem or triple mass quadrupole mass analyzer 1103, in this example via three vacuum
pumping stages 1104, 1108 and 1110. The first stage 1104, which has the highest
- pressure, is evacuated by an oil-filled rotary vane vacuum pump 1106. Other types of
* vacuum pumps may also be used for this stage, such as a diaphragm pump or scroll pump.
25  The second and third stages 1108 and 1110 are separated by a lens 1112 with an orifice
1114, and are evacuated by separate vacuum pumping stages, preferably using a hybrid or
- compound turbomolecular pump 1116, although Separate vacuum pumps may also be
used for this purpose. |
7 - The ion source of the described triple quadrupole mass spectrometer is an
30  atmospheric pressure ion source 1102 that may be an electrospray ion source,
atmospheric pressure chemical ionization source, photo ionization source or other suitable
technology. With these ion sources, sample is introduced into the chamber 1102; which
is at atmospheric pressure, and ionized, The ions are drawn through a capillary 1118,

: which may be heated, into chamber 1104. The end of the capillary 1118 is opposite a
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masses at well known val ues distributed across the nass 21 apgenbef 2008t er est ,
a piecewise linear calibration curve is determ ned between the DAC val ue
and t he WB98/10300¢ he i on that 10 is resonantly rejected fBETARS/H#0Red

supplenental fjeld. This curve establishes the DAC values to bring a given
mass i nC8MFAskimere 140 trhighiachiigssicenibttéfinsror apertire [ 122. \Whenskithmer mass axi s
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det es M gRgudhvtht BENRRS 1950 RRIATRNAR ﬁlﬁ_é’ﬁgﬁsaaialé/ger Aﬁﬁ3 .fbg%&%ﬁéecoﬁlﬁs onant
vol t age. tr

ej ection frequency and the maxi mum I'plr'e ‘quadfupol e mass
spect r oFaMiEpole ippEuidead 124sendoliR26 g The dorks gnide] M, 1:phre waduintsdscobsiakown in

' ZI gg??é%ng%{r%glgn%g%aée}% :(IEO%%P%@W %lﬁﬁ&@h%é@sﬁ%ﬁiﬁ‘gﬂtlg%@ i goi nt er f aced

to a taopkrated by bpplping RFewsitage ISRk G 198 Sthe Rsls ¥aéh ddi@Sionk Bs Ishbel exanpl e
via three vacuum _punpi na stages 1104, 1108 and 1110. The first stage 1104,

whi ch hEROWHhclops Whichentep e 1108 ang tindak 188 stagesdrifdnnderithd influensear y vane
vacym Sf!ﬁ@vlaith“Ml@&%ﬁ{ﬂié&%%eéH‘the\éﬁ ﬂl&ggﬁn%q g@/leﬁ%i@gxﬁfd for this

" stage, such as a diaphragm punp or Scro and third
st ages WdlG@edhdb dpplied heteese fimrlasel 1Dyind tHedass 1134 2:nd By DEBIREI Ydligges 1114,

d d.b ' t , f bl '
Pybr 1 0 Gt S BonltR S B S 1B bl Hiraatmonishoh 9608 we L vacuum
puUITDS gUAdAILHR: fers 815 EkssBEoriolicterd Ui Qfren DY oliBly SRS T knddigindescr | bed

triple 1giluadrupol e nmass spectroneter 1s an eric pressure ion
sour ce Higte k.hat may be an el ectrospray ion source, atnospheric pressure

cheyd cal i ony ' ' e, photo i.onization source or other suitable

t echnol ogy. %Mgt% ﬁ%%%%{n&ar&?%ﬁg@eggwpén@g qP?F["I"BQJﬁEE’aS PRYEEOREE Se hanber
1102, véuch s thesnailluatraig RIEIG. d 10 TRSSddxPeriBAts b ARAnyJRE skifdfgar € dr awn
through a capillary 1118 whi ch maybe heat ed,” i nt 0 chanber 1104. The end

of the WApicPERoyrsenipgs with p spmentingthe prechisorione iPQR 6ia allif@is103006

PCT/ US ' | i eh includes a c l.,orifjice or
apertuﬁgéﬁ(%%%gl%ﬁg{%ﬁ&n@lrﬂ %158]1%%8%5%{@%tbﬁﬁrq%gﬁlﬁpseggtﬁﬁsqzgdgel 104 from
t Eg | O\ﬁomthsﬁav?alscagmgma& teéz;mqmelrstcm middh dﬁﬂaﬁnﬂnﬁ’[g 88 dorkfiguchisOF 1 S
SKI™®%n u%\gvn Substanice r%%ierleh%g%l)&%oul?cg\% ggmfaleg mixtures, when utilizing

these types of experiments:

(1) Setting Q1 at a particular precursor ion (m/z value) to isolate and transmit
a small range of mass resolved jons into the collision cell Q2, and then
scanning via Q3 to provide the mass spectrum of the product jons.
25 (2)  Setting Q3 at a particular product ion (m/z value) and then scanning QI to
provide a precursor ion spectrum. _ _ |
- (3)  Scanning both Q1 and Q3 simultaneously with a fixed m/z difference
between them, to provide a neutral loss speétrum.
Figure 12 schematically shows an arrangement for a conventional magnetic field
30 type mass spectrometer 1200. The mass spectrometer 1200 comprises an ion source
1202, an electrode 1204 for ion acceleration, a power supply for ion acceleration 1206, a
magnetic field enirance slit 1208, a magnetic field exit slit 1210, a magnet for analysis
- 1212, a grounding electrode 1214, an electrode for current detection 1216, and an

electrometer 1_21 8.
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capillary 1118 and enters the second | ower pressure stageNbldher o6 i ons
whi ch travel 5 through the skinmer 1120 are guided into the nass anal yzer
1103 by WOrtst103he second nultipole ion guides 1124 and RCRAS03[1Te02 ons
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for Curfﬁé}tﬂﬁth%ﬁﬂag&s]ag %ﬂkﬁgvc&im% ues distribirte a};r%:rss %%n%ss %égc?n%o?o verber 2006

- interest. From the calibration chart prepared, one can select the value of the DAC which

20 will cause gjection or selection of any m/z value,

In the example of Figure 12, the mass of the ions that are transmitted by the
magnetic field analyzer is determined by the amplitudes of the appliéd magnetic, electric
and acceleration fields (the analog systems). As above, once a calibration chart is
prepared, one can select a combination of DAC values (providing digital control), which

25 - will cause selection of a specific m/z value.
The methods of the invention can be implemented in digital electronic circuitry, or
in computer hardware, firmware, software, or in combinations of them. The methods of
- the invention can be implemented as a computer program-product, i.e., a computer
program tangibly embodied in an information carrier, e.g., in a machine-readable storage
30  device or in a propagated signal, for execution by, or to control the operation of, data
. processing apparatus, e.g., a programmable processor, a computer, or multiple c_dmpﬁters.
_ _A'.cqmputer program can be written in any form of programming language, including
compiled or interpreted languages, and it can be deployed in any form, including as a

' stand-alone program or as a module, component, subroutine, or other unit suitable for use
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WO 03/103006 PCT/ US03/17402 1ons which are generated fr @imbyenbeoz00Sour ce
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| 90 dhls th | As above, librati
Chatte TR BEEND S or bl BRaS A R e, Sisaimpvli Wikl o o g
di git alinduds, obg opestiively cdipleaith tecsi BBaTRR 6 AL dgth SRETR, nlbz V2l Ue-
lgita c

The met hods of the invention can be inplenmented In | electronic

ci r cui tHSFe mgss stprage dyiGeser samerdats .81 magwetio, magifetoraptizal disks] or conbi nat i ons

- of t herghtidd Qiwe! BFG SR ' kon _gan be inpl enented as _a conputer

prograr%mb r%gbégtg, | .e.é,%log c%%u@é'wégﬁc?@%é’M@%P T RIS BYtpeiions

-i nf or maod data dunludeerl] foems of ndmvcﬂaﬁmmhimey,riﬁ@d@ghggyﬁa?r@gwedevi ce or in a

prggagg&ﬁgos' nal foréiexecutio%g or_to control fthe operation of, data

~ précessrng 3‘%‘%5?5{‘%%’ eYLces. &-8py %‘L. BEPROM.sid Slash memoryodayidesy , or

mul t i pheghenusie s.¢., i 1 A . Liten. n any farm of

or ogr am"n'g?] CADKS: 8.8 lﬁ?%%%’(? ﬁlaksoér‘}gﬁl@%ﬁé‘ﬁlsfgﬁ ngngtto_o'}ucﬂ dARY; and
CD-ROM and DVD-ROM disks. The processor and the memory can be supplemented

=

by, or incorporated in special purpose logic circuitry.
To provide for interaction with a user, the invention can be implemented on a
25  computer having a display device, e.g:; a CRT (cathode ray tube) or LCD (liquid crystal
display) monitor, for displaying information to the user and a keyboard and a pointing
device, e.g., a mouse or a trackball, by which the user can provide input to the cdmputer.
- Other kinds of devices can be used to provide for interaction with a user as well; for
example, feedback provided to the user can be any form of sensory feedback,-e.g., visual
‘30 feedback, anditory feedback, or tactile feedback; and input from the user can be received
in any form, including acousﬁc, speech, or tactile input. |
: 'I“he invention has been described in terms of particular embodiments, Other
- embodiments aire_ within the scope of the following claims. For example, the sfeps of the

inyeption can be performed in a different order, and/or combined, and still achieve
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conpiled or interpreted | anguages, and it can be depl oyedNbvendey2doer m
including as a stand-alone programor as a nodul e, conmponent, subroutine,
or ot herwOrB#o¥oi t abl e for use 25 21 Novenber 2006 WO OBCT/USBOG462

PCT/ US03/ 17402 in a conputing environment. A conputer program can be

depl oy edesirgblegesmilis.c Whils to the torimiquosplitheinventiomhavel Hebplescribadintthe s at one
site or djsiri-hut.ed.acro |tiple. si.tes and _interconnected by a

conmmuni %%{t%r?f%%ql}%}l%ﬂﬁ}éfeﬂgﬁqﬁdmlghe VioRs; i mes P8 Ber f or med by
one or applicalple agd a6UI@BE Bsed Wikl AHAFVRVeIn WG the AlsraRRREhEHREQH &M t o
performfunctions of the invention by operating on I'nput data an

gener at {tRglewige puicanngdite selectivelySaeilitatethe passegpefiibus. red by, and apparatus of
the 4 nventi : . | enented as, special purpose logic circuitry,

e.g.d, an FP :i%e‘ﬁgm%érggﬂgs]'r amabl e gate array) or an ASIC
(application-specific integrated circuit). 10 Processors suitable for the
execution of a conputer programinclude, by way of exanple, both general
and speci al purpose mcroprocessors, and any one or nore processors of any
kind of digital conputer. Generally, a processor will receive instructions
and data froma read-only nenory or a random access nenory or both. The
essential elenents of a conputer are a processor for executing instructions
and one or 15 nore nenory devices for storing instructions and data.

" Generally, a conmputer will also include, or be operatively coupled to
receive data fromor transfer data to, or both, one or nore nass storage
devices for storing data, e.g., nmagnetic, magneto-optical disks, or

optical disks. Information carriers suitable for enbodyi ng conputer program
instructions and data include all forns of non-volatile nmenory, including
by way of exanple 20 sem conductor nenory devices, e.g., EPROM EEPROM and
flash menory devices; nagnetic disks, e.g., internal hard disks or
renovabl e di sks; magnet o-optical disks; and CD ROM and DVD- ROM di sks. The
processor and the nenory can be‘suppl enented by, or incorporated in
special purpose logic circuitry. To provide for interaction with a user,
the invention can be inplemented on a 25 conputer having a di splay device,
e.g., a CRT (cathode ray tube) or LCD (liquid crystal display) nonitor,
for displaying information to the user and a keyboard and a pointing

device, e.g., a nouse or a trackball, by which the user can provide input
to the conputer. Oher kinds of devices can be used to provide for

interaction with a user as well; for - .
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exanpl e, feedback provided to the user can be any form cf Neamser J00beedback,
e.g., visual so feedback, auditory feedback, or tactile feedback; and i nput
fromthe user can be received in any form including acoustic, speech, or
- tactile input. The invention has been described in terns of particular
enbodi nents. Qther enbodinments are within the scope of the foll ow ng
clainms. For exanple, the steps &f én@ i nvention can be perforned in a
di fferent order, and/or combi net %ti || achieve 26 21 Novenber 2006 WO
03/103006 PCT/ US03/17402 desirable results. While to the techni ques of the
i nvention have been described in the context of .applications related to
quadr upol & flémmﬁrmmmawwmwl%ﬂ% e and coul d be
used with sﬂﬂ%!s RBEh theGheiod ebfipristili C of t he
m ned to seféeégltnfv %:Q?f & i iBfrlsl]

device i s sca

[itate the sage of ions. 5 Wiat is
“clained is: 2@)2@%@@%@@@&0@%%@0%%@8?“6% ating a nass

spect r ome;; {3“0_% oftﬂé‘oo%ﬁl%% lon nmeans, a nass anal yzer, an ion
det eot ot , a co tro neans hod conpri si, ng a) performng a DAC
calibrati on tﬁ’)pafqﬂmmata@%ma@@mmhbwpﬂaa@éﬁf?‘é%%% 4i gi t al - t 0- anal og

convertep :8£ Eﬁa&ggﬁg ShdsOsdlyRd: dhdf | rst nmass axis
cali bration: E’ irst mass axl s caFﬁbratlon bei n n@ pary cal i bration
of a response @)p@f@enmsmdaww@scahmﬂ%? ‘?ﬁ%ﬁﬁ ofdeond nmass axis

calibrati A8 llggge m&gctmmezer across a mass
range of s s ectro ter to chafacterize the inperfections of the
i nst,rurrennpmfem;') nstumeptsgesponyel according to claim1, further

conprising: thermally controlling one or nore elenents of the control neans
disposed in a thermally controlled environment in the mass spectroneter.
3. A nethod mmeﬂmdiawgrdﬁngtcblaihm ﬁ;rﬁlﬁnmm@asmﬁorrpri sing: (d) performng a |ock

mass calibratjon to define a |inea A jsmm gﬁ?os&pﬁlg masses of a
plurality of %@ﬁﬁyﬁg RS OLRIE B %ngl%' Ing to claim 1, wherein
perform ﬂﬁnﬂaﬂ?c&%@ﬂ&%nbﬁxﬁienuﬂﬂwmass spectrometer.

3. A method according to claim 1, further comprising:
(d) performing a lock mass calibration to define a linear oorrecuon between

Jock masses of a plurality of lock masses.

4. A method according to claim 1, wherein performing thé DAC calibration
comprises: -
calculating an analog output voltage error at cach of a plurality of set pomts of
- amain digital-to-analog converter of the control means; and
| defining an analog trim voltage corresponding to each of the plurality of set
points, the analog trim voltage being a voltage to be output by a trim dlgml-to-analpg

converter of the control means.

5. A method according to claim 4, wherein:
the trim digital-to-analog converter is used to mtecpolate between set points of

| ﬂle main dlgltal-to-analog converter.
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conprises: calculating an anal og out put voltage error attsaembef2@6
plurality of set points of amain digital-to-anal og converter of the
control neans; and defining an analog trimvoltage corresponding to each of
‘the plurality of set points, the analog trimvoltage being a voltage to be
out put byé.a tﬁimﬁhdﬂgicmdingtt@cldmdegereinonverter of the control means. 5.1 A
nmet hod accord ei.n: the.tri I tal d O- anal og converter
is used to in erﬁﬁlﬁlg %ea’ed\brehcaghe f)%‘l"or?fpnmf H]?Iﬁm%nal %4 gital -to-anal og
convertercaﬁlﬁslcmbfhmmnmfﬂmanﬁreﬁammlmmr ding to claim1, wherein:
performng a first mass axis-calibration conprises perfornmng a coarse
calibration of a response of the nass anal yzer at two nass points. 7. A
met hod aZ;coreﬁmgh@dﬁcm@nmorlmmhﬂvlemmmfofmgaa@ommssm mass axis

cal i bratj rEEg i ntroducing a sanple including a plurality of

- speci es having Wo messes across a rmass range of the mass spectroneter,
measuri ng nnsm&gdmﬁlgah@nmmduﬁmdpiumﬁwoﬁqrepieehavhglknmmisag a devi ation of

each of %Fgm nown mass of the corresponding
speci es; E’%gsrs orm ng&a o] ece. %te*g’ynorri al fit to correct the deviation
for each of tihesuringmesaceof thawpsds;in iadampler i ng a pl urality of correction

val ues based ﬁgﬂtﬂaﬁl%tagﬁ%lx@gﬁachLft;:emﬁglﬁﬁd%{%fé'wfﬁémgﬂno Iﬁl&é fcorrespondl ng to

corrected ana ages nal 09 Tonverter of the
control themwepoadm@\spwvs;od according to claim7, wherein: performng a

bi ece- ul Se DRkt ik bief BRI hﬁﬁﬁ%er,r&tcmg%auo%%‘e& Fik 9. A method

according to'c onpri sing: nmpensati ng *slew rate
dependenmassedma*@egldneasured nmass peaks in position as a scan rate is .
adj usted. 104, Qgﬁ or.di ere conpensating for slew
rate dependenm orrp %g(gos peorg%%lP% t@%?o\i\{f]m%ahgt’

correction values corresponding to corrected analog putput voltages for a digital-to-

analog converter of the control means,

8. A method according to claim 7, wherein:
performing a piece-wise polynomial fit comprises performing « spline fit.

9. A method according to claim 1, further comprising:
compensating for slew rate deperidencies to keep measured mass peaks in
. position as a scan rate is adjusted.

10. A method according to claim 9, wherein:

compensating for slew rate dependcncm compnses performing a real-time
mass calculation and adjusting a time scale for data acquisition such that a time per
sample ratio is adjusted to provide for a constant ratio of atomic mass unit per sample.

11. A computer program product embodied in a tanglble medium for opcratmg a
mass spectrometcr mcludmg an ion production means, a mass analyzer, an ion
detector, and a control means, the computer program product comprising instructions
6perable to cause a programmable processor to: |
(a) perform a DAC ¢alibration to calibrate an output voltage response of a
. digital-tol-analog converter of the control means; '
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mass cal cul ation and adjusting a tine scale for data acquiNsvdnben2zaech t hat
atinme per sanple ratio is adjusted to provide for a constant ratio of
atorﬁc mass unit per sanple. 11. A conputer program product embodied in a
tangi bl e medium for operating a mass spectroneter including an ion
production means, a mass anal yzer, an ion detector, and a control neans,

t he corrputer@p@ﬁmmmmmscﬂMDsﬁhwgimm*%@thm%bl e to cause a
progr ammypbl e 0Cess r to é&)ﬂ‘cfo?“ 8{ RAC calibration to calibrate an
out put g‘g{‘ to- anal og converter of the control
nmeans; 29 21(c)lpétﬁimarsec2»ﬂd)ﬁass@h3cqhbnaﬁmhmcallﬁmt?%lﬁwoﬁt}cs calibration, the
first mass ax cal i. bratlon of a response of
the masMBHHRYFIACIOSHAMIE Q&Tth 3%?7%% a&;eg%%;%er?n(gt!shgg gt%?dseq%al i bration to

cal i br atjgp &rﬂ@ﬁdx@%ﬁﬁ@ﬁﬁtnﬁxflent‘dl&cpomss anal yzer across a mass range of the
mass spectrorreter to characterize the inperfections of the instrunent's
response. 12. A conputer program product according to claim1l, farther
conpri syng Aeraﬁ;rmpmgmmpnplectamoaﬁngioebusél SupesgPRATAD| e processor to:
thermal ]y cqntrol @ne or _nore 9{(%639 §rid:.ne control neans disposed in a
t her mal PPHTUCHERSOBFP ﬁlt°é’ﬁ'{ff?glﬁ’%m. MBss spectrorreter 13. A conput er
program prodlﬁg;magpdaﬁﬁdmgdrmwdmnmnrsbfﬂiemthém%ﬂ’ﬁPq Bg instructions

operable to cause ra to: (d) performa |ock nass
“cal i br atth yFont Féﬂ Vgg'i‘q’ﬂng%r ec%&%%?l on %ret ween | ock nasses of a
‘plurality of |ock masses. 14. A corrputer program product according to claim

11, wherein the instructions : ahl mbhi anmabl e processor to
per f or % he EPRmEAREr PIYEARP “93%8 Oglla%r?g%r’u |onsBo%% able to cause a
progr a’%tﬁlcﬁor@'bﬁ&ﬂﬂ@@ca&s@apﬁ@ammhﬂépmaﬂmml 0g out put vol tage error at each

of a plurality of set points.of. paRkpggconverter of the
control. mean@\{ é‘?"g 6‘@@??@%‘%1?%’ age correspondl ng to each of

“the plu éégf@[juﬁﬁyof@gd,ﬁm the analog trimvoltage being a voltage to be
output by a trimdigital-to-analog converter of the control neans. 15. A
conput er program product according to claim 14, wherein: the trim

di gi t al g 0- 30 ke PROYSH Rédubacibidly fodidin e winteh the stwbeor set points of
operable to cause a programmable processor to perform the DAC calibration comprise

instructions operable to cause a programmable processor to:
calculate an analog output voltage error at each of a plurality of set points of a

main digital-to-analog converter of the control means; and
define an analog trim voltage corresponding to each of the plurality of set
points, the analog trim voltage being 2 voltage to be output by a trim digital-to-analog

converier of the control means.

15. A computer progtam product according to claim 14, wherein:
the trim digital-to-analog converter is used to interpolate between set points of
the main digital-to-analog converter.

16. A computer program product according to claim 11, wherein the instructions
operable to cause a programmable processor to perform a first mass axis calibration

comprise instructions operable to cause a programmable processor to:
- perform a coarse cahbratxon of a response of the mass analyzer at two mass

points.
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the main digital-to-anal og converter. 16. A conputer prQgNavenieoznist
according to claim1l, wherein the instructions operable to cause a
programabl e processor to performa first nass axis calibration conprise

i nstructions operable to cause a, pr ammabl.e pr &S0 fkorsO: perform a

coar se Yl ibmmp%m@%ﬂpﬁg‘ﬁbﬁ%di%%ﬁ.%mﬂ N ar’%@%zer g{t"{stv\o nmass points.

30 21 Ngb\éﬁmg%c rogrémmAb16 Prgdice fo HREfoME asacmidadass axinccor ding to claim 11,
n't he

wher ei he instructions operable to cause a [Agkl.e processor to
per f of nealibBENAOMPHEESRIZHAS O %?ﬁ?“ﬁ%?‘nprg%‘?f%’f‘faélggl nstr E‘gct i ons operable to

cause a progLafvue &sia&ﬁ@ﬁﬁgslﬁéasﬁedmassmwmmap@iﬁSé@ntifyi ng measured
masses of a plurality of species in a sanple, t Ity Of species
havi ng 2@ W@B@’%W@”ﬁg’%@nﬂma Sstahnéaspn%g oll}E%ec't ronet er,

cal cul aslt;')gch%ﬂg@ﬁi ation of each of the nmeasured nmasses froma known nass of
the correspondi ng specjes; performa pjece-wse Rl fit to correct
the devi at | 6HcHIEe 2 deyiation pf gapiko ﬂ??é’é?ﬂ"rr%dn s?géa%%gxstore a plurality of
correctyd OneloH@dg asesd on the polynomal fit, the correction values
corresponding to corrected anal out vol.t f #hedi gital -to- anal og
converter oPerf%WWPﬂlﬁna%‘g?l%?g’.wﬁgcg ﬁ‘f%‘?%%g?‘o%@%"% Broduct according to
clai m JfoacBh k@ id@e i nstructions operable to cause a programmabl e
processor to performng a pjece-w,se gog%nog)ﬁ&halﬁi&wconpri se instructions
“oper abl e t ostesaprglity piy laes bpsod B s popypomig it orma spline fit. 19. A
CONPUL Qp - DAV AGs BéREsHnling G- cdfreitdiGnileg @iyt woliages Hua digih-toconpr i si ng
i nstructions operable to cause a programabl e processor to: conpensate for
sl ew r andogrepeasepithecontrel 3B neasured nmass peaks in  position as a scan
rate is adjusted. 20. A conmputer program product according to claim 19,
wherein the instructions operable tog cayse, a brogranmmble processor to
corfpenBate&mmiwwm@mdﬂ@ﬂ%m&?@?%’gsmﬁp?gst?%u:f% ons operable to
cause a by g[ﬁgga,cpé Fr%@gﬁg Rtestd? to REbikiAgEH pietedse polpnidss cal cul ation and
adjust?ng fa%q‘glms srge or gata .

fit comprise instructions operable to cause a programmable processor to:

petform a spline fit.

e D

19. A computer program product according to claim 11, further compnmng .
instructions operable to cause a programmable processor to: |

A | compensate for slew rate dcpendehcies to keep measured mass peaks in
position as a scan rate is adjusted.

'20. A computer program product according to claim 19, wherein the instractions
6pérab1e to cause a programmable processor to compensate for slew rate
dependencies comprise instructions operable to cause a programmable processor to:

_ | perform a real-time mass calculation and adjusting a time scale for data
acquisition such thiat a time per sample ratio is adjusted to provide for a constant ratio

of atomic mass unit per sample.

‘21, . A mass spectrometer, comprising:
a mass selection means for determining a mass of a selected ion, the mass
gelection means comprising a control means capable of providing an analog control
voltage, the control means being capable of providing mass selection that varies
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acqui sition such that a tinme per sanple ratio is adjust &dNoeengeo200de for a
constant ratio of atomc nmass unit per sanple. 21. A mass spectroneter
-conprising: a mass selection neans for determ ning a mass of a sel ected

i on, t hejfRagy: theTBARSE At comBHImg GRS G BlgmentCdisposedin ahamsll apabl e of

provi ding an_anal og control voltage, the control neans being capabl e of
provi di neprirelied cREIBREGN t hat vanes 31 21 Novenber 2006 Iinearly, the
control neans conprising one or nore elenments disposed in a thermally

controlled environnent. 22. Amass spectroneter according to claim 21,
wher ei n: 2% he RS SPeSRemaieriagsq t‘&%!?’i“ﬁ%— LBy an accuracy of Immu across the

range of  15@Q pfivkkeledifon id\CibEtcs REMlabaifRYy of Inmcaras thgrange «fl ai m 21, wher ei n:
the mass_selection is calibrated to a linearity of at |east two parts in
1, 500, 00590 - A nmass spectroneter according to claim21, wherein: the
thermally controlled environnent conprises one or nore resistive heating

el ement s _i ntegrated or enbefqg‘?d i§|n1 o%ﬁé‘&lri nted circuit board. 25. A mass
spect r orfet e HEE SREGTIHEFIF GoOFUpEtP S4m &°H* the one or nore heating

el ement's CoOMeinfass sele&tiol is cAlirteCRRMAariY L Rast tidfpartinrigh®8,08bect r onet er
according to claim24, wherein: the printed circuit board conprises a

boundary defining a thermally controlled region by one or nore gaps,

sl ots, sar Parhas gebtiteter dtordgiBelainsIgehewhet er according to clai m 24,
"wherein: the heating elepents are confiqured to re Iv%%e!.ﬁ t enper at ure of

the t her mal | e thegly enntraled SAVTRBSIHSARPINGS ARG PT IO 0.5C. 28. A mass

spect r OpRghts MEG Al ioPambeaddidb MpAdted WiRILA4. t he heating el ements are
configured to regulate a tenperature of the thermally controlled

environment within a range of +/-0.05C. 29. A nmss spectroneter according

to claig 244 niliegRitbmeted Sccbldfipidélhvh 210whérginl ed envi ronnment conpri ses an
i nsul at1 on nenber substantially covering a surface of a tenperature

control | ed rtaqens gr mors hegtingglements eQmMRriSH AR MEETWPRTHE*F0 clai m 21, further
conpri si ng:

26. A mass spectrometer according to claim 24, wherein:
the printed circuit board comprises a boundary defining a thermally controlled
region by one or more gaps, slots, or perforations.

27. . A mass spectrometer according to claim 24, wherein:
the heating elements are configured to regulate a temperature of the thermally
controlled environment within a range of+/-0.5°C,

28. A mass spectrometer according to.claim 24, _whcrcin:
“ the heating elements are configured to rcgylate a temperature of the thermally
controlled environment within a range of +/-0.05°C.

29, A mass spectrometer according to claim 24, wherein:
the thermally controlled environment comprises an insulation member
substantially covering a surface of a temperature controlled region.

30. A mass spectrometer according to claim 21, further comprising:
~a’'mass analyzer into which ions are introduced for mass analysis, the mass
“analyzer comprising at least 2 pairs of hyperbolic rods. '
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a mass anal yzer into which ions are introduced for nass zamnalatsies 2006he nmass
anal yzer conprising at least 2 pairs of hyperbolic rods. 32 21 Novenber
2006 31.- Amass spectronmeter according to claim30, wherein: the rods are
fabricated to an accuracy of better than 2 parts in 6000. 32. Anmass -
spectronmeter according to claim30, wherein: the rods are fabricated to an
‘accuracy ofF KelpsspecHametsr aserding te ckdnad0, wiggin: A nass spectroneter accordi ng
Lo claim 30, aceidlc tbiusi Wkh Bafack BPhcPhELs bl AopgCUr acy of better than
2 parts in 8000. 34. A mamss spectroneter according to claim 21, farther
conprising. a mass anal yzer conprising a resonant tank circuit, the ,
resonant 3mnia Gask SpHckomGQ Miokdh cﬁ_{mﬁ(?e brefi0 pairs of conductive rods, a
RF anplifier, a transforner, a amplifier and at a capacitor. 35. A nass
spect romet er -%eﬁ;arqf@b%te%wapmcy grithan 1 partan 64k circuit has a Q of
greater than 300. 36. A nmass spectroneter according to claim 34, wherein:
the tank circuit has a Q of greater than 500. 37. A nass spectroneter
accor di ng>t o/dNass shegrpmelgs ascarding to elwim Iamhersint cuit has a Q of greater than
700. 38. A nagsroapse ooTal ol iﬁ%ﬂ erein: at |east one
wi ndi ng of thetrans?%?%%ﬁgg@rrpri sée%&%ﬁ*%it@sl?rpan eg(xﬁ{)z wire. 39. A nass
spectroneter according to claim 34, wherein: a tuning ring of the
Lransfor BRr &SR shaddielet oot to Al 21/ Yol SoPPREHL OBt &7 according o
“claim 39, wherein® the tuning rfing conprises [Ttz Wire having a gauge and
nunber of tulAassEalyzercamprising avEsonad tavk qingt, B resénantitankicirguit i ng i s

Substant dophiting &10st td paift of BRSRERIL TR lpfiAGOI ARG 2 58 21 Novenber
2006 -a mass anal yzer for recelving I'ons rnmass anal ysi's, the anal yzer
conpri si-ﬁi@’h&e&f’@éé pacitgik circuit conprising at |east one transforner
conprising a tuning ring formed fromlitz wre. j

35.  Amass spectrometer according to claim 34, wherein:
the tank circuit has a Q of greater than 300,

36. A mass spectrometer according to claim 34, wherein:
the tank circuit has a Q of greater than 500.

37. A mass spectrometer according to? claim 34, wherein:
the tank circuit has a Q of greater than 700.

38. A nmass spectrometer according to claim 34, wherein:
at least one winding of the transformer comprises multi-stranded litz wire.

39. Amass Spectrometer according to claim 34, wherein:
a tuning ring of the transformer comprises litz wire.

"40. A mass spectrometer according to claim 39, wherein:
the tuning ring comprises litz wire having a gauge and number of turns such

thatan RF resistance of the tuning ring is substantially zero.

4.  Amass spectrometer, comprising:
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42. A linearized sweep voltage generation circuit for cconiNoednitiengood mass
anal yzer, conprising: digital control means for specifying a digital
~control word corresponding to a desired mass setpoint in the nass

anal yzer; a main digital-to-anal og converter coupled to the digital control
means, the main digital-to-analog converter being configured to receive a
di gi tal cont r oh mgss ghalyzeo fortréesivingions foramant andlysigamsarahget @ngrREEa € an

anal og out put | tage to control .the nass_analyzer based on digital
cont r ol \/\/{ﬁganmilﬁgkﬁgf’# SREPHPE ptdcashoncdipns Ener Famprisng 4 HGINgHIng r or at each

of a pl ur §drinkey ot wetwiRQi Nts; and a trimdigital -to-anal og converter
coupled to the digital control nmeans, the trim digital-to-anal og converter
bei ng configured to receive a digital trimword fromthe digital control
means andy$0 ¢ rat n_anal trimyvoltage to correct for an error in

t he anal oéi'outggﬁle@%%fi %&’ge}bgﬂgﬁ%&g@%ﬂrg@pﬁq{@%ﬁg?hco&;raflp&a_m@_s V&%

convert ercondptisingt hat a gi ven anal og out put voltage and the correspondi ng
analog trimvoltage sumto an analog set voltage for the desired nass

set poi nt for tdigitd seriselsaenss fer sppeifiing a digitelr avintrolvwond. cotBspofilimgdo ncui t  of

claim42, IR I '(‘.]Eq" I m | ookup table storing a plurality of
digital t?‘%cs}#%\%lg%fs& ea(:trllI§ |g|?sgf15{lﬁeﬁﬁ word corresponding to one of a
plurality of dimgainaligicdns-endlogosoeteeepleditdileaigitdl catroMding, @Ry €senting an
anal.og tri mvol,tfgg that can be generated by the trimdigital-to- anal og
conver t er™#1 digital-l-analog eqnvetter beingrrenfigured i eeivan digilal eaperobwoat at ed by t he

wor d. 49, T R CORCAMES hil iy e R RN e b B The
circuit anassdhalpasbdsedronaligitd comtd] yoed)thé SlalredigitalagiaaMop toveted Nt ed circuit
‘ boar d. 3-'1}1.':wing an error at each of a plurality of set points; and
a trim digital-to-analog converter coupled to the digital control means, the trim

digital-to-analog converter being configured to receive a digital trim word from the

digital control means and to generate an analog trim voltage to correct for an error in

the analog output voltage generated by the main digital-to-analog converter, such that

a given analog output voltage and the corresponding analog trim voltage sum to an

analog set voltage for the desired mass setpoint for the corresponding digital control

word.

43.  The circuit of claim 42, further comprising;

| a trim lookup table storing a plurality of digital trim words, each digital trim
word corresponding to one of a plurality of digital control words, each digital trim
word representing an analog trim voltage that can be generated by the trim digital-to-
'analog converter to correct an error in the analog ontput voltage generated by-.the

main digital-to-analog converter for the corrcspdnding digital control word.
44.  The circuit of claim 42, wherein:

one or more elements of the circuit are disposed on a thermally oontrol_léd |

region of a printed circuit board.
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