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Calibration of R am an Spectrom eter Instrum ent Response
Function with Lum inescence Standards: An U pdate
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A n error in a p reviously reported procedure for correcting R am an

sp ectra for instrum ent resp onse w as corrected , an d then th e ap -

proach w as tested against reported values o f R am an cross sections.

Th e m ethod u ses lum inescent stand ards w ith know n em ission

curves o f in tensity vs. R am an sh ift , expressed in p olynom ial form .

A fter acq uisition of an ob served em ission curve from th e lum ines-

cen t stan dard, the correction of ob served R am an spectra is auto -

m atic. A greem en t of corrected p eak areas w ith tho se calculated

from literatu re cross section s is 5 ± 2 0% . This corresp ond ence is ap-

proxim ately as good as the agreem en t betw een different reported

values, and m u ch better than that observed for un corrected sp ectra.

D ue to variations in the lum inescence of the m ateria ls, it is l ikely

tha t these or sim ila r R am an inten sity stan dards w ill b e calibrated

by the m an ufacturer or an indep endent agency.

Index H ead ings: R am an; In tensity ca libration; In ten sity stand ards;

In strum en t respon se fu nction.

IN T R O D U CT IO N

In a recen t repo rt1 , w e presen ted an in tensity calib ra-

tion procedure fo r R am an spectrom eters based on lum i-

nescen t standards. T he standard em its a con tinuum of

ligh t over the Ram an sh ift range of 0 ±3500 cm 2 1 w hen

illum inated by the laser used in the spectrom eter. P rov id-

ed that the em ission spectrum of the standard is know n ,

the instrum en t response function m ay be determ ined from

a spectrum of the standard acquired under the sam e con-

ditions as the R am an spectra to be calib rated . T he stan-

dard and sam ple experience the sam e op tical geom etr y,

laser pow er, etc ., and the correction is easily im plem en ted

in the spectrom eter or data analysis softw are. In p ractice,

corrected spectra m ay be acqu ired rou tinely after a sing le

calib ration spectrum of the lum inescen t standard . In p rin -

cip le, such standards cou ld be so ld com m ercially along

w ith a po lynom ial that descr ibes their em ission in tensity

as a function of Ram an sh ift relative to a given laser

w aveleng th.

In the in itial publication , a system atic erro r occu rred

in the po lynom ials fo r 514 .5 and 785 nm standards, re-

lated to the transfo rm ation of the ou tpu t o f a tungsten

em ission standard from a nanom eter to w avenum ber axis.

In th is b rief repo rt, w e w ill p rovide corrected polyno-

m ials, and also report som e new obser vations abou t the

rep roducib ility and stability o f the standards. In add ition ,

com parison of corrected spectra w ith literatu re values o f

Ram an cross sections are m ade to assess calibration ac-

curacy.

EX P E R IM EN T A L

Several sam ples o f K opp type 2412 ® lter g lass w ere

ob tained from G ray G lass Co . (Jam aica, N Y ) to evaluate

Received 30 M ay 1998; accepted 24 A ugust 1998.

* A uthor to w hom correspondence should be sen t.

consistency of their lum inescence. F igu re 1 show s the

uncorrected em ission spectra of seven 2 3 2 in. ® lters

ob tained on a C hrom ex 2000 spectrom eter upon illum i-

nation by a 785 nm laser. T he pho tostab ility o f the K opp

glass w as exam ined by m onitor ing the lum inescence at

1600 cm 2 1 vs. tim e after exposu re o f a p ristine spo t to

the laser. T he decay of in tensity repo rted p rev iously 1 oc-

curred in tw o segm en ts, a fast per iod upon in itial expo-

sure and a m uch slow er decay after about 5 m in. F or 50

m W of laser pow er focused to a ; 50 m m circu lar spo t,

the fast slope w as 9% m in and the slow w as 0 .08% /m in.

For a ; 50 3 2000 m m line focus and 50 m W, the in itial

slope w as 3% /m in fo llow ed by 0.09% /m in . O verall, the

lum inescence at 1600 cm 2 1 decreased by 7±13% during

the ® rst 6 m in and an additional 7% over the next 100

m in . A s no ted prev iously, the em ission vs. w aveleng th

cur ve shape changes on ly sligh tly w ith exposu re tim e.

For exam ple, the ratio o f the em ission at 500 cm 2 1 to that

at 2500 cm 2 1 varies by less than 5% over 2 h fo r a spo t

focus, even though the total in tensity decreased by 20% .

In o rder to convert the obser ved ou tput of the stan -

dards show n in F ig. 1 to the real outpu t in term s of pho-

ton /s per w avenum ber of R am an sh if t, the output o f a

standard tungsten source m ust be know n in the sam e

un its. T he bu lb m anufacturer’ s ou tpu t cu rve of w atts/cm 2

nm m ust be div ided by h n , then m ultiplied by l 2 (w here

l is the em ission w aveleng th) w ith the resu lt exp ressed

in un its of photons/s/cm 2 /(cm 2 1) . T he facto r o f l 2 w as

neg lected in the prev ious report,1 resu lting in an erro r in

the lum inescen t in tensity and the po lynom ials used to

descr ibe its shape. W ith the use o f this corrected em ission

cur ve fo r the tungsten bu lb as a standard , the real em is-

sion cu rve o f the K opp g lass as a function o f R am an shif t

relative to 785 nm w as determ ined by E q . 10 of R ef . 1 ,

then norm alized to a m ax im um intensity o f 1.0. A dequate

po lynom ial ® ts to these cu rves w ere ob tained by extrap-

olating the ends o f the cu r ves to 2 500 and 1 4000 cm 2 1 ,

then least-squares ® tting w ith a sixth -o rder po lynom ial.

T he co rrected polynom ials fo r K opp sam ple #1 and fo r

coum arin 540a are listed in Tab le I . To test the rep ro -

ducibility o f the ® tting p rocedure, ® v e sets o f indepen-

den t po lynom ial coef ® c ien ts w ere determ ined for ® ve d if-

ferent K opp sam ples (num bers 3±7 in F ig . 1 ). T he em is-

sion cu rves calcu lated from these cu r ves exh ib ited rela-

tive standard dev iations of 5 .3% at 1000 cm 2 1 , 3 .5% at

2000 cm 2 1, and 1.4% at 3000 cm 2 1 .

W ith the co rrected polynom ials in hand , observed R a-

m an spectra w ere co rrected by using E q . 11 of R ef. 1 .

T he standard em ission cu r ve calcu lated from the poly -

nom ial w as m ultiplied by the ratio of the observed sam -

ple intensity over the observed standard in tensity. T he

correction w as im plem ented autom atically w ith A rray
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F IG . 1 . Raw em ission cu rves for seven sam ples o f K opp 2412 ® l ter glass, obtained on a Ch rom ex 2050 spectrom eter w ith 50 m W of 785 nm

laser light. Sam ples 3±7 w ere from the sam e batch o f glass, w hile 1 and 2 w ere purchased separately. Intensity axis is photoelectron s collected by

a superpixel resu lting from full-height binning, divided by integ ration tim e and laser pow er m easured at the sam p le.

TA BLE I. P olynom ial coef ® cients for intensity stand ards, norm al-

ized to m axim um intensity.

Ram an shift a

Coum arin 540a

(514 .5 nm )

K opp 2412 #1

(785 nm )

0( D n Å )
1( D n Å )
2( D n Å )
3( D n Å )
4( D n Å )
5( D n Å )
6( D n Å )

0 .2 701196431

1.5 743416716e-3

2 1.0 957287534e-6

2.5 681273909e-10

2 2.0 594831955e-14

0.0 15647

6.2 84845e-5

2 1.5 15732e-8

8.5 64479e-11

2 9.4 72784e-15

1.5 94599e-18

2 1.3 75663e-21

a In w avenum bers relative to indicated laser. S tandard em ission cu rve

(w ith m ax im um equal to 1.0 arbitrar y units) is reconstructed from the

coef ® cients, and the Ram an shifts (relative to 514.5 o r 785 nm ) are

raised to the indicated pow ers.

B asic in the G R A M S t so ftw are package and a d isk ® le

containing the appropriate po lynom ial coef ® c ien ts from

Table I . In p ractice, the user need on ly obtain a spectrum

of the standard (K opp g lass o r coum arin so lution) by us-

ing the sam e cond itions as those for the sam ple. S pectra

co rrected w ith K opp g lass are show n in F ig. 2 fo r re-

agen t-grade liqu id m ethy lene ch lor ide, ch loro fo rm , ben -

zene, acetonitr ile , and cyclohexane in a 1 cm cuvette .

N um bers accom panying peaks are peak areas determ ined

from the G R A M S t ``cu rve ® t ’ ’ function w ith the use o f

a Vo ig t line pro ® le , 2 and includ ing peak shou lders as in -

d icated . T he areas are norm alized to that of a p rom inen t

peak fo r each sam ple, and correspond to the ``average ’ ’

values in Tab le II .

T here is signi ® can t var iation in pub lished R am an

cross sections, due in part to uncertain ties in peak inte-

g ration lim its and a host of experim en tal variab les. M ost

o f the values used here are liqu id-phase d ifferen tial R a-

m an cross sections (d s /d V ) from either N estor and L ip-

p inco tt3 or SchroÈ tter and K loÈ ckner.4 N esto r’ s values re-

ported fo r 488 nm excitation w ere ad justed to 514 .5 or

785 nm by the facto r O( O 2 j)
3 , w here O is the lasern Å n Å n Å n Å

f requency and j is the R am an sh ift for a g iven peak .n Å
T h is factor is app rop riate for pho ton coun ting detectors,

rather than the m ore com m on n 4 factor app rop riate w hen

intensity is m easu red in w atts in stead of photons/s. 5

S chroÈ tter and K loÈ ckner’ s gas-phase values in Table 4.4

o f R ef. 4 w ere averaged, ad justed by O( O 2 j)
3 , thenn Å n Å n Å

m u ltip lied by the liquid /gas ratios o f Tab le 4 .6 .

``D ilor ’ ’ refers to spectra obtained w ith a D ilor X -Y

spectrom eter ``m acro ’ ’ cham ber w ith a 300 line/m m grat-

ing in the 250 m m focal leng th ``second ’ ’ spectrog raph

and an 800 3 2000 front- illum inated charge-coup led de-

v ice (CC D ) cooled to 2 140 8 C . T h is system w as nor-

m ally used w ith a 785 nm Ti : sapphire laser, but occa-

sionally w as operated at 514 .5 nm w ith an 1800 line/nm

grating in a 600 m m spectog raph . T he standard tungsten

bulb w as p laced 1 m eter from the sam ple position , and

its ligh t w as d iffused w ith a K im w ipe p laced at the sam -

p le position . T he spectrom eter w as carefu lly sh ielded to

avoid stray ligh t from any po in t o ther than the slit im age

at the sam ple. T he K opp standard spectrum w as ob tained

w ith the sam e apparatus, w ith illum ination by a Ti:sapphire

laser tuned to 785 nm w ith the aid o f a sm all m onochro -

m ato r. ``Chrom ex ’ ’ refers to a C hrom ex 2000 /2050 m ul-

tichannel spectrom eter w ith a 1024 3 256 E E V fron t-

illum inated deep -depletion charge-coupled device at 2 90

8 C and an S D L 8530 laser. Fo r both the D ilor and Chro-

m ex system s, a ho lographic band reject ® lter p receded a

single spectrog raph , and bo th C CD s w ere binned verti-

cally along their fu ll heigh t.

R ES U LT S A N D D IS C U S SIO N

We reported prev iously that the K opp 2412 g lass

show ed good uniform ity over 28 spo ts on the sam e sam -

p le, w ith a 1% variation o f the intensity ratio at 526 and



1616 Volume 52, Number 12, 1998

F IG . 2 . Corrected spectra for ® v e com m on liquids, obtained at 785

nm . T he in tegration range for each peak is show n by the horizon tal

bars, and the num erical values are the peak areas relative to a prom inent

band. T hese areas are the sam e as those in the last colum n of Table II.

A ll spectra w ere obtained on a Chrom ex 2050 spectrom eter, sam pling

through the side of a quartz cuvette.

1553 cm 2 1 .1 H ow ever, F ig . 1 reveals that d ifferen t batches

of 2412 g lass have d ifferen t em ission cu r ves. F ive sep -

arate 2 3 2 in. sam ples bought at once, and presum ably

from the sam e fab rication batch, have qu ite sim ilar em is-

sion cu r ves, but d ifferences betw een batches w ere som e-

tim es large. A t least for the 2412 m ater ial, a new po ly-

nom ial w ill need to be determ ined fo r each sam ple o r at

least each batch. If standards such as the K opp g lass be-

com e w idely used, it is likely that each standard sam ple

w ill be calib rated by the m anufactu rer, as is cu rren tly the

practice for re¯ ectance and ¯ uo rescence standards.

T he photo lab ility o f the 2412 g lass w as noted earlier

and has m inor effects on em ission cu r ve shape and sub-

sequen tly determ ined peak area ratios. I t w ill cause erro rs

w hen one is com paring the relative scatter ing o f d ifferen t

sam ples, how ever, o r w hen determ ining abso lute rather

than relative cross sections. A s no ted earlier, degradation

of the 2412 glass em ission depends on laser pow er and

exposure tim e, but w as less than 10% for the few m inu tes

of exposu re in a typical calib ration . We w ere no t ab le to

locate a m aterial w ith stab le lum inescence covering all

3500 cm 2 1 of R am an sh if t relative to 785 nm . T he K opp

2412 g lass is convenien t and has m ost o f the desired

lum inescent p roperties, but rep lacem en t w ith a m ore pho-

tostable m aterial is still a desirab le goal. T he coum arin

540 standard fo r 514 .5 nm excitation appears stab le over

m on ths o f shelf life , but its em ission m agn itude depends

on an accu rate concen tration. A s an indication of the re-

producibility o f the 2412 g lass em ission during daily use

over an ex tended period, the ratio o f the lum inescen t in-

tensity at 2000 cm 2 1 to that at 800 cm 2 1 had a relative

standard dev iation (R SD ) of 2.1% for 18 m easurem en ts

covering a 64 day period. T h is period included a m odi-

® cation o f the co llection op tics af ter tw o w eeks. F o r

tw elve m easu rem en ts over one m on th w hen the op tics

w ere unaltered , the abso lute in tensities at 800 and 2000

cm 2 1 varied by 7 .2% and 6 .7% , respectively, w h ile the

ratio had an R SD of 0.8% .

A s no ted in the E xperim en tal section , the po lynom ial

used to express intensity as a function o f R am an sh ift

w as increased from fourth to six th order fo r the 785 nm

standard , and the ends o f the raw em ission cu r ve w ere

extrapo lated befo re the ® tting procedure. T his p rocess

avo ided som e ® tting aberrations near 0 and 3500 cm 2 1 ,

and better accom m odated a sm all feature near the band

gap of the CdTe in the K opp g lass.

Tab le II lists peak areas calculated from pub lished

cross sections, and those observed w ith the D ilo r and

Chrom ex spectrom eters, then co rrected w ith the lum ines-

cen t standards and polynom ials. Fo r the literature values

at 515 and 785 nm and bo th spectrom eters, the peak areas

w ere norm alized to a prom inent peak, so tabu lated values

do no t indicate relative spectrom eter ef ® c iency. E ach re-

petitive determ ination (ind icated by N 5 6 , fo r exam ple)

invo lved acqu isition of bo th sam ple and standard. T he

peak in teg ration lim its indicated in Tab le II w ere chosen

to be w ide enough to ensure that a neg lig ib le ( , 1% )

change in area occu rred if they w ere w idened fu rther.

Relative standard deviations fo r a given norm alized peak

area are generally in the range of 1±5% , bu t w ere occa-

sionally as high as 8±20% . T he com bination o f all of the

curren t determ inations on bo th spectrom eters exh ib ited

an R SD of 5±14% .

If the results from the previous paper1 are recalcu lated

w ith the correct conversion of the tungsten source ou tpu t,

the values are close to those reported in Table II. T he

2988/702 area ratio fo r CH 2C l2 determ ined prev iously at

785 nm w ith K opp glass becom es 0 .63 , and the sam e

value fo r 514 .5 nm and the coum arin standard becom es

0.84 . T hese com pare w ell w ith the cu rrent obser ved ra-

tio s of 0 .66 and 0 .83. For the 2254/919 ratio o f aceto-

nitrile , the prev ious values fo r 785 and 514 .5 nm correct

to 3 .39 and 4 .10 , com pared to the current values of 3 .31

and 3 .86 . So , fo r th ree spectrom eters and tw o laser w ave-

leng ths, the co rrected experim en tal peak area ratios ag ree

to 10% or less.

T he ag reem en t betw een peak area ratios calcu lated

from literatu re values and those obser ved here varies

from a few percen t (e.g., cyclohexane 1267 , air 2331 ,

CH C l3 260 and 364) to ; 20% . In som e cases, such as

the benzene 3060 band , the literatu re values are in sig -

ni ® can t disag reem en t, exh ibiting . 50% variation . I t is

no t ou r pu rpose to cr itically evaluate reported cross sec-

tions, bu t cu rrently availab le techn iques and standards re-

po rted here appear to lim it the accu racy of relative R a-
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TA BLE II. P redicted an d corrected peak areas, 785 nm excitat ion (brackets ind icate 514.5 excita tion ).

S am ple

(all pure liquids) L iterature

O bserved, then corrected w ith

obser ved intensity standard

Chrom ex D ilor A verage a

CH 2Cl2

288 cm 2 1

(225±360 cm 2 1)b 0.58 c 0.47 6 0.02 (N 5 12 )d 0.49 6 0.04 (N 5 4 ) 0.48 6 0.03 (N 5 16)

702 cm 2 1

(600 ±850) 1.00 1 .00 1.00

2988 cm 2 1

(2900Ð 3150)

0.58 c

[0 .74]c

0.68 6 0.05 (N 5 13 )

[0.99 6 0.19 (N 5 3)]

0.59 6 0.04 (N 5 4 )

[0.80 6 0.09 (N 5 15)]

0.66 6 0.06 (N 5 17)

[0.83 6 0.12 (N 5 18)]

CH Cl 3

260 cm 2 1

(205±470)b 1.12 c , 1 .02 e 0.98 6 0.01 (N 5 6) 1.03 6 0.03 (N 5 5 ) 1.00 6 0.03 (N 5 11)

364

(205±470)b 1.13 c , 1 .03 e 0.95 6 0.01 (N 5 6) 0.99 6 0.03 (N 5 5 ) 0.97 6 0.03 (N 5 11)

666

(550 ±900) 1.00 1 .00 1.00

758

(550 ±900) 0.56 c , 0 .62 e 0.45 6 0.02 (N 5 6) 0.56 6 0.05 (N 5 5 ) 0.50 6 0.07 (N 5 11)

3021

(2920 ±3120) 0.42 c , 0 .48 e 0.51 6 0.02 (N 5 6) 0.41 6 0.06 (N 5 5 ) 0.47 6 0.06 (N 5 11)

Benzene

992

(900 ±1100) 1.00 1 .00 1.00

3060

(2960 ±3160)

0.80 c , 0 .92 e, 1 .26 f

[0 .99 c, 1 .17 e , 1 .48 h]

0 .91 6 0.03 (N 5 6)

[1.12 6 0.04 (N 5 4)]

0.83 6 0.03 (N 5 8 )

[1.02 6 0.18 (N 5 8)]

0.87 6 0.05 (N 5 14)

[1.05 6 0.16 (N 5 12)]

A cetonitrile

919 cm 2 1

(825±1025) 1.00 1 .00

2254

(2150 ±2400)

3.19 g , 2 .88 c

[4 .0 f, 3 .3 b]

3 .31 (N 5 2)

[3.86 (N 5 2)]

2943

(2800 ±3150)

5.83 c

[7 .23]c

7.79 (N 5 2)

[9.71 (N 5 2)]

Cyclohexane

801

(700 ±900) 1.00 1 .00 1.00

1028

(925±1125) 0.58 c 0.62 6 0.03 (N 5 7) 0.64 6 0.01 (N 5 4 ) 0.63 6 0.03 (N 5 11)

1267

(1180 ±1315) 0.49 c 0.51 6 0.02 (N 5 7) 0.53 6 0.02 (N 5 4 ) 0.52 6 0.02 (N 5 11)

1444

(1380 ±1525) 0.64 c 0.63 6 0.03 (N 5 7) 0.67 6 0.04 (N 5 4 ) 0.65 6 0.04 (N 5 11)

A ll CH

(2587±3068) 6.50 c 7.17 6 0.77 (N 5 7) 7.74 6 0.68 (N 5 4 ) 7.38 6 0.76 (N 5 11)

A ir

1555 (O 2)

(1450 ±1650) [1.00]

2331 (N 2)

(2225±2425) [3.26] i [3 .22 6 0.04 (N 5 3 )] j

a A verage of all d eterm inations on D ilor and Chrom ex spectrom eters. D oes not include literature values.
b Integ ration range for peak area. T he CH Cl3 260 and 364 cm 2 1 bands w ere integrated as two bands w ith in the 205±470 cm 2 1 range, and the 666

and 758 cm 2 1 bands w ere integrated as tw o bands w ithin the 550 ±900 cm 2 1 range.
c Calculated from Ref. 3 as descr ibed in Experim en tal section.
d Stated as m ean 6 standard deviation. N 5 num ber of spectra analyzed.
e Calculated from Ref. 4 , as descr ibed in Experim ental section.
f Calculated from Ref. 6 by adjusting reported 514.5 nm cross sections by .3n Å (n Å 2 n Å )o o j
g Calculated by using ``A’ ’ term param eters and E q. 11 of Ref. 5 .
h Reported in Ref. 6 .
i Calculated from Ref. 4 for 21% O 2 , 78% N 2 .
j For Ch rom ex 250 spectrograph w ith custom 180 8 collection op tics.

m an intensities to approx im ately 10 ±20% . T he N ational

Institute o f S tandards and Techno logy is cu rrently devel-

oping lum inescence standards fo r Ram an in tensity cali-

b ration that should substan tially im prove accu racy.7

N evertheless, reliab le 10 ±20% variation is far less

than that obser ved in uncorrected spectra. P articular ly

w ith red lasers, the CC D response cur ve varies rap id ly

w ith w aveleng th over the com m on R am an sh ift range,

and very large d isto r tions o f relative peak in tensities are

likely for uncorrected spectra. Fo r exam ple, the ratio o f

the 3060 /992 peak area for uncorrected spectra o f ben -

zene at 785 nm differs by a facto r o f 4 betw een the D ilor

and Chrom ex spectrom eters, and differs from the co r-

rected (and literatu re) values by a factor o f abou t 50 .
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O verall, the m ain advan tage o f lum inescen t standards fo r

correcting R am an spectra is the ease and accu racy of their

use, p lus the p recise dup lication o f excitation cond itions

and geom etr y for bo th standard and sam ple. With suitab le

lum inescent standards available, the correction o f Ram an

spectra fo r instrum en t response is suf ® cien tly straigh tfo r-

w ard to be used on a routine basis, in a w ide range of

app lications.
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