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1.0 Introduction

Recentmeasurements1utilizing atechnique7basedon nuclearreactionsof heavyions bombardingmetals
have allowed the measurementof the concentrationdensityof hydrogenatomschemically boundwithin
thesemetals. By assuminga simplediffusion process2to accountfor the transportof hydrogenfrom the
interior of the metal to the surface,this information can be related to the processof photodesorption,
whereinhydrogenis evolvedfrom the surfaceof ametal throughbombardmentby UV photons.

The diffusion model described in Ref. 2 relatesthe photodesorptioncoefficient to the hydrogen
concentrationdensity for someparticularanalytic forms of the densitydistribution.In this paper,the model
is expandedto cover moregeneralforms of the concentrationdensity,suchas havebeenreportedin Ref.
1. The datain Ref. I is analyzedto extractdensitydistributionsfor the atomichydrogenchemicallybound
in metalsamples.Theseempirical densitydistributionsare thenusedin the diffusion modelequationsto
obtain predictionsfor the photodesorptioncoefficient.The predictions,which containseveralunknown
parameters,are thencomparedwith experimentalphotodesorptioncoefficientdata,to extractvaluesfor the
unknownparameters.

2.0 Development of the Relation Between the Photodesorption Coefficient and
the Hydrogen Density Distribution in a Diffusion Model

In Ref. 2, the backgroundfor the developmentof the parameters,constants,andequationsinvolved in
the diffusionmodel is presented.One of the two fundamentalparametersis the following:

1CAGDIE,M. 1

In this equation,X representsthe meandepthwithin the metal over which the photonsinteractwith the

hydrogenatomsto produceatomswhichemergefrom the surface,andaDE,M is the crosssectionfor the
fundamentalphotodesorptionprocess.The otherfundamentalparameteris 1, the diffusion constantfor
hydrogenatoms within the metal.

As in Ref. 2. we assumeherethat, either as a result of photonscattering,or through the processof
photoelectronproduction followed by subsequentelectrodesorption,the entire tube circumferenceis
involved uniformly in the desorptionprocess.The uniform photon flux incident on the surfaceis
designatedby y.

If we let cx,t be the volumeconcentrationof gasmoleculesata distancex from the surfacewithin the
metalat time t, thenthemolecularflux evolvedby thephotodesorptionprocess,Gt, is

cb t = ic cO,tYj 2

andthe photodesorptioncoefficient in molecules/photonis

3
In the diffusion model, the molecularconcentrationdensitycx,t satisfiesthe diffusion equation,

ID
d2cx,t - acx,t

- Bt
‘ 4

subjectto the boundarycondition

CD t = D &0,t
= IC cO,ty’ 5

andan initial conditiondeterminedby the initial concentrationdensitycx,O.



In Ref. 2, solutionsare developedto theseequationsfor two specific functional forms of the initial
concentrationdensity, cx,O. However, it is possibleto solve Eqs. 4 and 5 for a general initial
concentrationdensity,providedonly that cx,0 is constantor decreasingas x -* infinity. The techniqueis
the sameas outlined in Ref. 2, Le., the methodof LaPlacetransforms. The generalresultis

cx,t

= f {2I -

Ex4k%} Eff4ki/+
2vflI } cu-x,Odu

6

I Exp[!]

+ J 2v’Di
cu+x,0du

in which k = K ‘. This gives for t = x c0,t,

00

flt = icf
{EI

- k EX-u} Erfc[ki/+
21] } cu,Odu. 7

As will be discussedbelow, tbe experimentaldatafrom Ref. 1 for the atomic hydrogenconcentration
density,cAx, canbewell fitted to a sumof threeexponentials:

3

cAx = cExp-xA . 8
1=1

If we assumethat the initial molecularconcentrationdensityis relatedto theatomicconcentrationdensityby

cx,O = cAX12, - 9

thenEqs.7 to 9 give

K2
, 10

where

I
. 11

ky2

1
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3 .0 Analysis of Nuclear Reaction Data to Derive Atomic Hydrogen Density
Distributions

The atomichydrogenconcentrationin the metal,cAx. was measuredin Ref. 1 by bombardinga sample
of the metalwith a monoenergeticbeamof E0 6.4 MeV 15Nions. The 15Nions penetrateinto the metal
andloseenergyprimarily dueto inelasticcollisionswith the atomicelectronsat aconstantratewhich we
call dE/dx.Theenergyof thebeamat adistancex within the metalis thus given by

Ex = E0- dE/dxx. 12

The 15N ions undergonuclearreactionswith the nuclei of the metal atoms, and also with the protons
associatedwith hydrogenatomsembeddedwithin the metal.The nuclearreactionwith hydrogen,

15N+H . l6o..4 12C+4He+y.

hasa strong, narrowresonanceat Er = 6.385MeV, with a resonancewidth of F = 1.8 keV. The energy
dependenceof the crosssectionis takenasthat of the standardBreit-Wignerform,

13

+ EEr2

whereo is the cross-sectionon resonance.

When the 15N ionshavepenetrateda distancex suchthat Ex = Er, the abovenuclearreactionresultsin
theproductionof gammarays,which havean energyof about4.43 MeV. The total numberofgammarays,
N7, producedby an ion beamof N ionsof initial energyE0 is

N7 = N cAx aEx dx, 14
Jo

whereEx is given by Eq. 12. By measuringthe numberof gammarays as a function of the ion beam
energyEj, thedensitydistributioncAx within the metalcanbe mappedput.

The spatial resolutionof this methoddependsin principle on the resonancewidth F, as can be seenby
combiningEqs.13 and14. In addition,thereareother importanteffects7.The dominantcontributorsare
the fmite spreadin energyin the initial ion beamab, the energyspreadof the ions dueto stragglingas the

beamlosesenergyin the metalas,andthe relativeion-atomenergyspreaddueto vibrationalmotion of
the hydrogenatoms in the metal lattice Doppler broadening,°D . These threeeffects can be well
approximatedby assuminga Gaussiandistributionfor the energyof the ions:

111= N Exr[ E-Ex2
15

dE VCE 24
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whereaE2 = + as2 + b2* The squareof the energyspreaddueto straggling,cY2, is a linear function

of the depthof penetrationof the ion beam,x: Cs2= ksx, wherek5 is acalculableconstant.Substituting
Eqs.12, 13 and15 into 14, wehave

CC

1E’-Eo +

CC

ExPL
dx

N7N I cxdx dE’. 16
1211GE0

+ E’E12

-00

The energyintegralcan be doneexactly,using3

00

I Ext2I " dt=zR4wx+Iy] ‘ 17
CC y2 + t-x2

where

wz = Exp-z2Erfc-I z. 18

The resultis

CC

+ = iaEL:cE

Er

+ IA. 19

where

Cint
=

a0Fit 20

is the energy-integratedtotal crosssection.
Using Eqs.19 and 20 in 16 gives the following:

N7 = N m1Ej cAxRe{w{0 + I]dx. 21

where x = a I dE/dx, xo = E0 - Er/dE/dx, andF = F/dE/dx. If we assumethe form for the
densitydistributioncAx as given in Eq.8, thenEq. 21 becomes
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N7 = N Ct ± ciJ Ex-xAORe
Ix-xo F ‘1dx. 22I v’2Ta +

0dx

The integral in Eq. 22 can be done as follows. Using Eq. 18, that part of the integrandinvolving the
function wz canbe written as

Fx-x0 F U Ex X-Xo + I r’ 1111Ed Fx - 1x-xo1Wi +1 23
I. ‘ITa ‘raj 1J’iiax axi .1 L jKa,

Thiscanthenbe separatedinto real andimaginarypartsusingthe following equalities;

Exp[-x + Iy2] = Exp[-x2 + y2J Cos{2xy] - ISin{2xy] 24

and4

Erf[x + ly] = Erflx]
+ Exp[-x2]1 - Cos[2xy] + 1Exp[-x2]Sin[2xyj +

2itx 2itx

2Exp[-x2] ± Exp[- }fx,y + Igx,y
25

n=i n2+4x2

in which

fx,y = 2x - 2xCosh[ny]Cos[2xy]+ nsinhny]Sin[2xy] 26

and

gnx,y = 2xCosh[ny]Sin[2xy]+ nSinh[ny]Cos[2xy]. 27

Theseexpressionsareinsertedinto Eq.23, andthe realpart is takenasindicatedin Eq.22. The resultis
a seriesof integralsofthe generalform,5

Exp[-13t2 - vt]Cos[bt]dt=

28

CCJE v-lb2 v-Il, v+Ib2 v+Th
J+Exp[ JErfc[ Ixp[ . ]Erfc[

4j3 2J 2J 3’
and

Exp[-3t2 - vt]Sin[bt]dt =

29

Ifr{
v-lb2 v-Ib - V+Ib2IE1.fjV+Jb]j-

- Exp{ ]Erfc[ ] Exp[
4I 413 2V /
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Use of these formulas then gives an exact result for the integral in Eq. 22. However, the result is
complicatedin form. As useful simplification resultsfrom an expansionto secondorder in the parameter

appropriateas in this casewhen cc 1. The result is

N7 = N cgx, 30

dx

where

[ExP[4i.Aia2xo] l-Erf 4;-x0]{ 1+ r’A1 1- Fxlt
+ 4ir7a0

-4ff}

Ceftx0=EM Fit 31
2 FA1a+xo1- X

2 00

3 2
‘x Exp[-

+ r’
Exp[tAIc-2xo] h,1xo

4rca 2a, VIltGx

in which

h,x0 = _{Exp[1’*]Erfc[’
-

+ + Exp[ - AitlGx]Effc[AiGX
-

____

- 2 -
32

2 Exp[- &]OErf[Al0ft0]}
4

The terms in the infinite sumover n fall off rapidly asn increases,and the whole sum is multiplied by the

small quantity r’ Hence,an excellentapproximationis providedby terminatingthe sumat n=2.

Datawas taken,as explainedin Ref. 1, by varying£0, andhencexo = Eo - ErIdE/dx, measuringN1,
andcomputingceffxo from Eq.30. Fitting the resultto Eqs.31-32 abovethenallows the determination
of the unknownparametersof the atomicdensitydistributionci, At.

In practice,two otherquantitiesin Eqs.3 1-32mustalso be treatedasfreeparametersin orderto obtain
good fits to thedata.The quantityax is givenby

= 2 + + k5x0IdEldx2 = + ks&dE/dx2’ 33

As notedabove,k5 is a parameterrelatedto energystraggling,which can be calculated.The energyloss
dEldx is also calculable.However, the other two quantitiescontributingto a,. Doppler broadening
aDIdE/dx andion beamenergypreadaWdE/dx, are in generalnot easilycalculable,andtheir sum in
quadrature,0x02, must treatedas a free parameter.The valueusedin the fits belowis the onewhich gives
approximatelythebestoverallfit for all the datasets.

Additionally, Eqs. 31-32 assumethat the point xo = 0 correspondsto an initial ion beamenergyEo
preciselyequalto the resonanceenergyEr. In order to obtaingood fits to the data,it was necessaryto relax
this assumption,andallow for a small systematicshift, AE, between£0 and E1- atx = 0. This wasdoneby
replacingxo with xo - 6 everywherein Eqs. 3 1-32,andallowing 3 to be a free parameter.The relative
systematicenergyshift is thengiven by

aE/E0= 31E0dEldx. 34
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4.0 Results of Fits

Severaldatasetstakenfrom Ref. 1 were fit as describedaboveto extractvalues for the atomicdensity
parameters.The datasets aredefinedin Table 1, and the fit resultsare given in Table2. Also included in
Table2 are the calculatedvaluesfor the mean"surface"density

and the mean"equivalent-bulk"density

PS= cl/Al

PB = c2/Az+ c3/A3.

35

36

The total effectivesurfacedensityis PT = P ÷ PB.

All calculationshave usedthe formulas in Ref. 6, which give dE/dx = 0.339 keY/A, and ks =

0.310 keV2/A. From Ref. 1. the resonancewidth is takenasF = 1.8 keV, and the resonanceenergyis £0 =

6385 keY. The best overall fit to the datasets is given usingccxo = 12.5 A equivalentto an rms energy
spreadof 4.2 key. Additional derivedquantitiesarek5/dE/dx2= 2.69A, andFx = 5.3 A

For datasets2 and4, the rangeof the datais not sufficient to obtainparametersfor threeexponentials.
Hence,we haveset A2 = 0 andc = 0.

Table 1: Description of data sets.

Data set
number

Description Figure
numberin
Ref. 1

Data range
A

1 Silvex electroplatedcopper,cleaned Fig. 7, 20 -60to 4100
2 Silvexelectroplatedcopper,not cleaned Fig. 20 -60to 880
3 Hitachi Class1 OFT-IC copper,cleaned Fig. 21, 10 -120 to 4070
4 HitachiClass1 OFHCcopper, not Fig. 21 -120 to 175

cleaned

Table 2: Results of fits of effective density distributions to Eq. 8.

Dataset# C2 C3 1/A1 l/A2 1/A3 tsEJ
Eq

PS PB PT

Units 1022/
cm3

1022/
cm3

1q22,!
cm3 A A A *

1016/
cm2

1016/
cm2

1016/
cm2

1 11.70 .451 .0216 20.1 210.5 32718 -.191 2.35 8.01 10.4
2 6.28 .0958 0 79.31 ---- .079 4.98 -----

3 7.33 1.94 .073 23.3 80.1 1843 -.24 1.70 2.90 4.6
4 8.5 .667 0 43.5 - .24 3.69

Figures 1 to 4 display the dataand fits to Eqs. 3 1-32,on log-linearplots. As thesefigures show, the fit
usingup to threeexponentialsprovidesagood characterizationof thedata.
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Fig. 1: "Effective" density vs. depth: data and best fit, for data set 1.
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FIg. 3: "Effective" density vs. depth: data and best fit, for data set 3.
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Fig. 4: "Effective" density vs. depth: data and best fit, for data set 4.

Figures5 and6 comparethe unfoldeddensitydistributionscAx, from Eq. 8 for the four datasets,in
linearandlog plots. It is clearthat datasets2 and4, the "uncleaned"samples,havemuchlargerdensities
at largex, i.e., larger"bulk" densities,than the "cleaned"samples.They also havelarger"surface"densities
astable 2 shows.However,for the Silvex electroplatedcoppersamples,the distributionat the surfaceis
largerfor the "cleaned"samplethan for the "uncleaned"one. The cleaningprocessappearsto drive gas
from the bulk to the surface,as well as removing it, but it sometimesresultsin a higher local gasdensity
nearthesurfacethanin the "uncleaned"state.
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Fig. 5: unfolded density distributions, using fitted parameters, linear plot; curves labeled
by data set number. Solid lines: cleaned data; dashed lines: uncleaned data.
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Fig. 6: Unfolded density distributions, using fitted parameters, log-linear plot; curves
labeled by data set number Solid lines: cleaned data; dashed lines: uncleaned
data.
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5.0 Derivation of Diffusion Model Parametersfrom Fits to Experimental
PhotodesorptionCoefficients, Based on Atomic Hydrogen Density
Distributions

The densitydistributionsobtainedin section3 may be used,togetherwith Eqs.9 to 11, to predict the
photodesorptioncoefficient in the diffusion model. These predictionsmay in turn be comparedwith
experimentalphotodesorptioncoefficient data.

This hasbeendone for two sets of photodesorptiondata: one set consistsof datacorrespondingto
photodesorptionin cleanedSilvex electrodepositedcopperbeamtubes,andanothersetcorrespondsto data
for photodesorptionin cleanedHitachi copperbeamtubes.The sourcesof the datain eachcaseis given in
Table3.

Table 3: Sources of photodesorption data sets.

Photodesorptiondataset Reference
Silvex electrodepositedcopper BINP/SSCLmeasurements:datasets00098,

0026 BNIJSSCLmeasurements:datasets
001710,002411

Hitachi copper BNL/SSCL measurements:dataset 002512

For the Silvex case,the photodesorptiondatahavebeenfitted to Eq. 10, usingdensity parametersfrom
datasets 1 and2 of the nuclearreactionresults,as givenin Table 2.

For the Hitachi case,the fits haveuseddensityparametersfrom datasets3 and4 of thenuclearreaction
results,as given in Table 2. In eachcase,the parametersD andK in Eq.10 havebeentreatedas the only

free parametersin the fit. The resultsforD and K aregivenin Table4. Also shownin Table4 is aparameter
%2, which characterizesthe goodnessof the fit. The fits to the photodesorptiondataaredisplayedin Figs.

7-10. In these figures, we plot Logo 11 vs. Logo ,
where = it/to, and we haveusedy = 1014

photons/cm2/sec,d=3.3cm, andF0 = 1016/Øtdphotons/cm2seeRef. 2

Table 4: Results of fits of photodesorption data sets to diffusion model equations,
based on measured concentration densities.

Photodesorption
dataset

Nuclear
reactiondata
set

K 1q24 cm3 D 1q18

cm2lsec

%2

Silvexelectrodeposited
copper

1: Silvex
electrodeposited
copper,cleaned

3.74 1.96 6.06

Silvexelectrodeposited
copper

2:Silvex
electrodeposited
copper,
uncleaned

7.01 9.18 2.56

Hitachicopper 3: Hitachi
copper,cleaned

.628 .804 .774

Hitachicopper 4:Hitachi
copper,
uncleaned

.581 1.18 .217
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Fig. 7: FIt to Slivex electrodeposited copper photodesorption data, with
cleaned Silvex electrodeposited copper density parameters.
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Fig. 8: Fit to Silvex electrodeposited copper photodesorption data, with
uncieaned Siivex electrodeposited copper density parameters.
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Fig. 9: Fit to Hitachi copper photodesorption data, with cleaned Hitachi copper
density parameters.
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Fig. 10: Fit to Hitachi copper photodesorption data, with uncleaned Hitachi copper
density parameters.
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The photodesorptiondataat low fluxes can be fit well by any of the NRA samplehydrogendensities.
However, the fits are systematicallylow at high fluxes. This systematicunderestimateis less for the
densitiescorrespondingto the "uncleaned"samplesthanfor the "cleaned"samples.This is dueto the higher
"bulk" or interior densityvaluesin the "uncleaned"samples,relative to the "surface"density.Adequatefits
to the photodesorptiondataat high fluxeswould appearto requiredensitydistributionswhich havean even
higherratio of "bulk" to "surface"densitiesthan the"uncleaned"samplesmeasuredby the NRA technique.

The fits indicatea systematicallysmallervaluefor theparameteric for the Hitachi coppersamplesthanfor

the electrodepositedcopperones.FromEq. 1, this would imply a largervalueof A, the meandepthof
effectivephotoninteraction,inthe electrodepositedcoppersurfacethanin the Hitachi copper.Such aresult
could be due to a mote diffuse or "rough" characterat the micron level of the surface of the
electrodepositedsample,comparedto the surfaceof the high purity Hitachicopper.
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